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ABSTRACT 

A h draul ic and chlorine simulation is  conducted for three selected areas in Al Ain region. 
WaterCad 7 .0, a water di stribution system model, was chosen to conduct the simulation of 
the hydraul ic behavior within the water distribution system. The fate of residual chlorine 
flowing through these systems over time is tracked by this software. The conducted 
hydrau l ic model predicts the performance of AI Yahar, AI Dhaher and Sweihan networks. 
Skeletonaizat ion approach i s  employed in setting up the model for each system. In this 
study, the customer storage tanks (CSTs) are taken into consideration in performing the 
extended period simulation. Each group of (CSTs) is  represented by a so-called Internal 
Storage Tank ( I ST). AI Yahar and Sweihan areas were selected since they exist at first 

locations suppl ied from the main desal inat ion plants located in Abu Dhabi costal boundary 

cal l ed Urn AI Nar and Tawil lah via AI Saad and Sweihan pumping stations. AI Dhaher area, 

the third simulated system, i s  also selected as it i s  located at the last eastern site of Al Ain 

region that is suppl ied from Tawil lah and Fujairah desal inat ion p lants via UmGhafa 

reservoir. The three selected networks are located somewhat on the edges of Al Ain region. 

They are considered district metered areas (DMAs) , where each network has an adjusted 

flow control valve at its feeding sources. Therefore, the flow and the pressure for each 

system is known. Moreover, a data logger was i nstalled by AI Ain Distribution Company 

(AADC) at a specific location i n  each network to record the residual pressure for a duration 

of one year. The simulat ion is done uti l izing the water demand provided by the company. 

Water demands vary and consideration of the probabi l i st ic nature of variations leads to more 

inst ructive assessment of the performance of the three selected distribution systems. 

Calibration of the hydraul ic model was conducted by tuning the ISTs' capacit ies and water 

l evels ( init ial and maximum). Hazen-wi l l iam coefficients were maintained constant 

(C= 120), as al l networks pipes and connections were instal led five years ago only in addition 

to the very good quality of desal inated water passing through each system. Chlorine 

simulat ion is conducted and cal ibrated uti l izing the residual chlorine data col lected for one 

year from the same data logger location in each area. With regard to the Chlorination By­

Products, trihalomethanes (THMs) compounds are sampled and analyzed. Al l obtained 

results were less than the international l im its of 80 ppb. Laboratory experiments were 

conducted to analyze the formation of TTHM species in flowing pipel ines. The results show 
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that bromofonn lead the THM species in al l samples and at all t imes. On the other hand, the 

bromoform was found to undergo major hydrolysis after sometime approaching zero levels 

All simulated and cal ibrated resu lts, i.e. pressures, velocit ies and residual chlorine are 

compared to that in the water distribution code i ssued by Al Ain Distribution Company and 

with the international standards. From economic point of view, the energy cost for A1 Yahar 

and Sweihan networks is calculated based on 0.05 Dhs/kwh for one and 20 years. Some 

alternative systems are studied to enhance the perfonnance and efficiency of each network . 

One of the most important i ssues discussed i s  the possib i l ity of removing the customer 

storage tanks, where cost savings can be achieved by controll ing the del ivered quantities to 

each customer tank and eventually enforcing the demand management concept. Instal l ing an 

elevated tank or more is also discussed and scrutinized. The energy cost is also determined 

for each option and compared with the original configuration for each network. 
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CHAPTER 1 

I NT RODUCT ION 

I n  this Chapter, a general description is introduced for AJ Ain water system with an 
overview of it implemented Asset Management (AM) regime. Furthermore, the amount of 
water distributed and its break down are mentioned . The pumping stations are also described 
with their capacities to deliver the required water quantit ies to different areas in AI Ain 
regIOn .  The water demand forecasted for 2006 is also presented. Final ly, the thesis 
objectives and the fol lowed methodologies are introduced . 

1 .1  Overview of AI Ain Wate r  System 

AJ Ain is a peripheral City with 1 70 and 1 20 Kms length and width respectively with 

an estimated 400,000 inhabitants. AJ Ain is principal ly a residential city with fewer industries 

on south-west outskirt and many Palaces & Fanns belonging to ruling families and VIPs. 

There are detached concentrated pockets of population, few Kms distant apart from each 

other, along the four  major leading roads to the City. AJ Ain Distribution Company is 

responsible to supply the Water & Electricity to AJ Ain City and its elongated and stretched 

rural outskirts. 

The Region has a water supply network of over 3000 Kms, laid properly as per the 

international standards, by qualified Contractors under the supervision of competent 

Consultants. The initial Project (WE-2), in which AC transmission line and distribution lines 

for few oldest city areas were laid, was completed in 1 977. Right after that, another Project 

(WE-4) started in which city main transfer and distribution mains were laid. This was 

overlapped by a reservoir Project (WE-5 )  in which nine zonal reservoirs were built. These 

twos had, a complementary dist ribution network Project (WE-8) in which city's sectors, sub­

sectors and other supply and distribution components were completed by 1985. Water 

Network Master plan for AJ Ain region was issued on 1999. Its recommendations for 

improving the transmission and the distribution systems were initiated. Moreover, the 

needed rehabilitation and replacement works are currently carried out as per the asset 

management plans. 



The city has an interconnected zone-based water supply system with pressure water 

di tribution zones Key Plan of Ai Ain City distribution network highlighting the nine 

pumping zone is shown in Figure 1 . 1 .  Each zone has its own reservoir, transmission mains 

(owned and controlled by a transmission and dispatch company) as described in Table 1 . 1  

where the storage and the pumps capacities are illustrated with their dedicated upgradeabJe 

capacitie and the spaces for additional pumps (Transco report, 2005) The zone usually has 

two pumped distribution mains which are fulfilling the demands of the districts and the 

sectors belonging to that zone. Concentrated rural communities, scattered along four main 

roads, as much as 70- 1 1 0  km away from city center, are supplied independently by their own 

individual system and are being integrated with the main supply system 
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Table 1 1 Transmission and Distribution Pumping stations in Al Ain City (Transco Report, 2005) 

Storage Details Pump Details 

PumpIng Dedicated 
Number of Pumps Installed Capacity Space for 

tation Name 
Existing 

Upgradeable AddJtlonal Capacit� 
Capacity Pumps Transmission Distribution Transrrussion Distribution 

MG MG No. No. MGD MGD No. 

AL AlN 
2 20 20 16 0 167.5 0 

RECEPTIO 

AL DAHrvlAH 5 14 0 8 0 28.5 2 

AL SAAD 1 0 4 0 8 

HILI 10 5 3 1 1  1 2  33 0 

JABEL HAFIT 
0. 5 0 1.9 0 0 0.56 

BASE 

JABEL HAFIT 
O. - 0 0 3 0 0.5 0 

SUMMIT 

KHAB ISI  1 0  1 0  2 6 7.6 3 2 .7  2 

MARKHANIA 1 0  5 0 8 0 .M.6 0 

MIL ITARY 5 5 2 6 4. 2 1 2. 1  0 

POWER 
5 5 0 8 0 1 8.5 0 

HOUSE 

REMAH 20 20 5 3 2 5  3 0 

SAROUJ 1 0  5 2 7 3 1 7.8 

SWEffiAN 1 0  5 6 3 72. 1 6 4 

ZAKHER 5 5 0 6 0 105 2 

ZOO 5 5 0 8 0 1 7.6 0 
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The present city demand is 160 MGD (AADC water demand forecast report, 2005) 

However, onl 133 MGD is available for upply The water consumption consists of marnly 

domestic consumption and supply to Palaces, Agricultural Farms and Forests, with a minimal 

indu trial consumption (4 %) where AJ Ain is not a major business or industrial centre. 

Palaces and Farms supply constitute 40010 of the total supply, which is an important feature 

of the cit supply. The consumption for Palaces and Farms is expected to increa e 

tremendously in near future for which water has to be made available without failure as and 

when it is required to be supplied. Accordingly necessary arrangements/projects have been 

made to enhance AJ Ain Water system efficiency These projects are currently under design 

stage to achieve the main objective of24 - hour continuous supply system for the whole city 

Domestic 

Villa., 
landscaping 

5°0 
, habu.lL 

land caping 
5°0 

ForesL� 
16°. 

Agnculture 
24°. 

20° • 

Indu trrul 
4°. 

Figure 1 2 Water supply percentages for different categories for 2006 (AADe report. 2005) 

The sources of water supply to AJ Ain city are three different desalination plant 

located around 200 Kms away in addition to a scattered well filed system The water enter 

the city, through two differently located reception reservoirs; Shobaisi and AI Ain Reception 

Pumping Stations. The well water is amalgamated in one of the reservoirs to improve its 

quality. The well field is scheduled to be capped in 2006/07 and to be kept in reserve. as 

alternative source to be used in the case of outage of any of the desalination plant. 
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1 .2 O pe ratio n a nd Ma n a geme nt Regime 

owadays, AI Ain Distribution Company ( AADC), is  developing an asset 

management regime. Its businesses goal is to develop and put in place, a new AM regime 

ba ed on well proven methodologies as well as practices in addition to make sure that, the 

right amount of money i ulti mately pent on the right projects and at the right time. Thi s is 

referred to as sound AM planning. Accordingly, the main goal was to develop a sound asset 

pecific AM framework, which wi l l  del iver the following objectives: 

• En ure competent investment in new infrastructure, for all assets to efficiently meet the 

proposed levels of service. 

• Develop of sound investment rules for the business. 

• Develop of sound financial , commercial and management systems to enable a best practice 

infrastructure business. 

• Develop a clear differentiation between mandatory and discret ional capital expenditure in 

the business planning process to ensure proper evaluation between risk and return. 

• Conduct a review of the exist ing O&M strategy to refocus on a more reliabil ity centered 

strategy in l ine with industry best practice (maintenance optimisation), to optimise whole 

l ife cost ing. 

• Ensure short medium and long term asset investment plans, contracts, procurement 

agreements and outsourcing plans are in place at the proper time. 

• Conduct a review of Asset information and cost information held by the Company, on an 

ongoing basis, and what is  required for the future AM regime. 

• Develop an asset hierarchy information tree as a requirement for AM data. 

• Develop new asset registers that wil l  hold key i nformation on the condition, critical ity, 

capabi l ity and capacity of al l assets, but only that what is needed for management 

purposes 

• Conduct ongoing monitoring and regulat ing of assets including t ight controls on whole l ife 

costs. This wi l l  include trade off's between short and long l ife plant and materials. 

• Conduct a review of progress and performance particularly in respect to capital investment 

programs and standards of service to customers. 

• Conduct a review of speci ficat ion level s and design standards in l ine with whole l ife cycle  

cost ing 

• Develop of a first class relationship from the outset with the staff. 
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• Develop reporting Protocol for AM 

• Develop a tran parent l nve tment Planning proce s 

• Develop a safe and secure asset base 

• Review relevant organisational structures and training 

A Best Practice AM Regime, documented and computerised has been developed and 

termed AMP l .  Further AMP' s  (AMP2, AMP3 etc . ), wil l be developed over time as deemed 

necessary by ADWEA or the asset manager. The AMP's  consist of a framework of 

Directives, Strategies, Methodologies, and I nvestment rules, and aligned to optimise the 

spending on the department ' s  assets .  This ensures that the business achieves a correct level 

of service to its customers, and one that outputs short medium and long term Asset 

Investment Plans on a roll ing basis. 

The whole A M  process has been developed as an asset management plan - i.e. each 

and every asset wil l be assessed and be al located a 20 year investment profi le  for capital 

expenditure and operational and maintenance expenditure. Output profiles are tabulated and 

displayed graphical ly, at the discretion of the Asset Manager. Such 20 year profi les are built 

up by ident ifying whole l ife costing analysis for each and every asset . 

1.3 P roblem State me n t  

Water distribution systems are considered t o  b e  one o f  the most important 

components i n  any water resources system. After careful design, they usually need 

continuous and wise operation, maintenance, and rehabilitation. Poor distribution systems 

can potential ly result in significant losses of drinking water, a precious resource especially in 

arid areas l ike the United Arab Emirates. 

It is therefore necessary to conduct various studies in AI Ain distribution system to 

manage the supply, demands, and operation so that conservation of water losses and energy 

is achieved while qual ity considerat ions are observed and maintained to acceptable regulated 

l imits 
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Thi thesi addresses quantity and quality i ssues related to a portion of AI Ain water 

di t ribut ion ystem. Hydraulic simulation is conducted to reveal several features about the 

sy tern adequacy shortcomings, and alternative solutions to possible problems. 

In addition to the hydraul ic simulation, the thesi s deal s with qual ity simulation in the 

con idered portion . on-con ervat ive substances are modeled including the Chlorine 

residual and chlorinat ion byproducts, specifical ly Trihalomethanes 'THM s'. 

This work is expected to provide valuable documented data to Al Ain water 

Distribution Company. Such data wil l  allow an efficient management tool for the water 

distribution system in  AI Ain which could be used in  conserving the supplied water and 

min i mizing the operation costs. The simulation setup represents a design tool for potential 

future expansion.  The work al so contributes to the knowledge of reaction k inetics of 

chlorination byproducts under dynamic effects. 

1 .4 Thesis Objectives 

4- To conduct a hydraul ic  simulation of a portion of AI Ain water distribution system. 

4- To evaluate the hydraul ic performance, operation, and potential problems of the 

simulated system . 

.J.- To conduct water qual ity si mulation for selected non-conservat ive constituents in the 

considered system. 

i- To evaluate the chlorine distribution in the system under different operating scenarios and 

the associated byproducts; in particular THMs. 

+- To assess the hydraul ic  dynamic effects on the speciation of chlorination byproducts and 

make relevant recommendations. 
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1.5 Methodology 

4- Col lect data relevant to AI Ain water distribution system such as, topographic maps, zone 

map , demand , suppl ies, main transmission l i nes, d istribution networks, pumplllg 

tation , reservoirs . . .  etc. 

4- Determine the system to be considered in s imulat ion based on the gathered data . 

.4- Feed a l l  the data i nto the water distribution system software (WaterCad) 

4- I dentify operati ng cenarios based on the gathered data and conduct simulation for each 

scenano. 

+- Carry out a sound calibrat ion to the considered system based on field measurements. 

4- Evaluate the hydraul ic performance and identify potential problems and their possible 

solutions 

L Carry out a field-sampl ing program to ident ify the constituents to be considered in  the 

quality simulation work and to al so verify the model results. 

4- Carry out laboratory experiments to ident ify the reaction rates of chlorine, and THM 

(based on the field sampl ing program) in  pipel ines under static and dynamic conditions as 

wel l .  

+- Carry out quality s imulation considering the reaction rates determined earl ier. 

4- Evaluate the system water quality for different operati ng scenarios. 
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CHAPTER 2 

LITERA T URE REVIEW 

A number of studies have been devoted to the hydraul ic  analysis and water quality 

simu lation. A number of l iterature review papers have been publ i shed in many journals b 

d ifferent researchers covering almost all aspects of hydraul ic  and water qual ity model ing. 

This chapter provides a brief overview about the historical development and advancement in 

hydraul ic and qual ity model i ng in  water distribution systems. Detai led coverage of each type 

of model ing is then discussed . Final ly, a brief coverage of the computational tool (software) 

used in this study and cal led WaterCad by H aestad Co. is presented at the end of thi s  chapter. 

2.1  Historical Backg round 

Mathematical model i ng has been used over more than 60 years to analyze flow in 

water-distribution system networks since the concept was proposed by Cross ( 1 936) .  Using 

computers for conduct ing analyses of flow in pipe networks originated in  the early 1 960s and 

was greatly expanded during the ensuing decade of the 1 970s with the advent of enhanced 

solution algorithms (Epp and Fowler 1 970, Wood and Charles 1 972) and the implementation 

of model ing techniques for devices such as pumps and valves (Jeppson and Davis 1 976). In 

the l ate  1 970s, single-time-period simulat ions were advanced to extended period simulat ions 

with techniques developed by Rao and Bree ( 1 977) .  Hydrau l ic  models can be used to analyze 

systems where demand and operating conditions are static or are t ime varying. The former 

type of model is a 'steady-state' model, and the l atter is referred to as an 'extended period 

simulat ion' or EPS model . 

Modeling the spat ial d istribution of water quality in  pipel ines first began with a steady-state 

model i ng approach as suggested by Wood ( 1 980) who studied slurry flow. Other researchers 

developing steady-state water-qual ity models in the 1 980s and early 1 990s include Chun and 

Selznick ( 1 985 ), Metzger ( 1 985 ), Males et aL ( 1 985), Clark et aL ( 1 988), Grayman et al . 

( 1  988a), Wood and Ormsbee ( 1 989), and Clark ( 1 993). The representation of temporally 

varying condit ions for contaminant movement in  a d istribution system or 'dynamic' water­

qual ity models  began to be used in the mid- 1 980s. I nvestigators developing such model s 



i nclude Cl ark et a l .  ( 1 986), Liou and Kroon ( 1 986), Grayman et a l .  ( 1 988b), and Hart ( 1 99 1 )  

With the widespread u e and relat ively low cost of personal computers and desktop 

workstations duri ng the mid- 1 980s and 1 990s, many model s, both proprietary and publ ic 

domai n, can now be used to conduct hydraul ic and water-quality analyses. Two such model s 

in u e today are the proprietary model Piccolo (SAFEGE Consult ing Engineers 1 994) and the 

publ ic  domain model, EP ANET (Rossman 1 994, Rossman et al . 1 994) developed by the U .S  

Environmental Protection Agency. The reader i s  referred to Rossman ( 1 999) and Clark 

( 1 999) for a thorough d i scussion on the evolution and development of hydraul ic and water­

quality models. 

2.2 Hydra ulic modeli ng conce pts 

2.2. 1 Network Hyd ra u lics 

The i nterconnected hydraul ic  elements are defined by two concepts; conservat ion of 

mass and energy. The principle of conservat ion of mass dictates that the fluid mass entering 

any pipe wil l  be equal to the mass l eaving the pipe (since fluid is typical ly neither created nor 

destroyed in hydraul ic systems) .  In network model i ng, a l l  outflows are lumped at the nodes 

or junctions as shows in equation ( 1 )  

LQ,-U=O 
PIPES 

where, Qi = Net i nflow to node in i-th pipe (L3/T) 

U = Water used at node (L3/T) 

u 

.I 

Figure 2 . 1 Mass conservat ion principle 
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In  view of the fact that the existence of the storage tanks in the distribution system 

create an accumulation of water, this accumulation can be described as fol lowing i n  

equation (2 )  

d Q - U -- = O 
� I d pIres f 

where �= change i n  storage (L3/T) 
dl 

(2) 

One equat ion i s  written for each junction, node and tank in  a network representing the 

conservation of mass. Bernoul l i ,  ( 1 738 )  presented that the difference in  energy between two 

points must be the same regardless of the path that is taken. For convenience within a 

hydraul ic  analysis, equation (3 )  i s  written in terms of head to ident ify the principle of 

conservation of energy 

Where Z = elevat ion (L) 

P = pressure (MIL/T2) 

y = fluid specific weight (MIL 2 IT2) 

v = velocity (LIT) 

g = gravitational acceleration constant (LlT2) 

hp = head added at pumps (L) 

hL = head loss in pipes (L) 

h = head loss due to minor losses (L) 

(3)  

Thus the difference in  energy at  any two points connected in  a network i s  equal to the 

energy gains  from pumps and energy losses in pipes and fitt ings that occur in the path 

between them. Figure 2 . 2  i l lustrate the difference between the hydraul ic  and the energy 

grade l ines .  
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Figure 2.2 HGL & EGL Differences. 
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Figure 2.3 Conservation energy concept 
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One continuity equation must be developed for each node in the system. and one 

energy equation must be developed for each pipe (or loop) Taking into consideration that real 

water distribution systems do not consist of a single pipe and cannot be described by a single 

set of continuity and energy equations. For real systems, these equations can number in the 

thousands. 

Hardy Cross ( ) 936) developed the first systematic approach for olving these 

equations. Many numerical techniques set up and solve the system of equations describmg 

the hydraulics of the network in matrix form. Because the energy equations are nonlinear in 

terms of flow and head, they cannot be solved directly. Instead, these techniques estimate a 
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olution then iteratively improve it unti l  the d ifference between solution fal l s  within a 

pecified tolerance At thi point, the hydraul ic equat ions are considered solved 

orne of the methods used in network analysis are described in  Bhave ( 1 99 1 ); Lansey 

and May (2000); Larock, Jeppson, and Watters ( 1 999), and Todini and Pi lat i  ( 1 987). 

2.2.2 Types of Si mulation 

Many types of simu lation can be performed depending on what i s  needed to be 

predicted or observed. The most basic types are steady state and extended period simulat ion 

(EPS), where in steady state one the system flows, pressures . . etc. are computed assuming that 

the hydraul ic demands and boundary conditions don't change with respect to t ime. For the 

EPS, the hydraul ic  demands and boundary conditions do change with respect to t ime. 

Moreover, the EPS is  defined as a series of steady state simulations that are run together i n  

sequence, where after each steady state step the system boundary conditions are reevaluated 

and updated to reflect changes i n  junct ion demands, tank level s . . .  etc. Most of the test ing 

results i n  steady state measurements of the d istribution system are taken at a single point in 

t ime under a single set of conditions. Thi s  information i s  useful for est imat ing various 

parameters used in steady-state and EPS model s. When an extended-period simulat ion model 

is developed, it is necessary to supplement the static field test ing with field measurements 

taken over a period of several days. This information can be used for cal ibrat ing an EPS 

model and verifying that such model adequately represents the behavior of the distribution 

system over t ime. Two types of data that are useful for cal ibrat ing and val idat ing an 

extended-period simulation model; t ime-varying measurements of flow, pressure, and tank 

water levels in the d istribution system and concentrations of a conservat ive tracer over time 

throughout the system 

2.2.3 Calibrating H yd ra ulic Network M odels 

Flows, pressures, tank water level s, and other characteristics vary throughout the 

distribut ion system both temporal ly and spat ial ly. Seasonal variations, variat ions by day of 

the week, diurnal variations, and small t ime scale stochastic variations typically occur. If an 

extended-period model of the distribution system has been properly constructed and 

cal ibrated, the model resu lts should approximately mimic the behavior of the system over a 
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period of time. The hydrau lic simulation software simply solves the equations of continuit ' 
and energy u ing the uppl ied data, thus, the qual ity of the data wil l  dictate the quality of the 
re ult The accuracy of a hydraul ic  model depends on how wel l  it has been cal ibrated, so a 
cal ibrat ion analysis should always be performed before a model i s  used for decision-making 

purpo e . 

Cal ibration is  the proce s of comparing the model results to field observations and, if 

necessary, adjust i ng the data describing the system unti l  model-predicted performance 

reasonably agrees with measured system performance over a wide range of operating 

conditions (Walski, 1 984).  The process of calibrat ion may include changing system 

demands, fine-tuning the roughness of pipes, changing the tank water l evel, and adjusting 

other model attributes that affect simulation results. 

The cal ibration process is necessary for the subsequent reasons (R Burrows, Sep 

2000) Cal ibration demonstrates the model's capabi l ity to reproduce exi st ing conditions ; 

thereby increasing the confidence the engineer wi l l  have in  the model to predict system 

behavior. Results provided by a computer model are frequent ly used to aid in making 

decisions regardi ng the operation or improvement of a hydraul ic  system. The process of 

cal ibrating a hydraul ic  model provides excel lent i nsight into the behavior and performance of 

the hydraul ic  system. In particular, it can show which input values the model is most 

sensitive to, so the modeler becomes more careful in determin ing those values. With a better 

understanding of the system, the modeler wi l l  have an idea of the possible impact of various 

capital i mprovements or operational changes. One area of calibration that is often overlooked 

i s  the capabi l ity to uncover miss ing or incorrect data describing the system, such as incorrect 

pipediameters, missing pipes, or closed valves. Thus, another benefit of cal ibration is that it 

wi l l  help  in i dentifying errors caused by mistakes made during the model-bu i ld ing process. 

Chapter 5 in thi s thesis begins with a d i scussion of data requirements and the reasons 

for di screpancies between computer-predicted behavior and actual field performance of a 

water distribution system. In  making compari sons between model results and field 

observat ions the modeler must ensure that the field data are correct and useful .  This sect ion , 

focuses on identifying data useful for calibration (Dusan Obradovic, 2000). 
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There should be at least one flow test conducted in each pressure zone, and the 

number of flow test should be roughly proportional to the size of the pressure zone. In  

general, more tests wi l l  increase the confi dence the user wi l l  have in the model . One 

approach to selecting sampling locations use a special procedure to select locations that 

mini mize the uncertainty of the model ' s  parameters (Bush and Uber, 1 998). Another 

approach uses genetic algorithm to determine the best locations to conduct fire hydrant flow 

te ts  to maxi mize the coverage of the pipe network (Meier and Barkdoll, 2000).  

Errors in  roughness coefficients and demands affect the slope of the hydraul ic grade 

l ine. I f  data are col lected near the boundary nodes, the differences between the model and the 

field data may appear to be smal l because of the short distance even though the slope of the 

HGLs ( and hence the roughness coefficient and demand) are significantly in  error. Head data 

for model calibrat ion should general ly  be col lected at a significant distance from known 

boundary heads. Data should a lso be col lected for pipes that have not been removed from the 

model during skeletonization (T.T .  Tanyimboh, 2005) .  

Data col lect ion can be classified as either point reading (grab samples) or  continuous 

mon itori ng. Point readi ng involves col lecti ng data for a single location at a specific point in  

time, and continuous monitoring involves collect ing data a t  a single location over time. For 

point readings samples should be collected at locations where the parameter being measured 

i s  steady so that t he sample measurement i s  representative of the location over a fairly long 

period of time. To get the most out of continuous monitori ng, the data should be col lected 

from locations where the parameter being measured is dynamic.  I n  situat ions where a point 

reading must be made at a dynamic location, i t  is critical to careful ly  note the time and 

boundary conditions corresponding to the data point .  

When comparisons are made between field and model results, there i s  no 

mathematical reason to use pressures instead of hydraul ic grades, or vice versa. Because 

pressure is just a converted representation of the height of the HGL relative to the pipeline 

elevat ion, the two are essent ial ly equivalent for comparison purposes. For cal ibration 

purposes, however, there are several convincing arguments for working with hydraulic 

grades rather than pressures ( Herr in, 1 997), one of these point of views is  that the hydraul ic 

grades provide the modeler with a sense of the accuracy and rel iabi l ity of the data. If  

computed and measured hydraul ic grade values are significant ly d ifferent from one another, 
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it hould immediately signal the modeler that a particular value may be in error. For example, 

an elevation may have been entered incorrectly Another opinion says working wit h 

hydraul ic grades makes it easier to work with pressure measurements not taken exact ly at 

node locat ions within the model, because it is not the node that i s  used to convert measured 

pre ure into HGL but, the elevation of the pressure gauge 

Although both HGL and pressure compari sons wi l l  lead to the same results if all other 

factors are equal, pressure compari sons make it much easier to overlook errors and much 

harder to track down inconsistencies between real-world observations and the model results. 

Accordingly, the frrst step the modeler should complete upon col lection of field data is to 

convert pressure and tank water level data into the equivalent HGLs. Subsequent 

comparisons should be made between observed and modeled HGLs. 

Before beginning the cal ibrat ion of an EPS model, the modeler needs to be confident 

that the steady-state model is cal ibrated correctly in terms of elevation, spatial demand 

d istribution., and pipe roughness. Once calibration on that level is achieved, the EPS 

calibration procedure can begin and will consist primari ly of the temporal adjustment of 

demands Dependi ng on the intended use of the model, the focus of the EPS cal ibration may 

vary For example, for hydraul ic  studies, the comparison between field and model condit ions 

wi l l  be centered on the prediction of tank water l evels and flows at system meters. On the 

other hand, for an energy analysis, the capabi l ity of the model to predict pump station cycling 

and energy consumption wi l l  be the focus ( Cesario, L 1 995 ) .  

The magnitude of the demand adjustment required can be approximated by the 

difference i n  tank storage volumes between modeled and observed conditions. For example, 

i f  the modeled tank and the observed tank both contain 1 . 3 MG , but at the end of a one-hour 

t ime step the modeled tank contains 1 . 7 MG, whi le the real tank contains 1 .6 MG, then the 

demands in the model may need to be i ncreased by 0. 1 MG during that hour. As always with 

calibrat ion, such adjustments need to be logical and just ifiable, and the cal ibration should 

result in a fairly  smooth curve in agreement with the observed data (Obradovic, 1 998). 

Most EPS calibration deals with the examinat ion of plots of observed versus modeled 

tank water levels .  As a general rule  of thumb, if the observed and modeled water levels are 

both heading in the same direct ion but at sl ightly d ifferent rates, then the water use in that 

1 7  



pressure zone needs to be corrected. However, i f  the water level s are going in opposite 

direction , then the on/off status at pumps or valves is usually the culprit . Data from chart 

recorders pl aced at key locations in the system can provide insights into what to adjust .  

I n  fact, no  guidelines exist for the acceptable level of cal ibration, however, many 

model ers agree that the level of effort required to calibrate a hydraul ic network model and 

the desired l evel of cal ibration accuracy wi ll depend upon the intended use of the model 

(Orm sbee and Lingireddy, 1 997;  Cesario, Kroon, Grayman, and Wright, 1 996; and Walski, 

1 995) .  Regardless of which approach to cal ibration is adopted, a real i st ic  model should 

achieve some level of performance criteria. For an EPS, in  addition to pressures and flows, 

the volumetric difference between measured and predicted tank storage between two 

consecut ive t ime steps should be ±5 percent of the total tank turnover for significantly l arge 

tanks (tank turnover i s  taken to be total volume in  plus total volume out between two time 

interval s) ( guyeI\ B 1 994 ) . 

The true test of model calibration i s  that the end user (for example, the pipe design 

engineer or chief system operator) of the model results feels comfortable using the model to 

assi st i n  decision-making. To that end, calibration should be continued until the cost of 

performing additional cal ibrat ion exceeds the value of the extra cal ibrat ion work. 

2.2.4 System Skeletoo izatioo 

Skeletonization is  the process of selecting for inclusion in a water distribution model 

only the parts of the hydraulic network that have a significant impact on the behavior of the 

system (Eggener and Polkowski, 1 976) . The portions of the network that are not modeled are 

not ignored; rather, the effects that these elements contribute to the system are accounted for 

within the parts of the system that are included in the model . 

When creat ing a water distribution model including each individual servIce 

connection, valve, and every one of the numerous other elements that make up the actual 

network would be a huge undertaking for larger systems. 

A fully realized water distribution model can be an enormously complex network 

consisting of thousands of discrete elements, and not all of these elements are necessary for 

every application of the model . When elements that are extraneous to the desired purpose are 
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present, the efficiency, u abi lity, and focus of the model can be substantially impacted, and 

calculation and di splay refresh times can be seriously impaired 

In addition to the logistics of creat ing and maintaining a model that employs little or 

no keletonization, there is another reason that this level of detail is unnecessary. Depending 

on the application to which the model is being applied, incorporating all of these elements in 

the model ha no significant impact on the accuracy of the results that are generated 

I n  fact, multip le models are required for d ifferent appl ications. since different levels 

of skeletonizat ion are appropriate depending on the intended use of the model . For an energy 

cost analysi s, a higher degree of skeletonization is preferable. For fire flow and water quality 

analysi s, minimal skeletonization is cal led for. Because of this necessity, various automated 

skeletonization techniques have been developed to assist with the skeletonization process 

(Fuj iwara 0, Tung II, 1 99 1 ). 

2.3 Water Qua lity Modeling i n  Dist rib ut io n  Syste m 

It i s  wel l known that the quality of drinking water can change within a distribution 

system. The movement or lack of movement of water within the distribution system may 

have deleterious effects on a once acceptable supply. These qual ity changes may be 

associated with complex physical, chemical and biological activit ies that take place during 

the transport process. Such activit ies can occur either in the bulk water column, the hydraul ic  

infrastructure, or  both, and may be internal ly or  external ly  generated. The abi l ity to 

understand these reactions and model their impact t hroughout a dist ribution system wil l  assist 

water suppl iers in select ing improved operational strategies and capital i nvestments to ensure 

delivery of safe drink i ng water . 

Basica l ly  water qual ity modeling is  simulated in  a steady or a dynamic environment . 

In  steady-state modeling, the external conditions of a d istribution network are constant in 

t ime and the nodal concentrations of the constituents that wi l l  occur if the system is  al lowed 

to reach equ i l ibrium are determined. These methods can provide general information on the 

spat ial d i stribution of water quality. In dynamic models the external condit ions are 

temporally varied and the t ime varying nodal concentrations of the constituents are 

determined. The algorithms developed include steady state and dynamic model s. 
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Rossman and Boulos have given a comprehensive description of dynamic modeling 

and the exist ing numerical olution methods hence a review will not be repeated here. lnstead 

the treatment given to the reactions by these methods are presented and also the advantages 

and l imitations of exist ing Lagrangian methods are discussed . 

As described by ( Munaval l i ,  Kumar 2004 ) in the Time-Driven-Method (TDM), the 

constituent concentration of a segment is subjected to reaction at every water quality time 

step (Qstep). The Qstep is a computational t ime step at which the quality cond it ions of the 

ent i re network are updated . 

I n  the Event-Driven-Method (EDM) procedure the constituent concentration in al l the 

pipe segments are subjected to react ion with respect to the length of the subhydraulic time 

step. In both methods the k inetic reaction mechanism cont inues with t ime under the 

conditions of zero flow or flow reversal in pipes. Both the TDM and EDM are free from 

numerical d ispersion and phase shi ft errors when compared with Eulerian methods. Basical ly  

the TDM si mulation procedure is  carried out in  steps of  pre-specified Qstep. Hence it i s  

possible that during any step more than one segment may be  consumed at the downstream 

node of a pipe. If the segments consumed have different concentrations then this leads to an 

artificial mix ing whose effect is more pronounced in tracing sharp concentration fronts. In 

addition, the TDM solutions are affected by a loss of resolution in  concentration and 

accuracy is dependent on both Qstep and concentration tolerance used. Even though the 

EDM is  supposed to be accurate irrespect ive of the Qstep used, the concentration tolerance 

used and the tolerance dependent sub segmentation process at changing hydraul ic conditions 

may affect the accuracy of the method. In  the EDM procedure the concentration condit ions at 

a node are updated only when an event occurs at that node. Also al l  the segments and nodes 

are updated at the end of a hydraul ic time step or output report ing time whichever occurs 

first 

At the start of the simulation the event occurrences are dictated by the travel t ime i n  

the pipes. Rossman and Boulos tested and compared the Eulerian (FDM and DVEM) and 

Lagrangian (TDM and EDM) methods. They concluded that the Lagrangian methods are 

more efficient for simulat ing the chemical transport in a water d istribution system. The 

test ing of the methods was done for analytical solutions, actual field studies and variable  

sized networks. The models are contrasted with respect to analytical solutions for val idat ion 

at zero concentration tolerance and a particular Qstep. It is useful to study the d ifferences 
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e hib ited by the Lagrangian methods for a normal ly used hydraul ic time step of 1 h as 

report ing t ime under vary ing tolerance and Qstep values with no restrict ion on the number of 

segment generated . It is also interest ing to study how the analyt ical solutions are contrasted 

with respect to the solutions obtained by these methods under varying concentration 

tolerance and Qstep values. It is obvious that the solution given by TDM and EDM may 

perform better against the analytical solut ion for zero concentration tolerance and reasonably 

mall qual ity time step The relative comparison of the methods with analyt ical solutions 

considering the variat ions in concentration tolerance and Qstep brings out the degree of 

variabi l ity exhibited by the methods with respect to the true solution for the system. 

Appl ication of the methods to real l ife networks wi l l  generate a large number of new 

segments and this segmentation can be controlled by imposing a concentration tolerance. 

Also there is a need to develop a methodology which can nearly el iminate the 

l im itations di scussed earl ier in the Lagrangian models for the transport of chemical species 

A hybrid methodology (Keedwel l ,  2004) developed util izes the better features of existing 

Lagrangian methods. The performance of al l  the methods is tested against avai lable 

analytical solut ions under varying conditions of concentration tolerance and Qstep for both 

reactive and non-reactive const ituents. The methods are also appl ied to network problems of 

varying size and a set of solutions i s  obtained for a range of concentration tolerance and 

Qstep values. An attempt is made to compare the representative solutions given by existing 

methods and the proposed hybrid method at selected nodes of a network problem. The result s 

are i nterpreted in  terms of the maximum number of segments generated (maximum 

segmentation of the network) at any time during the simulat ion and the solution time. 

Water quality s imulations use the network hydraul ic  solution as part of their 

computations. F low rates in  pipes and the flow paths that define how water travels through 

the network are used to determine mixing, residence times, and other hydraul ic 

characteristics affecti ng d isinfectant transport and decay. The results of an extended period 

hydraul ic  s imulation can be used as a starting point in performing a water qual ity analysis 

Grayman, Rossman, and Geldreich (2000). 

Most water quality models make use of one-dimensional advective-react ive transport 

to predict the changes in const ituent concentrations due to transport through a pipe, and to 

account for format ion and decay react ions. Equation (4) shows concentration within a pipe i 

as a function of distance along its length (x) and time (t). 
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where C = concentrat ion in pipe I (MlL3) 

Q, = flow rate in pipe I (LJ/T) 

I = cross-sect ional area of pipe i (L 2 )  

e(c. ) = reaction term (MlL3/T) 

(4 ) 

Equation above must be combined with two boundary condit ion equations 

(concentration at x = 0 and t = 0) to obtain a solution. The equation for advect ive transport is 

a function of the mean velocity of the fluid.  Thus, the bulk fluid i s  transported down the 

length of t he p ipe with a velocity that is  direct ly proportional to the average flow rate. The 

equation is based on the assumption that longitudinal dispersion in pipes is negligible and 

that the bulk flu id  is completely mixed (a val id assumption under turbulent conditions). 

Water quality s imulation uses a nodal mixing equation to combine concentrations 

from individual pipes described by the advect ive transport equation, the boundary conditions 

for each pipe. The equation shows a mass balance on concentrations entering a junction node. 

where cour = concentration leaving the junction node j (MIL3) , 

OUT] = set of pipes leaving node j 

INJ = set of p ipes entering node j 

Q, = flow rate entering the junct ion node from pipe i (L3/T) 

C = concentration entering junction node from pipe i (MIL3) 
, . n ,  
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UJ = concentration source at junction node j (MIT) 

The nodal mixing equation describes the concentration leaving a network node as a 

fu nction of the concentrations that enter it and describes the flow-weighted average of the 

incoming concentrations which are mixed according to Equation showed above, and the 

resu lt ing concentration is transported through the outgoing pipes modeled as demand leaving 

the system The nodal mix ing equation assumes that incoming flows are completely and 

instantaneously mixed. The basis for the assumption is that turbulence occurs at the junction 

node, which is usual ly  sufficient for good mixing. If a source is located at a junction, 

constituent mass can a lso be added and combined in the mixing equation with the incoming 

concentrations. 

P ipes are somet imes connected to reservoirs and tanks as opposed to junction nodes. 

The fol lowing equation explains the mass balance of concentration entering or leaving the 

tank 

(6) 

where Ck. = concentration within tank or reservoir k (MIL3) 

QI = Flow entering the tank or reservoir from pipe i (L3/T) 

Vk = volume i n  tank or reservoir k (L3) 

e(cK ) = Reaction term (MIL3/T) 

As  a result of water entering from upstream pipes mixes with water that is already in  

storage The above equation appl ies when a tank is  fi l l ing if  the concentrations are different, 

blending occurs. The tank mix i ng equation accounts for blending and any reactions that 

occur with in  the tank volume during the hydraul ic step. During a hydraul ic step in  which 

dra in ing occurs, terms can be dropped and the equation ( 3 )  i s  simpl ified as. 
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dC. = 8(C ) 
df f.. (7 ) 

Specifica l ly, the d i lution term can be dropped because it does not occur. Thus, the 

concentration within the volume is subject only to chemical reactions. Furthermore, the 

concentration draining from the tank becomes a boundary condition for the advective 

tran port equation written for the pipe connected to it . 

Equations (6) and (7)  assume that concentrations within the tank or reservoir are 

completely and instantaneously mixed. This assumption i s  frequently appl ied in water quality 

model s. There are, however, other useful mixing models for simulating flow processes in  

tanks and reservoirs (Grayman et aI . ,  1 996) .  For example, contact basins or clearwel ls  

designed to provide sufficient contact t ime for disinfectants are frequently  represented as  

simple plug-flow reactors usi ng a "first in  first out" (FIFO) model .  In  a F IFO model, the first 

volume of water to enter the tank as inflow i s  the fi rst to leave as outflow. 

If severe short-circuit ing is occurring within the tank, a " last in first out" (LIFO) 

model may be app l ied, in  which the first volume entering the tank during fi l l ing is  the last to 

leave whi le  dra in ing.  More complex tank mix ing behavior can be captured using more 

genera l ized "compartment" models. Compartment models have the abil ity to represent 

mix ing processes and t ime delays within tanks more accurately. Al l  the models mentioned in  

th is  sect ion can be u sed to simulate a non-reactive (conservative) constituent, as  wel l  as  

decay or formation react ions for substances that react over time. The model s can also be used 

to represent tanks that either operate in fi l l  and draw mode or operate with simultaneous 

inflow and outflow. 
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Figure 2 .4  Tank mixing model with Three compartments. 

Chemical reaction terms are present in concerned equations showed above. 

Concentrations within pipes, storage tanks, and reservoirs are a function of these reaction 

terms. After water enters the distribution system, i t is subject to many complex physical and 

chemical processes, some of which are poorly understood, and most of which are not 

modeled. Three chemical processes that are frequently modeled, however, are bulk fluid 

reactions, reactions that occur on a surface (typical ly  the pipe wal l), and formation reactions 

involving a l imit ing reactant First, an expression for bulk fluid reactions is presented, and 

then a reaction expression that incorporates both bulk and pipe wal l react ions is developed . 

Bulk fluid reactions occur within the fluid volume and are a function of constituent 

concentrations, reaction rate and order, and concentrations of the formation products. A 

general ized expression for nth order bulk fluid reactions is  developed in the below equation 

(Rossman, 2000). 

e(c) = ±KCn (8) 

where e( C) = reaction term (MiL3 IT) 

K = reaction rate coefficient [( I.?IMr-1/T] 

C= concentrat ion (MiL3) 
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n = reaction rate order constant 

Equation ( 8 )  is the general ized bulk react ion term most frequent ly used In water 

qual ity simulation models. The units of the react ion rate coefficient depend on the order of 

the react ion. The order of the reaction depends on the composition of the reactants and 

products that are involved in the react ion. The reaction rate order is frequently determined 

experi mental ly . Zero-, first-, and second-order decay reactions are commonly used to model 

chemical processes that occur in d istribution systems. Figure 2.4 is a conceptual i l lustration 

showing the change in concentration versus time for these three most common reaction rate 

orders. Using the general ized expression in  the last Equation, these reactions can be modeled 

by al lowing n to equal 0, 1 ,  or 2 and then performing a regression analysis to experimental ly 

determine the rate coefficient . The rate expression accounts for only a single reactant 

concentration, tacitly assuming that any other reactants ( i f  they participate in the reaction) are 

avai lable in  excess of the concentration necessary to sustain the reaction. The sign of the 

reaction rate coefficient, k, signifies that a formation react ion (posit ive) or a decay react ion 

(negat ive) is occurring. 

The most commonly used react ion model is the first order decay model, for first order 

react ions, the units of k are ( l iT) with values general ly expressed in  l /days or l Ihours. This 

has been appl ied to chlorine decay, radon decay, and other decay processes. A first order 

decay i s  equivalent to an exponential decay, represented by the Equation (9). 

c - C C-kt 
T - 0 (9) 

where Ct = concentration at t ime t (MJL 3) 

Co = in it ial concentration (at time zero) 

k = reaction rate ( lIT) 

Disinfectants are the most frequently modeled constituents 10  water distribution 

systems. Chlorine (the most common disinfectant) is shown reacting in the bu lk fluid with 

natural organic matter (NOM), and at the pipe wal l , where oxidation react ions with biofi lms 

and the pipe material (a  cause of corrosion) can occur. 
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Many dis infectant decay models have been developed to account for these reactions 

The fir t-order deca model has been shown to be sufficiently accurate for mo t distribution 

sy tern model ing appl i cations and is wel l  establ ished Grayman ( 1 994). 

, ." , .' 

. - ' .. 

Figure 2 . 5  Disinfectant reactions occurring withjn a typical distribut ion system. 

When n = 1 ,  then equation ( 5 )  is considered a simple first-order reaction. One 

shortcoming of the first-order reaction model is that it accounts for the concentration of only 

one reactant . This model is  sufficient if only one reactant is being considered. For example, 

when chlorine residual concentrations are modeled, chlorine i s  assumed to be the l imiting 

reactant and the other reactants-material at the pipe wal l s  and natural organic matter (NOM)­

are assumed to be present in excess, The behavior of some disinfect ion by-product (DBP) 

formation reactions, however, d iffers from this assumption. NOM, not chlorine, is frequently 

the l im it ing reactant . DBP formation is  just one example of a generalized class of reactions 

that can be modeled using a l imit ing reactant . The reaction term for tills class of formation 

and decay react ions as proposed by Rossman (2000) and shown in the fol lowing Equation 

B(e) = ±k(ehm - e)e"-l 

where Chm = l im i t ing concentration of the reaction (Mil}) 

( 1 0) 

The reaction rate coefficient K, however, i s  now a function of the bulk react ion coefficient 

and the wal l reaction coefficient, as indicated in the fol lowing equat ion. 

( 1 1 )  

where kb = bulk react ion coefficient ( l IT) 

27 



k" = wall reaction coefficient (LIT) 

kr = mass transfer coefficient, bulk fluid to pipe wal l  (LIT) 

Rt f  = hydraul ic  rad ius of pipeline (L)  

The rate that di i nfectant decays at the pipe wal l  depends on how quickly disinfectant 

tran ported to the pipe wal l and the speed of the react ion once it is there. the dimensionless 
Sherwood number, along with the molecular diffusivity coefficient (of the constituent in 

water) and the pipel ine d iameter is used to determine the rate at which disinfectant is 

transported. 

k = H d  
f D 

where SH = Sherwood number 

d = molecular diifusivity of constituent in bulk fluid (L2/T) 

D = pipe l ine d iameter (L)  

( I  2) 

For stagnant flow condit ions (Re < 1 ), the Sherwood number, SH, i s  equal to 2 .0 .  For laminar 

flow conditions ( 1  < Re < 2,300), the average Sherwood number along the length of the pipe 

can be used. To have laminar flow in a 6-in. ( I 50-mm) pipe, the flow would need to be less 

than 5 gpm (0.3 lis) with a velocity of 0.056 ftls (0 .0 1 7  mls) . At such flows, head loss would 

be negl igible. 

( 1 3 ) 

where L = pipe length (L) 

Whi le, for turbulent flow (Re > 2,300), the Sherwood number is computed using Equation 

below 
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( )0 333 
c Jl = 0 023 Refl 83 � 
where Re = Reynolds number 

v = kinemat ic iscosity of flu id (L2/T) 

( 1 4  ) 

sing the first-order reaction framework developed immediately above, both bulk 

fluid and pipe wal l  dis infectant decay reactions can be accounted for. Bulk decay coefficients 

can be determined experimental ly .  Wall decay coefficients, however, are more difficult to 

measure and are frequently est imated using d isinfectant concentration field measurements 

and water quality simulation results. 

A first-order growth rate to a l imiting value has been used to represent the formation 

of trihalomethanes a common form of DBP, in distribution systems (Vasconcelos et al . ,  

1 996). Mathematica l ly th i s  i s  represented by the below Equation and shown graphical ly in 

the Figure 2.6 

where THM(t) = THM concentration at time t 

Co = init ial THM concentration 

FP = formation potential (concentration) 

k = react ion rate (a posit ive value) 

r � r: 
L Il: 
I.: 
( 
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Figure 2 .6 First order growth for THM . 
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Many researches were done aiming to best al location and managing of disinfection 
tation along water distribution system , are presented . With the main objective of 

propo ing a criterion to l imit chlorine and disinfect ion by-product concentrations in the 
drinking water supplied to users without compromising its agreeableness and safety 
characteristic The procedures are based on the eval uat ion of two different indexes obtained 
through the analy i s  of several operating condit ions related to changes of water demands in 

both pace and t ime and to the random behaviour of users: the Presence Index and the 
Efficiency of Al location Index. The proposed procedures have been appl ied to a case study in 

order to determine, respectively, ( 1 )  the number and the allocation of chlorine booster 

stations according to minimum and maximum values of chlorine concentration indicated in 

drinking water standards and to min imum chlorine dosage al lowed for each station; and (2) 

the optimal dosage of chlorine according to the number and al location of chlorine 

dis infect ion stations and to the changes of water demand nom users. 

2.4 Sim ulation Tool 

Hydraul ic model ing of water-distribut ion systems can be conducted by solving 

mathemat ical equations that characterize the pipe network of the distribut ion system. The 

WaterCad 7.0 water-dist ribution system model was chosen to conduct an extended period 

simulation of the hydraul ic behavior within the water-distribution system. WaterCad 7.0 
solves the mentioned equations i n  sect ion 2 . 1 for each storage nodes tanks or reservoir. 

The fate of a dissolved substance flowing through a di stribution network over time i s  

tracked by WaterCad 7.0 dynamic water-quality simulator. To model water quality of a 

distribution system, WaterCad 7.0 uses flow information computed from the hydraulic 

simulat ion as input to the water-quality model .  The water-quality model uses the computed 

flows to solve the equation for conservation of mass for a substance within each l ink 

connecti ng nodes. 

Ident ifying the source of del ivered water in a distribut ion system has become a 

necessity when trying to determine the location of a source that may supply water that 

exceeds a given level of a chemical or biologic constituent . Wood and Ormsbee ( 1 989) 

developed an expl icit method to calculate the percentage of flow, under steady flow 

conditions, originat ing at various source points at a specific locat ion in a distribution system. 
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WaterCad 7 . 0  al 0 has the abi l ity to track the percentage of water reaching any point in the 

di tribution network over t ime from a specified locat ion (source) in the network ( i .e . ,  the 

"proportionate contribution" of water from a specified source). 

The primary component of a WaterCAD project is the network model The element 

types that are used to form a network models are: 

• P ressure Pipes, where pipes are l ink elements that connect junction nodes, pumps, valves, 

tanks, and reservoirs to each other. The only way for water to travel from one node to 

another i s  by fol lowing a path through one or more pipes. Data pertaining to the pipeline 

characterist ics constitut ing the d istribution system network were retrieved from GIS and as 

bui l t drawings suppl ied by the water uti l ity. Parameters required by WATERCAD 7.0 to 

describe pipes include (Table 2A) : a p ipe identification label, starting and ending node 

labels, length, diameter, roughness coefficient, and the status of the pipe (open or closed) . 

• P ressure Junctions, where junctions are non-storage nodes where water can leave the 

network to satisfy consumer demands, water can enter the network as an inflow, or 

chemical const ituents can enter the network . W ATERCAD 7 .0  identifies junctions (or 

nodes) as the beginning and ending points associated with each pipe or pipe segment in the 

model network. Each junction is assigned an alpha-numeric identificat ion label, an 

elevation, a demand (or consumption) value, and a demand pattern number (Table 2A). 

Because the goal of the study is to conduct a water d istribution performacnce assessment, 

geo-spatial location information for pipe junctions, pipel ines, and network facil ities is 

required. These known coordinates were used to geo-reference al l model nodes (and l inks) 

in the d istribut ion-system network. The l ast parameter associated with junction data is the 

demand pattern. With th is parameter, WATERCAD 7 .0  has the abi l ity to modify the nodal 

demand data based on the demand pattern. For example, if the water util ity serviced 

residential, commercial, and industrial users, each group of water users have a different 

diurnal demand pattern and therefore, nodal demand data would need to be modified 

depending on the type of use. This is accompl ished in WATERCAD 7.0 by assigning a 

demand pattern number to each tank. Al l model nodes that were assigned a positive 

demand value ( indicat ing outflow from the system) used the same diurnal demand pattern, 

the same demand pattern number was assigned to each model junction ident ified as having 

a posit ive consumption value. 
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T
.
abl� 2A et of input data properties required by W ATERCAD 7.0 to model the water­

d l  tnbutlOn " tem 

omponent 

Junct ion 

Tanks 

Pipes 

Patterns 

Time 
Parameters 

Properties 

Identification label 
Elevat ion 
Demand 

Demand pattern 

Identification label 
Bottom elevat ion 
I nitial water level 

Minimum al lowable water 
level 

Maximum al lowable water 
level 

Tank diameter 
I dentification label 

Start node label 
End node label 

Length 
Diameter 

Roughness coefficient 

I dentification label 
Multip l icat ion factors 

Duration 
Hydraul ic Time Step 

Pattern Time Step 

• Tanks, where tanks are a type of Storage Node. The water surface elevation of a tank wi l l  

change as water flows into o r  out of  i t  during an extended period simulation. Tanks can 

have either a circular or i rregular cross sect ion. I nternal storage tanks ( I ST's) are 

associated with model junctions in WATERCAD 7.0 . The parameters used to describe 

storage tanks i n  WATERCAD 7 .0 are l isted in 2A; specific features for each storage tank 

are l i sted in append ix D. For this study, al l storage tanks were modeled as having 

cyl indrical geometries. The initial, minimum and maximum water level for each tank was 

assumed as mentioned in chapter 4 
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• Reservo ir which are a type of storage node. The water surface elevat ion of a reservoir 
doe not change a water flows into or out of it during an extended period simulation.. 
unle s an HGL Pattern has been appl ied to the reservoir Reservoirs can be used to model 
external water sources such a lakes, streams, and wel l s. When an HGL pattern is appl ied, 
re ervOlr can al 0 be used to represent tidal act ivity and connections to other systems 

where the pre ure varie over time. 

• Valve, where it i s  an element that opens, thrott les, or closes to satisfy a condition you 

specify. I t  i s  represented in WaterCAD as a node. 

• P u m p  is an element that adds head to the system as water passes through. I t  is typically 

defined by a pump curve and control elevat ions, which tum the pump on or off. I t  is 

represented in WaterCAD as a node. 

Req u irements for M odel I n put 

The WATERCAD 7.0 water-distribution system model was used in conjunction 

with the col lected field-test data to develop and cal ibrate a model of the present-day (2006) 

water-distribution systems serving the selected areas. I nformation required to conduct a 

simulation using WATERCAD 7 .0 include data describing pipel ine characteri stics, 

consumption and diurnal demand patterns, tank geometries and in itial water levels, and 

simulation time parameters. Table 2A describes the set of input data properties needed to 

model components of the water-distribution system serving the selected areas using 

WATERCAD 7.0 .  

Time Pa ra m eter Data 

WATERCAD 7.0 assumes that consumption values, supply rates, and concentrations at 

source nodes remain constant over a fixed period of time. However, these parameter values 

can change from one time period to another. To conduct an extended period hydraul ic 

simulat ion, WATERCAD 7 .0 requires three t ime parameters: ( 1 )  the duration of the 

simulat ion, (2) the hydraul ic t ime-step size, and (3 ) the pattern time-step size. For the 

selected areas simulat ions, the duration of the simulation was set equal to the duration of the 

tests 8760 hours. The hydraul ic and pattern time-step sizes were set equal to 60 hour. In 

figure 2 . 5  WaterCAD al lows defining tanks with either fixed or variable sections. For 

steady-state simulat ions, a tank is considered to have a constant water surface elevation, 
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imi lar to a re ervoir Tank simulation organizes the related input data and calculated results. 

The fol lowing are needed a inputs 

• s ignment of demands or inflows to tank elements in order to simulate water leaving or 

entering the network 

• Data defining the geometric characteristics of the tank and its operating level range. 

• I nput parameters used when performing a Water Quality Analysis 

The designer can define a hydraul ic load consisting of multiple demands and inflows 

for each tank node in the network . Each individual hydraul ic demand or inflow consists of a 

basel ine flow rate and a pattern that is appl ied when performing an Extended Period 

Simulation (EPS) . This software provides a table for editing hydraul ic loads. Each row 

repre ents an individual hydraul ic demand or inflow. 

The fol lowing can be determined: 

• Demand represents a withdrawal of water quantity from the network system ( if the value 

entered i s  negative, then the l iquid i s  entering network). Inflow represents the addition of 

water quantity to the system (negative inflow represents flow leaving the system) 

• Enter the basel ine flow rate for the load . The entered figure wi l l  always be positive. The 

unit are volume per unit t ime (typical l y  Us or gpm) .  Choosing the EPS pattern that wi l l  

apply to  this load. Each load in  the table can have a different EPS  pattern. The multipliers 

defined in the pattern wi l l  be appl ied against the basel ine load. 

R-1 P-1 J-1 

J-3 P-4 J-4 

Figure 2 .7  Water system i l lustrative sketches ;{ �T-2 
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A shown in the above sketch, which represent a smal l system where we can apply 

the methodology de cribed above. The elevations of all nodes wi l l  be known and the 

pre ure at the source wil l  be presented as a HGL or elevation according to the field 

measurements i e. the pressure reading at the feed main to each water network system. The 

level i . e  init ial , minimum and maximum, in the tanks can be entered according to a certrun 

a sumption or field mea urements The pipes length can be also defined. 
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C HAPTER 3 

DESCRIPTION O F  AL AIN WATER NETW ORK 

I n  this Chapter, a brief description is  presented for each source supplying AJ Ain 

region with the reque ted water quantities. These sources are desal inat ion plants located 

along the costal boundary of Abu Dhabi Emirate in addition to some wel l  fields expected to 

be clo ed soon due to their water quality deterioration reported lately. Moreover, a brief 

explanat ion for the water distribution code represents the analysis guidelines in addition to 

the water demand forecast for AI Ain city and its factors are presented followed by the water 

d istribution system material and accessories. I ntermittent water supply pattern is explained 

with its advantages and d isadvantages. The chapter concludes with selecti ng three zones of 

AJ Ain distribution system to focus on the current study. 

3.1 Wate r  Supplied to AI A i n  Region 

3. 1 . 1  Cu rrent Prod uction Capacity 

Water i s  scarce in  the AI Ain region and a majority of the suppL ies are pu mped from 

desal i nation plants over 1 20 km away in Abu Dhabi, in the west of the country. Figure 3 . 1 

show the three main sources of water supplying AI Ain region and defined as fol lows: 

4- Taweelah Desal ination plant through Sweihan Pumping station to AI Ain Reception 

Pumping station in the north-west; 

L Unit IV  of U rn  Al Nar Desal ination plant through Shobaisi Pumping station to Remah 

Pumping station in the south-west; 

.:I- AI Fujairah Desalination plant through 1 600 mm Carbon Steel line to AJ Ain Reception 

Pumping station. 

An addit ional source of water from the neighboring state of AI Fujairah has become 

avai lable since late 2003 . This supply takes spare capacity of 40 mgd from the Al Fujairah 

desal inat ion plant, 1 40 km away on the coast of the Gulf of Oman. 



Two method to calculate the total inflow into the Al Ain region were considered as 

fo l lows 

1 . Total water arriving at the boundary of the region as shown in Figure 3 . 1 and, 

2 Calculation of water di t ributed across the region. 

The fir t method was to calculate the total inflow to Al Ain region by summing up the 

average dai ly flows through Sweihan, Remah and Al Khazna Pumpi ng Stations, flows to Al 

Khazna Palace, in addition to the quant ities delivered through fujairah l ine. The production 

from the Al Ain Well-fields IS consumed by the nearby VIP' s properties. 

- - - - - - - - 1 

RoN O:rsicBed 
fir c3aUia1 cI 

* &.WIY to AI Ail 
� 

Fujairah 
PI t 

� om �  

0Srb.Jicnf>reg; n:lJi"g c:1te-N>[£ 
p..ITJTg stii:rs savi"g: 

Fq:Uim 
5fi 8.J< O::rrafrn; 

Figure 3 . 1 Water I nflows to AJ Ain Region 
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The second method was to calculate the total i nflow to AI fun region by summing up the 

total dai ly flows through each of the Tran co pumping stations, the areas directly connected 

to the Tran co mains upstream of the Transco Pumping stations. The first method was 

cho en a the most appropriate, as a l l  measuring points are at the boundary to the region and 

thi ensure that al l water enteri ng the AI Ain region is considered. 

3. 1 .2 W el l  Field Production 

Wel l  fields have been developed across AI Ain but are mainly concentrated in the 

northern region of the city. The wel ls  in the south and east of AI Ain region supply discrete 

area and do not contribute to the total flow to the city. Previously, the wel l fields supplied a 

number of AADC pumping stations, each of which has a dedicated distribution network . 

Much of the flow from the northern wel l fields was forwarded to AI fun city via AI Ain 

Recept ion and H i l i  PS. Some consumption occurs in  the wel l  fields and along the length of 

the pipel ines transferring water to Hi l i  and AI fun Reception, reducing the amount of water 

avai lable for the city. 

Well fields have been a major source of water for AI fun city for many years. Data 

provided by AADC covers wel l  field  production from 1 990 to 200 1 ,  which reveal s the trends 

over this t ime. New well fields have been developed to replace others ceasing to provide the 

quantity they once d id .  However, as new well fields come on l i ne to replace fai l ing sources, 

average dai ly product ion has remained fairly constant over the data set. These wel l  fields i n  

AI fun region are mainly concentrated in  the north, of A I  fun Reception Pumping station. 

Wel l field production has taken a downward tum during the last few years, largely 

because abstracted volumes great ly exceed recharge from precipitat ion. Examining the last 4 

years of the avai lable data shows a decrease i n  output. Should tills trend continue it i s  

envisaged that groundwater abstraction wi l l  no  longer be  viable by 2009 (see Table 3 . 3 ) . 

Furthermore, if the rate of development of new wel l fields slows or the production from them 

does not match that of the cancel led wel l s, the situation wil l  be compounded. 

The AADC Monthly Report for July 2005 holds detai ls of wel l field production 

volumes. Data for well field production are considered as the Well Field Input . The average 

dai ly flow for the wel l  fields during the peak month was 5 MIGD calculated by summing up 
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the dai ly production and d ivid ing by the number of days. Currently, this quantity suppl ies 

the V IP ' s  properties such as the farms 

3. 1 .3 Addit ional S u pply to AI  Ain  Region 

There are proposal s to i ncrease water supply to AJ Ain region by providing additional 

production capacity at Fujairah and through the construction of a new transmission main to 

bring water from Shuweihat. Detai l s  of the addit ional flows are provided in  Table 3 . 1 .  

Table 3 . 1  Additional Water Supply to AJ Ain region (ADWEC Report, 2003) 

Scheme 

Additional 
production 
capacity at 

Fujairah 

Shweihat 
P ipel ine 

Total of 
additional 

quantities from 
Fujairah and 

Shwiehat 
desal i nation 

plant 

P rod uction Available fo r AI A i n  

Phase 1 :  
40mgd 2004 

Phase 2 :  
60mgd 2007 

Phase 1 :  
2006 

Phase 2 :  
5 1 mgd 

2008 

2004 40mgd 
2006 9 1 mgd 

2007 1 5 1 mgd 

Receiving 
Pum ping 
Station 

AI Ain 
Reception 

Moyhayer 

Shweihat to 
Shobaisi 

Shobaisi to 
Mi l itary via 
South West 
(new PS) 

Current proposal s are for a total of 1 80mgd additi onal production capacity at Fujairah 

(90mgd under each phase), of which 1 00mgd wi l l  be made avai lable to Al Ain region. 

Additional supply from Shweihat wi l l  be l im ited by the capacity of the pipel i ne which 

wi l l  be capable of transferring 5 1  rngd init ial ly to Shobaisi by 2008 and subsequently to a new 
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pumping station to the outh west of the city ( outh West PS) and on to Mil itary by 2008 

The available supply i s  shown in Table 3 2 and Figure 3 2 

Table 3 2 Available Supply to AI Ain in M IGD 

wiehan 

PS 

Remah PS 

Wel l 

Fields 

AI Khazna 

From 

Fujairah 

From 

hweihat 

Total 

300 0 -

250 0 

200 0 

r 1 50 0 

1 00 0 

5 0 0 

2003 2004 

57 .2 

1 4.3  

1 9. 8 

1 . 7 

93 

5 7 2 

1 4 .3  

5 

1 . 7 

40 

1 1 S.2 

o ho m f U J a tra 
o \ l l\. h a z n a  
o R em a h P S  
O S w i e h a n  P S  
0 \\  e l l  F i e ld 

2005 2006 

5 7 2 7 

1 4 3 1 4 3 

5 2 

1 . 7 1 . 7 

40 40 

1 1 8.2 1 33 

I 

2007 200S 

84 84 

1 4.3  1 4 .3  

1 . 1  1 1 

1 . 7 1 . 7 

1 00 1 00 

5 1  

20 1 . 1  252. 1 

0 0  1-���=================-�----------------� 
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Figure 3 . 2  Components of Water Suppl ied into AI Ain Region 
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The upply into A1 Ain Region was calculated using data of average day in July 2005 as 
hown in  Table 3 3 .  The difference between the demand and the supply i s  around 26.8 Mgd 

This is i l lustrated in Table 3 .4 and 3 . 5  respectively; if 1 00% demand management is applied. 

Table 3 .3 In flow Calculation for Al Ain region 

Component M gd 

weihan PS  57 .2 

Remah PS + A1 Khazna PS 1 6  

Fujairah Plant + Well fields 45 

Total 1 1 8 .2  

3.2 Demand Fo recast i n  A l  Ain Water Uti l it ies 

A major d ifficu lty in s imulat ing and evaluat i ng a water distribution system is  how to 

model the actual demands; i . e. consumptions, and the losses at the level of individual nodes. 

In any real-l i fe system this  information is never ful ly avai lable, even if the total demand and 

the total loss are k nown rather welL  It is true that data on demand can be found in the 

l iterature (Bailey, Jol ly, & Lacey, 1 986; Edwards & Martin, 1 995; Obradovic & Lonsdale, 

1 998), but only for the regular situations. Information about the possible influence of local 

pressure upon demand is sadly lacking. Note that the designer's position is easier since the 

demand is a given or selected value, pressures should be within the given range, and losses 

m ight be al located in a rather arbitrary way, perhaps just by increasing the demand 

proportional ly  to include losses. 

These assumptions are not val id  for the operational management of real- l ife systems. 

If one compares daily d iagrams for total demand of the whole system with corresponding 

data captured at the l evel of (relatively small) demand management areas, one will discover 

that the first has much smal l er ampl itude in  comparison with the latter : the minimum night 

flow (MNF) is relatively h igher and the morning/evening peaks are less prominent. Hence, 

the losses were included in the demand where these demands obtained from the water 

demand forecast i ssued in  2005 (AADC, 2005).  
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A Demand Foreca t was prepared as per Mis Hyder act ivit ies for the project 

" I mprovement of Water upply in AI Ain " .  The object ives of the Demand Forecast were . 

• To confirm the 2005 popu lation Figures which wi l l  be adopted for population and 

demand projections; 

• To confirm per capita consumption Figures through a demand survey which has been 

carried out in AI Ain, 

• To confirm exist ing Unaccounted For Water (UFW) / Non Revenue Water (NRW) level s 

specific to AJ Ain, 

• To estab l i sh the current level of water usage (basel ine position); 

• To determine the factors that wi l l  i nfl uence the demand and how they wil l  act over the 

forecast period; and, 

• To establ ish demand forecasts for 2005 and 20 1 0  

The approach adopted for the Demand Forecast i s  set out i n  the Demand Forecast 

Methodology Report i ssued by AADC i n  November 2004 (AADC Annual report, 2004). 

3.2. 1 Factors influencing Water Demand 

There are many influencing factors that wi l l  determine how demand wil l  grow in the 

AI Ain region. The pri ncipal drivers to the demand forecast wi l l  be: 

• Population Increases 

• I ncreases i n  the proportion of Low Cost (Shabia) and Vi l la type dwel l i ngs 

• Growth in  bulk connection demands 

• Changes in supply regime (move towards constant supply) 

Based on the above mentioned study, it was agreed that the per capita consumption = 

1 00 gal/capita/day, and the total demand for Shabia and Vi l la  are 1 500 gal/day and 3500 

gal/day respect ively including the demand required for landscaping purposes (AADC water 

demand forecast report, 2005) .  

Table 3 .4 shows the water demand forecast for 2003, 2005 and 20 1 0  respect ively. In  

th is  Table the intermittent demand (Unrestrained) and the Control led one (Restrained) supply 
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is i l lust rated for 2003, where the major difference between the two patterns i s  applying the 
demand management tool a i l lustrated in  sect ion 3 . 5 . 5 .  For 2005 and 20 1 0  the controlled 
demand i s  shown, along with the demand management concept (DM), this concept is 

i l lustrated in detai ls in sect ion 3 . 7 . The Table shows the differences in  the water demand for 

the domestic as wel l  as the v i l la  and shabia landscaping categories for years 2003 05 and 

20 1 0 . The remai ning categorie wi l l  not be affected by applying or achievi ng any demand 

management level, since the demand is requested and specified by the concern departments 

i . e. municipal ity, agriculture, mi l itary works and the private department which controls the 

V IP  palaces and farms. 

Table  3 4  Water Demand forecast under d ifferent demand management scenarios (MIs Hyder 

water demand forecast report, 2004) 

2003 2005 20 1 0  

Demand 1 00% 50% 0% 1 00% 5 0% 0% 
Restrained U nrestrained 

Category DM DM DM DM DM DM 

mgd mgd mgd mgd mgd mgd mgd mgd 

Domestic 1 8 .9  4 1 . 5 2 1 . 1  43 . 7  46.2 27 .9 43 . 8  59.6 
Purposes 

Vi l las 1 3 .4  29. 3  1 6. 2  3 3 . 5  3 5 4  23 . 1 36 .8  50 .5 
Landscaping 

Shabia 4 .07 8 .9 1 4 .68 9 .69 1 0 . 3  6.05 9.65 1 3 . 3  
Landscaping 

General Parks 0 .0 1 0 .0 1 0.0 1 0 .0 1  0 . 0 1  0.0 1 0 .0 1 0.0 1 

I ndustrialAreas 1 04 1 04 1 2.2  1 2 .2  1 2 .2  1 5 . 3  1 5 . 3  1 5 . 3  

Commercial 1 1 . 1  1 1 . 1  264 264 264 62 62 62 
and VIP Farms 

Palaces 29.2  29.2 3 1 . 7 3 1 . 7 3 1 . 7 37 . 5  37 . 5  37 . 5  

Mil itary 3 . 1 6  3 . 1 6  4 . 1 4 . 1 4. 1 6.08 6.08 6.08 
Cam�s 

NRW 6 .39  344 28 . 7  404 4 1 . 7  37 . 3  46.2 54.5 

Totals 96.6 1 68 1 45 202 208 2 1 5  257 299 
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3.3 Water Di t ri b utio n code issued by AADC 

Below is  ADWEA specifications and standards regarding different technical 

parameter i e velocitie , pressure, peak demand . .  etc. These standards will be uti l ized to 

a e the data and re ults obtained from the fields and the hydraul ic  model ing in chapters 4 

and 5 re pect ivel . 

3.3. 1 Dem and Factors 

Demand is  the required portable water needed to meet Customer use, adjusted to take 

into account Water Demand Management policies, which may include water conservation 

efficiencies of use and water leakage. 

S ince the sources of production, the trunk mains, and the service reservoirs must all 

be designed to cope with maximum expected daily consumption, the mains and pipes which 

convey the water from the service reservoirs to the consumer is designed to cope with the 

maximum hourly rate of consumption. This maximum hourly draw-off rate varies from 1 . 1  

to 4 times the average daily rate, depending on the area being served. The smaller the area 

the greater is the rat io. Hence for a single house, the maximum hourly rate can work out at 

over 300% of the average daily rate. 

Adams (Adams l I .W .F, 1 955 )  investigated the areas and estimated the peak flow 

factors shown in Figure 3 . 3 below according to population size. These factors apply to the 

average daily consumption for the year and show that maximum hourly rates vary from 3 

times for areas of 500 population to 1 .9 times for areas of Y2 million population. 
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Figure 3 . 3 Ratio of peak hourly flow to annual average flow 

The fol lowing relat ions then apply: 

• Average Dai ly  Demand (ADD) = Total Yearly consumption / 365 days 

• Peak Daily Demand (PDD) = Maximum Demand in a single day 

• Peak Instantaneous Demand (P ID) = Maximum flow rate at any time 

The demand forecast prepared by AADC shown in Tables 3 . 5  and 3 . 6  considers the 

average flow for the peak month. Within the peak month there wi l l  be variations in dai ly  

flows and diurnal peaks ari sing from varying demands during the day. These peaks are 

influenced by many factors, such as level s of leakage and background flow, the proportion of 

commercial and industrial demands and social patterns. As such, peaking factors are specific  

to  the network under consideration. A factor of 2 .5  can be  appl ied to  the average hourly flow 

for the peak month to obtain the peak hour design flow. This  factor is based on population 

s lze . 
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Table  3 5 Peak Factor 

Peak Factor , PF (range) Peak Dai ly Demand ( PDD) 

1 . 25  1 . 5 PF x Average Dai ly Demand 

Table 3 . 6  Peak Factors (According to the popUlat ion) 

Pea k Factors, 
Populat ion 

PF 

Low 2 .0 
50,000 or more 

High 2 5  

Low 2 . 5  
1 ,000 to 50,000 

High 3 .0 

Low 3 . 0  
Less than 1 ,000 

H igh 3 . 5  

• Peak Instanlaneous Demand (PID) = PF x AYerage Daily Demand 

• PF for Intermittent Water Supply (6-8 ills .)  = 3 .5  

3.3.2 Pipeline S izing 

• All  water d istribution pipel ines shal l be sized to deliver the Peak Dai ly Demands 

( PDD) and al lowing for fire fighting demand and l eakage factors whi lst ensuring head 

loss not exceedi ng 1 0  rnIkm. 

• Secondary and Primary Pipel ine (Sub-mains and mains) shall be sized to deliver peak 

daily demand (PDD) at connect ion nodes and head loss not exceeding 1 5  rnIkm. 

• Special attention to be given to the fire flow requirements as capacity stipulated by the 

relevant Fire / Civi l  Defense Department . 
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Table 3 7 Pipel ine Dimension 

ub Clause Pipel ine Type Minimum Maximum 
Remarks 

mm M m  

Distribution 1 00 Pipel ines 
pipel ine 1 50 300 smaller than 

(Recommended2 DN 1 50 rna 
econdary be used in 

2 Pipel ine( sub- 300 600 locations 
main )  where fe\\ 

Primary / Pressure consumer 

3 Ring 600 900 connections 

P ipel ine(mains) are required. 

Table 3 . 7  i s  appl icable to DI pipes; other pipel ine material made of GRP, Steel, 

HDPE or UPVC usual ly have d ifferent maximum sizing categories tolerated due to various 

technical and practical i ssues. 

It should be noted that there wil l  be other considerations such as avai lable head and 

asset condition that will affect the replacement strategy for the individual pipes. There are 

confl icti ng criteria for the sizing of the d i stribution mains. A lower design velocity wi l l  

al low a greater provision for a n  i ncrease in  demand beyond the design horizon. However, the 

transmission and distribution system covers a large area and larger mains wi l l  increase the 

retention time i n  the pipes, which may lead to water quality problems. 

3.3.3 Water Network P ressu res 

Pressure zoning is arranged wherever possible to l im it the maximum static pressure at 

any point to 60 meters head (6.0 bar) unless otherwise higher pressure is needed in the 

network for elevated areas or vary ing ground elevations. The pipel ine test pressure shal l  be 

1 . 5 t imes the design pressure or as directed by the AADC . Water distribution system is sized 

to ensure that the minimum residual pressures at the customer connection boundary shal l  be 

not less than 1 0  meters head ( 1  bar) at al l t imes. 

The d istribution system current ly operates on ground tanks for storage due to the 

intermittent supply. The minimum guidel ine pressure of 1 bar provisional ly set by the RSB 

wil l  be sufficient to fi l l  the ground tanks. However, as one of the main objectives of the 
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AAD is to change over to a 24 hour continuous supply, this wil l make the ground storage 

tank redundant . Removal of ground storage tanks should also be considered as part of a 

wider demand management strategy as considerable losses are l ikely to be experienced 

following the introduct ion of 24 hour supply due to leak ing / overflowing tanks.  

As design standard , i t  is  recommended that the minimum pressure at the exit of the 

di tribution system should be sufficient to fi l l  a tank on the roof of a typical vi l la  or shabia. A 

mini mum pressure of 1 0m ( 1  bar) at the exit of the distribution system has therefore to be 

adopted. 

This wi l l  be insufficient to serve the higher bui ld ings in  the city centre and therefore 

the exist ing ground or basement tanks with booster pumps wi l l  have to be retained in these 

areas. I ncreasing the pressure to 3 or 4 bar to serve these bui ld ings is not recommended as 

the exi st ing d istribution system wi l l  have increased losses and breakout rate of bursts. 

3.3.4 W ater Flow Velocity 

I deal ly, the velocity 1 0  water pipelines should range between 0 . 5rn1s and 2.0mls 

depend i ng on the pipel ine size and material of construction. However, under extreme 

conditions (e.g. fire flows in high fire risk areas) velocities up to 4 mls are acceptable 

depending on the type of construction material and hydraul ic  model output . The velocities in 

Table 3 . 8  are appl ied for the design and operational purposes . 

Accordi ng to the research published by the Ducti le I ron Pipe Research Association 

(D IPRA, 2003), satisfactory performance with portable water has been achieved with 

cement/cement mortar l i ned duct i le  i ron pipes with velocities of 6 . 1 mls to 1 2.2rn1s. Based on 

this research and al lowing for a factor of safety, D IPRA recommend a maximum design 

velocity of 4 . 3  mls. 

Pipel ine manufacturers Saint Gobain advise that the maximum design velocity for 

their pipes is 7 .0  mls (D I  pipes report, 2004). 

It is  recommended that the trigger level for the replacement of existing pipes due to 

excess velocity at 20 1 0  peak month peak hour flows, be set at 4. 5 mls. 
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For new pipes, a lower design velocity should be considered to al low for spare 

capacity for future increa es in demand . By extrapolat ing the rate of growth used in the 

demand forecast between 2005 and 20 1 0, the total demand is predicted to double by the year 

2030 (Hyder Master plan, 2005) .  If this is considered to be appl ied to an individual pipel ine, 

the velocit would double within 20 years, therefore a design Figure of 2 m1s can be adopted 

for the design of new pipes when using the peak hourly flow. Whil t this approach does not 

con ider individual pipe lengths, it does provide reasonable confidence that pipe lengths 

designed to 2 m1s velocity wi l l  typical ly not reach 4. 5m1s unt i l  2030 and wi l l  be wel l within 

the minimum design horizon of 1 0  years for hydraulic design of the d istribution system. 

The demand forecast predicts a 2 . 5  times increase demand in the AJ Ain Region to 

_0 1 0  compared to the current intermittent supply demand. However this does not represent 

a 2 . 5  t imes increase in  velocity in  a l l  the d i stribution system since the supply wi l l  be for 24 

hrs compared to the intermittent supply for 6 hrs onJy. Demand i n  the exist ing pipes serving 

exist ing developments wil l onJy increase in  l ine with growth in  domestic consumption and 

therefore the pressure increase wi l l  be l im ited .  

Certain pipes and i n  particu lar the transmission system wi l l  experience velocity 

increases approaching 2 . 5 ,  though this is dependant on the location of new developed areas. 

Table 3 . 8  Design! Operational Velocities (rn/s) 

Minimum M aximum 
Pipel ines Type ( operational) (Design!operational ) Remarks 

rn/s m1s 

Distribution Design 
0 .3  1 . 2 velocity Pipel ine 

vary for 
pipel ine 
material 

2 Secondary Pipel ine 0 .30 1 . 5 other 
than 

Cement 

Primary / Pressure 2 
Coated 

3 0 .30 Dr  pipes Ring Pipeline 
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3.3.5 Reservoir  Sizing 

Service re ervoirs hall be designed to serve mainly water storage for operat ional balancing 

purpo es and can be summarized as follows: 

• To balance downstream diurnal variat ions in demand with relatively constant rates of 

inflo mainly during high demand flows, 

• To balance pumped inflows and pumped outflows at forwarding stations; 

• To provide contingency storage in the event of a fai lure in transmission upstream or 

duri ng maintenance 

• To provide damping effect so that smal. l fluctuations are not reflected . 

The Design standards i nclude: 

• Volume should be calcu lated based on Average Dai ly Demand ( ADD) including fire 

reserve and the volume of storage so calculated shal l be usable and exclusive of any 

unusable top or bottom water storage. 

• All water storage faci l it ies should have a minimum of two tanks, or one storage tank with 

min imum of two section or more that can be isolated, at each location; 

• The volume of storage tanks at Distribution pumping station act ing as forwarding station to 

other pump stations and to the network should be based on the Average Dai ly Demand 

( ADD) i ncluding fire reserve in addition to 1 0% of the design output to the pump station. 

• All reservoirs should have a by-pass arrangement . 

3.3.6 Water Network Configu ration 

• The water d i stribut ion network shal l be designed preferably as loop/grid network without 

dead ends. 

• I n  locat ion where only single or few consumer connections exist, permanent blow-off 

arrangement ( for flushing purposes ) i s  required . 

• The water supply system sha l l  be preferably designed to provide two alternate sources to a 

sector or area. If  an area have a s ingle consumer (bulk), single feed l ine may be considered. 
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• Feed l i ne for a ector / area / zones shal l have meters instal led for demand manaoement o 
purpo e 

• The fire hydrant location must be in accordance with Fire Department requ irements 

3.4 AI A i n  Wate r  Netwo rk 

The trunk mains  network and associated pumping stations from the Sweihan and the 

Remah Pumping station are operated by Transmission and Dispatch company (Transco), 

whi Ie AJ Ain  Distribution Company ( AADC) operates AJ Ain wel l fields and the associated 

pumping stations and d istribution areas (Figure 1 . 1 ) . 

The Transco network starts upstream of the Sweihan and the Remah Pumping 

stations. The two main reception complexes in the city of AJ Ain are the Remah and Al Ain 

Reception Pumping stations. From these pumping stations, water i s  suppl ied through a 

network of transmission mains to 1 5  pumping stations (Table l . 1 ) . These pumping stations 

within the city d irectly supply the distribution networks and other pumping stations 

downstream, which in turn supply d istribution networks. Along the trunk mains, there are 

various take-offs to the AI Maqam Palaces, tanker fi l l i ng stations, bulk connections and 

direct ly fed d ist ribution areas. The distribution networks operated by the AJ Ain Distribution 

Company ( AADC) are in the most part discrete districts. With in each of the district 

boundaries, a l arge number of valve operations are undertaken to ensure that all consumers 

recei e an adequate dai ly  supply. The water d ist ri bution network across AJ Ain region i s  

currently operati ng on an intermittent basis for the most part with most areas receiving water 

for a period approxi mately 6-8 hours, and only around 3 0  % of the city is supplied 

continuously. 

S ince, the above mentioned criteria have to be considered in  designing any water 

network, the characteristics of AJ Ain Distribution network i s  i l lustrated as per ADWEA 

specification, where the network has to be l aid in a proper way to avoid any breakages and 

maintenance problems which may lead to a water quality troubles especially with the 

intermittent supply pattern. I n  this regard, normal standards to be fol lowed after final izing 

the design and gett ing the formal approval s to start the construction of the network. The 

fol lowing standards address the material and accessories specificat ions (ADWEA, 2003 ) 
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Table 3 9 Ke data of AI fun water system 

A! fun Region Sy tern omponents 

Total Model Area Demand for 2005 

umber of Properties 

Population 

Length of Mains 

Number of Districts 

Number of Valves 

Number of PRV's  

Number of FCV's  

Number of Reservoirs 

Number of Pump Stations 

3.4 . 1  P ipe Trenches 

System T ota! s 

1 3 3 mgd 

39,832 

404, 732 

4,4 1 4km 

57 

1 1 ,327 

2 1  

26 

85  

3 5  

All types of pipes are laid i n  corridors allocated for water pipes i n  accordance with 

road cross section. The backfill on top of pipes is not less than 0 .9 m to protect them from 

external pressures. Concrete blocks of suitable size support special pieces, valves and bends. 

A bedding of 1 5-20 cm thick of soft soil or sand is  placed under pipes in case of 

rocky soil, and in cases of backfilled areas, the backfill is removed and then replaced with 

sand refil l  on layers with thorough compaction to provide the required level .  

3.4.2 P ipe M aterials 

• Ducti le Iron Pipes (DJ)  

Ducti le I ron pipes (DJ)  have proved to be more durable and can stand high external 

and internal pressures as well as tensile stress. Accordingly, DJ pipes are used with internal 

cement mortar l ining and metallic zinc plus bituminous paint external coating. 
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• High Density Pol ethylene Pipes ( HO PE) 

High Den ity Polyethylene Pipes are used for the house connection and as an 
altemati e for main pipe with diameter less than or equal to 300 men in case of shortage in DI 

plpes 

3.4.3 Valves on Water N etwork 

• luice and Gate Valves 

The water network is provided with sluice and gate valves to control the flow of 

water in pipes and to ease the periodical maintenance of the network . All valves shall have a 

hand wheel or an operating switch. The valves are able to stand all the pressures in the 

dist ribution networks 

• Washout Chambers 

Washout chambers are installed on the mam pipelines at the low points. The 

diameter of the wash branch pipe on which the wash valve is installed shall be according to 

ADWEA standard. The valve is erected inside a reinforced concrete chamber. Fire hydrants 

on the distribution network can act as wash valves for all smaller diameter pipes. 

• Air Valves 

Air valves are installed on the main pipelines at the high-level points. It is preferable 

to use the double ball valves, as the big ball allows air to escape from the pipe when being 

filled with water, and the smaller ball allows the escape of air collected at high-level points 

of pipes during operation. The air valve diameter shall be 0 .2  of the main pipe diameter. A 

sluice valve i s  erected below the air valve on its pipe connection with main pipe to allow for 

its repair and maintenance. The air valve and its accessories are installed in an R. C .  

Chamber. House connection on the distribution network acts as air release valves for all 

smaller diameter pipes 

• Fire Hydrants 

F ire hydrants are spaced at interval s not more than 200 meters as per Civil Defense 

Regulations The hydrants could be of the underground type or pi l lar type 

53 



3.5 I nte rm ittent W ate r Su pply  A nd E nd Use rs Sto rage 

3.5. 1 Cha nge in u pply Regime 

I ntermittent water supply may be defined as a piped water supply service that delivers 

ater to u er for les than 24 hours in 1 day. This section examines the consequences of 

intermittent water suppl and evaluates its performance in real pract ice. It is anticipated that 

there wil l  be a change in supply regi me in 2007/ 2008 where AJ Ain area wi l l  be suppl ied on 

a continuous basi s as opposed to the current situation of i ntermittent supply. 

When such change occurs, it i s  anticipated that customer wastage/usage wil l  

i ncrease. Customer wa tage/usage i s  defined as the unnecessary uncontrol led use of water 

beyond the customer meter or control valve. Customer wastage/usage should be considered 

as Authorised Consumption. 

The intermittent supply data and 24 hours supply data were compared for the areas 

which were converted to cont inuous supply .  The percentage increase i n  the supply for each 

area was 1 1 9%. 

The most visible evidence of this increase was observed during the active leakage detection 

exercise done by AADC operation sect ion where numerous customer tanks started to get 

more water quantit ies when the supply was changed from intermittent to 24 hour supply. 

Hence, from the experience of AADC operation sect ion, the advantage and 

d isadvantage of the i ntermittent water supply pattern can be i dent ified below as fol lowing: 

Advan tages 

• Leakage of water i s  reduced. 

• Avai lable water i s  d i stributed equal ly. 

• There is t ime for repairs and maintenance. 

D isadvantages 

• 

• 

• 

• 

Systems do not operate as designed 

Reservoir capacities are underut i l ized. 

There is frequent wear and tear on valves. 

More manpower is needed. 

• Water Contam ination due to long residence in  storage tanks in worm cond itions. 

• Contaminated water requires consumer to use the bottled water. 

• H igher doses of chlorine are needed. 
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• 

• 

• 

• 

• 

Over izing of networks i s  needed to supply the necessary quantities in  a shorter time. 

Con umer have to pa more for storage and pumping 

Water meters mal function, which can lead to a loss of revenue and customer disputes 

Accountabi l ity per subzone i s  not provided . 

I n  ca e of fire, im mediate supply i s  unavailable .  

3.5.2 Req u i rements  of 24- H o u r  Su pply Cha nge 

To move from an intermittent to a 24-hour supply, it must be accepted that 

governance and tariffs are at the core of the problem, and those i ssues must be addressed 

first . Then it wi l l  be necessary to embark on extensive stakeholder awareness programs to 

convince people that 24-hour access to piped water in the home i s  possible for all .  For this 

type of service to become standard, moratoriums must be imposed on new connections while 

distribution systems are being hydraul ical ly improved . This  is best done by starting with 24-

hour supply zones and gradually expandi ng them. Higher tariffs can be i mposed on those 

with 24-hour supply, and the extra funds can be used to improve the system. When tariffs are 

sufficiently h igh, there wi l l  also be less water used i n  24-hour zones, making more water 

avai lable for use when these zones are extended . Twenty-four-hour zones must be 1 00% 

metered, and meters must be accurate ( if  they are found to be inaccurate, they must be 

replaced). D istrict metering can be i nstal led to pursue non revenue water (NRW) goals, and 

full  computerization of accounts i n  24-hour zones should be accomplished. I l legal 

connections must be pursued i n  the field as this is a fundamental governance i ssue. 

There is a high prevalence of intermittent supply in AI Ain region where some 

problems can be associated with the intermittent supply pattern as clarified below: 

• I ntermittent supply i s  caused by extending d istribution networks beyond their hydraul ic 

capacities. 

• Low tariffs and poor col lect ion contribute to intermittent supply. 

• Compared with 24-hour supply, i ntermittent supply uses more water, if the supply wasn' t  

equally d istributed among the customers. 

• I ntermittent supply leads to higher costs and great inconvenience for consumers and 

uti l it ies. 

• Expectations of consumers (due to a lack of awareness) are low. 
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The e pected solutions for the above problems are as fol lowing 

• 

• 

• 

• 

• 

• 

• 

• 

Promote awareness among takeholder 

Address governance i ssues related to the autonomy of ut i l it ies. 

Introduce higher tariffs for 24-hour zones. 

Place moratoriums on new connections. 

l nve t in hydraul ic modification of distribution systems 

tart with 24-hour zones, and then expand these. 

Enforce strict metering and col lect ion. 

Reduce NRW. 

3.5.3 The Costs (CA PEX & OPEX) to t h e  Service P rovider 

An intermittent system needs to supply the same quantity of water in fewer hours. As 
a result, pipes i n  the primary di stribution system have to be of a larger diameter to del iver a 

higher peak flow and maintain the necessary distribution pressure. Hydrau l ic calculations 

tudy done for Abu Dhabi water distribution system ( UMS report, 2003) demonstrates that 

the cost of the primary d i stribution system to provide service for 6 hours a day is about 35% 

higher than for 24 hours service. The study found cost savings ranging from 1 2  and 39 

percent for di stribut ion systems under conti nuous suppJy. 

Rationed suppl ies often lead to bui lding norms that require private storage tanks or 

e lse households i nstall them on their own. Smal l, individual storage tanks are much costl ier 

than l arge, publ ic  storage reservoirs of the same aggregate volume since the economies of 

scale  are very l arge. I n  addition, large storage reservoirs make the operations of the water 

dist ribution system easier. In case of assessing the situation for AI Ain city customers, whi l e  

they are getti ng their demands, more quantit ies delivered to  their storage tanks due to  the 

pressure avai l ab le  in the d i stribution system. 

A higher incidence of pipe bursts has been reported, as a result  of pressure changes 

when valves are opened or closed to allocate water to rationed consumers. Pipe bursts 

increase both maintenance and water losses. In AI Ain for example, the number of pipe leaks 

are 2 1  t imes higher than in wel l  operated 24-hour water services (Thames Water report, 

2004) .  

Uti l it ies a lso need additional  manpower to manage the closing and opening of valves 

to rotate ration ing between d ifferent areas of the city, a multi-regression analysi s showed that 

the number of staff per thousand water connections increased in inverse proportion to the 
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hour of service. I f  the company provides 6-hoUI service, then it needs 25 percent more staff 

than one providing 24-hour ervice (UMS report, 2003 ) 

I ntermittent and poor services also frustrate consumers who may feel moral ly 

just ified in connect ing i l l egal ly to the water supply system, and the uti l ity loses revenue as a 

re ult The revenue lost was est imated at 1 70% of the revenue collected by the company 

(AADC Annual Sale report, 2003 ) 

3.5.4 The Costs of U nsafe Water 

Several studies have documented that those who understand the health hazard of 

unsafe water qual ity, regardless of fami ly income level, have a higher wi l l ingness to pay than 

those who do not .  The wil l i ngness to pay make them pay for water fi lter systems, for the 

costs of boi l ing water or for bottled water. 

Intermittent suppl ies are prone to contamination in d i st ribution pipes that are often under no 

or negative pressure. 

The bacteriological qual ity of an intermittent water supply is substant ial ly lower than 

of a cont inuous service. In four d i st ricts in AI Ain city between 27% and 76 % of samples 

tested positive for fecal col i forms under intermittent supply versus only 1 0% of the samples 

under continuous water supply (AADC Laboratory report, 2005). 

Due to the high temperature in the Gulf, in-house storage tanks in  an intermittent 

supply a l so risk bacteriological deterioration of water. For example, extensive tests in four 

sect ions of the city in 2003 indicated that 96% of the samples from the water supply network 

tested negative for col i forms in contrast to 76% of the samples from consumer storage tanks. 

3.5.5 Demand M an agement  

As was mentioned before; excess customer demand wi l l  i ncrease once the 24 hours 

flow regime for AI Ain region commences i n  20071 2008. 

U nobserved wastage/ usage is  l i kely to i nclude the fol lowing. 

Tank overflows 

2 Increased uncontrol led landscape irrigat ion 

3 I ncreased control led landscape irrigation 

4 Changes i n  population behaviour 

5 Accurate and rel iable metering wil l  have a key role  in  the management of demand. 
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Present meteri ng arrangement are not adequate for the accurate anal ysis of 

con umption and leakage and the implementation of meteri ng proposals wi l l  be essential 1 0  

order to obtain reliable data on which actual demand can be monitored. Instal l i ng meter on 

all consumers wil l  enable the early identification of excessive users and wil l  permit the 

AADC to adopt the correct strategy for reducing excess wastage. 

The Ie el of i ncrease wi l l  be dependant on the degree to which demand is controlled 

Method of demand management can be considered in terms of four key influences 

i l lustrated i n  Figure 3 .4 . 

Control of 
Supply 

Customer 

Tariffs 

D E M A N D  

Control of 

Public 
Awareness 

Figure 3 .4  Key influences on Demand 

These influences and their methods of application are described in more detail with in  

the following sect ion 

3.5.6 Active Leakage Detec:tion 

A Leakage Detection survey was completed by the operation section for the areas 

getting 24 hours supply. The purpose was to assess: 

• The level of leaks/leakage that could be identified in each zone; 

• Assess the breakout of new leaks - in particular the reoccurring burst frequency. 
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The methodology involved an intensive leak detection exercise In  two separate 

" weep " o[ the pilot areas using vi sual detect ion, sounding, and correlation methods. 

The e ential steps during the act ive leakage detection were as fol lows: 

• Vi ual In pect ion - walk ing route of main; 

• Location of buried alve boxes using metal detector; 

• Sound all fitt ing with l istening st ick; 

• Trace out mains using mains tracing equipment (where necessary); 

• Correlat ion of all mains (fitt i ng to fitting) using accelerometer or hydrophones; 

• Investigate areas of interest using ground microphone or l i stening st ick; 

• Mark area for repair 

The results from the act ive leakage detection exercise were considered in terms of 

Equivalent Service Pipe Bursts (ESPB).  An average service pipe burst flow at a 40m pressure 

i s  equivalent to a flow rate of 3 5 9  gal lons/hour (AADC Leakage report, 2004). The ESPB 

gives an i mmediate indication of the maximum number of bursts that are to be looked for, 

recognising that a mains burst i s  equivalent to several service pipe bursts. 

The act ive leakage detection exerci se located leakage beyond the consumer control valve 

andlor meter which is known as customer wastage and leakage on the di stribution network 

which i s  considered as real losses. 

During the act ive l eakage detection, the observed real losses found on the distribution 

network equates to a 3 . 1 %  on average, of the volume of water supplied.  The customer side 

wastage observed duri ng the active leakage detection equates to 4.3%, on average, of the 

water supplied. The Customer side Wastage above i ncludes tank overflows during the time of 

inspection only. The volume of losses i s  based on an estimate by the l eakage inspector 

undertak ing the active leakage detection. 

3.5.7 Non Revenue Water 

Leakage detect ion exerci ses carried out observed a relat ively smal l amount of real 

losses (3 . 1 %  of total inflow). The remaining volume of NRW must have an alternative 

destination. I l l egal use i s  somet imes there and operational uses tend to be of very smal l 

volumes, therefore, a large proportion of the NRW wi l l  actual ly  be consumed by the 

customers 

On average 1 3% of NR W has been calculated from data derived from measurement 

under a permanent supply regime (AADC Leakage report, 2004). A similar comparison must 
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be made for calcu lat ing the figure for the ent ire Al Ain region to ensure consi stency. It is not 

practical or possible to either te t the ent ire region or implement a short-term permanent 

uppl regime to this end. Therefore, the NRW value has been calculated using existing Al 

in regional data. 

3.6 Con trol  The Water S u p ply 

3.6. 1 I n term it tent  Supply Regime 

The physical control of supply rel ies on l imit ing the provlSlon of water to the 

cu to mer. This system of operation i s  currently being employed in Al Ain to control the 

quantit of water consumed. 

Customers are able to satisfy their requirements for water outside of the supply period 

by storing water i n  ground tanks. These tanks typ ical ly provide one to two days storage. It is 

reported that some customers have also installed suction pumps to obtain more water from 

the network during periods of supply. By provid ing sufficient storage, customers are able to 

sati sfy their water needs and the i mpact of intermittent supply on demand in  the long term i s  

reduced as  i l lustrated herein. 

Fey 

O ------- . 
Stored 

� � Additional 

f------t.�----,.;;:_b,,.--.... ---__i Waler 

ource Quanlily 
Dcmmld 

Ginen the drawbacks of i ntermittent supply di scussed before, the preferred strategy for the 

AADC i s  to move to permanent 24 hour supply to al l  areas within the Al Ain region 

3.6.2 Supply Control Devices 

Devices can be fitted to supply to customers to either restrict or stop flow. The 

simplest cut-off device i s  a valve which can be operated by the water provider to temporarily 

prevent further flow if a customer fai l s  to pay their b i l l .  In the case of Al Ain, cutting off 

supply could be prompted in  response to unusual ly h igh consumption. 

One of the ideas to Ii mit the consumption is the pre-paid water meters which are also 

avai lable and require consumers to pay for water before consumption by purchasing a 

prepaid card. Consumers can then draw water from the meter by insert ing the prepaid card 
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into the meter As service i del ivered, the balance is  adjusted, and the remaining credit 

di pia ed The e devices tend to be u ed for the provision of water via standpipes where 

dome tic connections are l imited . 

The maximum flow avai lable to a customer can al so be l imited in a number of ways, 

the implest and most co t effect ive bei ng through the provision of a restrict ion in the supply, 

such a an orifice plate. Thi approach would have benefits in Al Ain as flows to tanks could 

be restricted which would result in an attenuation of the peak flow and so help to reduce the 

rna imum load on the system. 

Whatever system is considered, the prOVISion of equipment must ensure that the 

customer i s  unable to tamper with or remove the device, therefore locat ion and security wi l l  

b e  important considerat ions. 

3.7 Control The Excess Dem a nd (Consu m ption) 

3.7. 1 I nstallation of Bal l  Float Valves 

Al most a l l  S habia and Vi l l a  type dwel l i ngs within AI Ain have there own galvanised 

(or simi lar) ground tank: with sufficient storage to last 24 to 48 hour period between water 

within the given area being turned on. Tank sizes also vary in  size with the smal lest being 

3000 gal lons in the low cost housing areas and the largest of 7000 gal lons for the vil las. It i s  

common for the v i l l as to have two or more tanks - for domestic use, and for irrigat ing the 

garden. 

The majority of  customer tank in lets are not fitted with float valves and therefore 

overflow to waste during pumping t imes. This appears to be a major source of water wastage 

in  Al Ain region.  

Regulations have recently been introduced which requITe all new ground storage 

tanks to be fitted with bal l valves. I t  is recommended that, for control to be effective, bal l 

valves are also fitted to all exist ing ground storage tanks. 

As AI Ain water supply system moves to a continuous supply, the effect of 

overflowing ground tanks wi l l  only serve more water losses. I n  the short to medium term it 

i s  essent ial that customer demand is  reduced by ensuring that all customer connections are 

equipped with effective i n let control to the customers ground storage tank i . e. bal l float 

valves. There i s  l ikely to be a great deal of resistance to this pol icy init ial ly and it wil l  need to 
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be implemented with a Publ ic Awareness programme, if the customers storage tanks wil l not 

be removed 

3.7.2 Flow Limi t ing Devices 

Whilst the implementation of physical control to prevent wastage at ground storage 

tanks wi 1 1  help to offset this increase, there i s  much potential for invest igat ion of innovative 

approache to reducing domestic consumption. 

Excess irrigation has potential to be an area of significant wastage, particularly in domestic  

properties where there i s  l ikely to be l imited control of appl icat ion rates. Providing clock 

operated valves to domestic i rrigation system can provide significant savings in over­

watering; such a scheme i s  currently being pi loted in Bahrain whereby customers with high 

demands are being offered instal lation of time switching devices, which are set by the Water 

Distribution Department. The t imed irrigation regime i s  careful ly designed for each dwel l ing, 

based on a survey of i rrigat ion requ irements, and the owners of the property must rely on the 

WDD to make any changes required. The system has significantly reduced over-consumption 

for many households, resul t ing in more water being avai lable for other consumers and 

providing savings on water charges to the householder. 

3.7.3 P u bl ic  Awareness 

The implementation of any Demand Management programme does not have to 

i mpose restrictions on its customers, or compromise health and hygiene. However, it does 

requ ire recognition by the water uti l ity and its customers that water is a scarce resource, and 

efforts on both sides to reduce waste, misuse and undue consumption. 

One of the main barriers to the i ntroduction of demand management policies i s  the 

customers' attitude, consequently user education provides a key role in demand management 

programmes. This wi l l  be essent ial for the pol icy of instal l ing bal l float valves, leakage 

management progress and changing to a continuous supply. 

Achieving the necessary level of understanding requires different approaches according to 

the organi sation but wi l l  i nclude, I nternal seminars; Literature drops; Group Meetings; 

Presentations and d iscussions; Television, radio and press - advertising and education; 
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3. 7 .4  u tomer Ta riff 

Mo t countrie have orne form of charging structure or household metering for water 

u ed In the case of AI Ain region, there i s  no charge for UAE ational s and a fixed monthly 

charge for non at ional s .  

I n  many instance , the very low or flat rate tari ffs are subsidi sed or even free 

(frequently in the intere t of low income customers) and often become the expected norm by 

man cu tomers. However there are several di sadvantages to a low or zero rated tariff 

structure and not charging the economic rate for water: 

• It doe not encourage sensible sustainable use; 

• I t  does not encourage the repair of customer tanks leaks or overflow 

• With l ittle  or no revenue there is no incentive to install active customer metering and 

replacement; 

• I nsufficient revenue IS  generated to provide a sustainable operation, maintenance and 

repair programme; 

• Capital spend is  h igher due to increased demand . 

Correct ing the metering policy and tariff structure, In conjunction with other demand 

management and water conservation pol icies, has a major impact on reducing customer 

demand. 

3.7.5 Demand M a nagement Targets 

Some areas in Al Ain region have demonstrated that the majority of the increase i n  

demand following the i ntroduction of 24 hour supply i s  l ikely t o  b e  due to over-irrigation and 

losses through over spi l l i ng ground tanks. 

The preparation of the demand forecast has assumed that demand management wil l  

have a gradual impact on curbing excess demand, with 1 0% reduction in  2005 and 50% 

reduction by 20 1 0. A break down of demand management for the main components of 

additional demand i s  presented in Table 3 .4 .  

3.7.6 Network Zoning and M etering 

I n  addition to the options proposed, there wi l l  be a need to split d i stribution network 

of the ent ire city into smal ler zones to assist in its management and operation. It is proposed 

that each pumping zone would be made up of smal ler discrete areas. Each area would have a 

meter instal led to allow effective monitoring over 24 hours per day, 365 days per year. It i s  
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envisaged that the boundaries for these zones would be simi lar to postal sector boundaries 

where hydrau l ics permit 

District Meter Areas ( DM A's)  need to be establ i shed across the Al Ain region to 

allow effect ive operat ional management of the water distribution network and to assist in the 

fol lowing 

• Leakage Management - DMA assist the operator to manage leakage effectively through 

priorit ization of DM A's  lead ing to water savings and reduced operational costs 

• Mains rehab i l itation - Mains Rehabi l itation plann ing can be developed at the DMA level i f  

discrete areas are establ i shed which al low the col lation o f  flow, complaint and repair data. 

To ensure that the two activities above are successful, an international specification 

for the establ i shment of the DMA's  can be adhered, using the foHowing criteria where 

possible: 

• Single i nput into the DMA monitored by a mechanical or electromagnetic meter of 

appropriate size 

• The instal led meter should  be loggable to allow col lection and recording of data for 

downloading to a computer to allow analysis of m ini mum, average and maximum flows. 

• Permanently "valved-in" to maintain di screte areas without causing poor pressure 

problems or customer complai nts. 

• Where possible, use natural boundaries such as wad i ' s, major highways, etc as natural end 

points for DMA ' s  to ensure secure and di screte boundaries 

• Where possib le, DMA's  should consist of the same age mams to assist In mains 

rehabi l itat ion planning 

• Ground level s  should be relat ive ly consistent across the DMA' s to al low effective pressure 

management 

• Pressure reduction valves should be instal led where pressures are excessive and where 

possible near to the inflow meter to help simpl ify l eakage calculations 

A pragmatic approach can be taken to assign the district meter (DM) location, 

encompassed in the fol lowing considerations: 

• Central DM locat ion - a central supply point has been adopted to promote an efficient 

d istribut ion of water where d istribution network is dense and sufficient to permit . 
, 
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• upply poi nt select ion - assessment of the key pipework within the DMA that wi ll carry 

the majorit of flow in the DMA to understand from which direct ion the DMA should be 

uppl ied 

• Orientation to the supply main - min imisation of the distance travel led to the DM location 

to avoid unnecessary headlo in the supply main 

The Critical Point (CP) within the DMA is defined as the point at which the lowest 

pressure wi l l  be experienced. Several factors, such as the elevation and the layout of the 

pipework affect the location of the CPo  It is necessary to understand the CP within each 

DMA to correctly set levels of service, al low appropriate design of PRVs, where needed, and 

aid operation of the system. 

In the case of AI Ain, the most influential factor is the elevation within the DMA. The 

h ighest elevation within the DMA, frequently confers the CPo 

3.7.7 P ress u re Reducing Valve ( PRY) Design 

Pressure management within a DMA is  one method of reducing levels of leakage i n  

the distribution network, since leakage rates from bursts are related to pressure. Thus, by 

reducing pressure, water losses are al so reduced . Pressure Reducing Valves (PRVs) can also 

instal led at the i nlet of the DMA to protect aging or del icate pipe work. 

PR V s have been recommended for DMAs where pressure at the CP exceeds 1 0m under peak 

hour, peak month demands. This design wi l l  maintain a pressure of at least 1 0m across the 

enti re DMA. 
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3.8 elected Water Distribution Systems 

ment ioned in  the objecti \ es of this  thesis, the s imul ation ",,, i l l  be carried out for a 

portion o f  AI Ain water system. The areas selected for this purpose are Al Dhaher. AI 

Yahar and Swiehan. The main reasons behind selecting these areas are· 

1 .  ach area consists of 10\\ cost houses and , i l las \\ h ich is consIdered an advantage 

in finding! anal rzing di fferent water demand pat1ems and d ifferent storage tanks 

capacities. 

2. All sel ected areas are eq uipped with FeV's that can define exactly the water 

consumption for each area (DM A). Also data loggers i nstalled for 1 complete 

year (2005 )  are available and provide the pressure readings for some specific 

points to be compared with the regulations specified in  the water distribution 

code. 

3. Each area receiving its water from one particular source. So, the water quality 

simulation in each area wi l l  be assessing the qual ity variation of water originated 

from that particular source. For example, Al Yahar area is fed from Urn Al Nar 

1 000 rum l ine ( refer to the i ntroduction ) as a fi rst location in  Al Ain region 

receiving this source. Swiehan area is fed from Tawi J lah 1 200 rum l ine as a first 

location in  Al Ain region recei v ing this source. Al Dhaher area is the last location 

i n  A l  Ain  region which is supplied from two sources ( Tawil lah desalin ation plant 

via Al Ain reception pumping station and Fuj irah desal ination p lant via the 

existing 600 mm line ). 

The fol lowi ng GIS sketch i l lustrates the locations of the three selected areas. 
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CHAPTER 4 

HARACTE RISTICS OF SELECTED SIMU LATION 

SYSTE M S  

I n  this Chapter, the three areas selected to assess thei r water d istribution systems from 

hydrau l ic and water qual ity points of view are described in detai ls .  

Data was col lected for each area from AI Ain Distribution Company responsible of 

provid ing a rel iable  service to its customers in AI Ain region. S ince the customers' storage 

tanks are parts of the selected systems, the concept of the internal storage tank ( IST) 

represents a group of customer tanks is i l lu strated herein.  Such concept simplifies the 

simulation process and avoids a compl icated hydraul ic  model i ng uti l izing certain relevant 

criteria as is expl ai ned. The numbers of the I STs are assumed and their capacities are 

calculated . The data reports the water d istribution system characterist ics; i . e. l engths, 

diameters, the elevations and the sources supplying each system. The water demand for each 

area is presented with the water demand pattern for each type of property. The information 

regarding the number of houses, vi l las and other bulk consumers were collected from Al Ain 

Town Planning Department . Field measurements of flows, pressure, residual chlorine, and 

THM are al so reported and evaluated in this chapter 

4. 1 A l  Dhaher A rea C ha racterist ics 

Mazyad, Umm Ghafa, and Al Dhaher Vil l ages and Coca Cola plant are located 

within the pressure Zone of the Mi l itary Pump Station. New distribution network is being 

developed this year for Mazyad, Al Dhaher and the labors camp areas that belong to different 

industrial companies, . 

The est imated quantity of water suppl ied to the distribut ion system of Mi l itary 

pressure Zone i n  year 2005 is about 5 .77  M IGD. The average quantity of water supplied to 

Coca Cola p lant, Mazyad Vi l l age, Umm Ghafa and AI Dhaher Vil lages is about 0. 30, 1 .42, 

3 . 08 and 0 .98 MIGD; respectively. 



ince the water production from the wel l  field was considerably reduced in year 
2005, the Vi l lages of Mazy ad, AI Dhaher and Umm Ghafa were al l  suppl ied by de alinated 
water from Mi l itary reservoir . In order to cater for the additional flow requirement, a pipel ine 

of D 600 mm from Mil itary reservoir to AI Dhaher Junct ion is  now supplying Umm Ghafa 

and Al Dhaher Vil lage So, AI Dhaher Vil lage distribution network is lately uppl ied 

direct ly from the Mi l itary reservoir. ew D 400 mm pipel ine branched off from the D 600 

mm pipel ine to supply thi s Vi l lage was instal led .  

The econd ource is  600 mm l ine  from Urn Ghafa reservoir which has two sources 

from Fujairah transmi ssion l ine and Tawi l lah desal ination plant via Al Ain reception 

pumping station. Thi s  l ine suppl ies directly the elevated portion of Al Dhaher area as it has 

enough flow and pressure. 

4. 1 . 1  Est imate Water Demands & Demand pattern 

In chapter 3, the demand forecast for the whole region was discussed . The general 

concept of estimat ing the demand for the whole region is i l lustrated herein.  The domestic 

demand for shabia' s and vi l las are 1 500 gal/day and 3 500 gal/day respect ively. The per 

capita consumption est imated is 1 00 gal/capita/day (ADWEC annual report, 2005) Al Ain 

town planning depart ment estimated that an average of 1 0  people l ive in each house or vi I I  a, 
so the total demand for the in  house use i s  1 000 gal/day/each property. The out house uses i s  

the difference between the total demand and the in  house demand i . e. 500 gal/day and 2500 

gal/day for shabia and v i l l a; respect ively. As an i l lustration to the mentioned Figures, the 

area of each property is play ing a major role, since the d imension set by Town Planning 

Department (TPD) for the house ( Shabia ) = 25 x 25 m and for the v i l la  = 60 x 60 m. This 

explains  the need of more quantity which is  used for the i rrigat ion purposes for vi l las. For 

the multi story bui ldings, the demand for each apartment is less than that for shabia and vi l la, 

s ince no water demand i s  needed for the irrigation purposes. Simi l ar per capita consumption 

is used for the people l ivi ng in each apartment. The above estimates of demands apply for 

other areas in  Al Ain region as wel l, in particular Al Yahar and Swiehan subsystems. Two 

types of demands exi st in Al Dhaher, domest ic and farm. Both types are described in detai l s  

below. The farm demand is  1 00,000 gal/day. 
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Dome t ic Demand Pattern 

As ment ioned in the water distribution code in chapter 3 ,  the demand pattern is 

u ually defi ned as per the population of each area. The approximate population for AI 

Dhaher area i 1 500 (TPD census, 2004),  so it is with in the range mentioned in section 3 . 4.  

The number of hou s and vi l las are 1 00, 24 units respect ively. Figure 4 . 1 presents the 

demand pattern for AI Dhaher area. 

3 5  

2 5  
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'2 16 20 24 

Time in  b r  

Fig 4. 1 Domestic Demand Pattern for AI Dhaher Area 

Farm Demand Pattern 

The Farm demand pattern is  agreed upon by both the AADC operation sect ion and the 

appl icant (consumer). The demand pattern reflecting only one peak during 48 hrs. The peak 

flow i s  expected to occur at 1 2  am as per AADC supply pol icies. The reason behind this 

phenomenon i s  that the applicant is request ing high demand during the day period. I t  is 

obvious that AADC operation sect ion removes the confl ict between the peak flow requested 

by d ifferent customers; i .e .  the peak to the residential areas occurs two times per day at 6 am 

and 6 pm. On the other hand, the peak for the farm occurs at 1 2  am once every two days 
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Fig 4 .2  Farm Demand Pattern at Al Dhaher area 

Hence, the total demand for Al Dhaher area i s  3 34,000 gal/day of which 234,000 gal/day i s  

used to  fulfi l l  the domestic demands for the residential areas, and 1 00,000 gal/day is  the farm 

demand. 

4. 1 . 2  Su pply Pattern 

For Al Dhaher area, there are two sources of water as mentioned supplying an average flow 

is 0.96 MIGD. Two flow control valves are instal led on each feed main, adjusted to supply a 

constant flow for the whole day. The flows are l i sted in Table 4. 1 for Shabia 's, vi l las and 

other bulk consumers. 

Table 4 . 1 Supply pattern for Al Dhaher area 

Consumers 

Shabia's + Farm 

Vi l las 

Total 

First day 

MGD 

0 .75  

0 .294 

1 .044 

Second day 

MGD 

0.625 

0 .252 

0. 877 
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I t  i cl ear from the Table that the supply i s  3 times the estimate demand for each type of 

properties 

4. 1 .3 I n ternal Storage Ta n k  ( 1ST) 

For the three simulated system, a skeletonization approach was followed to 

determine the water flow stored in different propert ies, by assuming one internal storage tank 

(1 T) that represents a group of customers' storage tanks (CSTs). 

The fol lowing methodology is  approached to estimate the capacity and demand for 

each 1 ST as wel l  as the total number of I STs , as these information are util ized in the 

hydraul ic  model ing of this area. 

• The I STs capacities and demands are calculated based on real exi st ing customer storage 

t anks i n  each particu lar portion of the network, 

• Each 1 ST represents a group of real (CSTs) having their s imi lar ground elevation and i s  

suppl ies from the same feed main .  

• The number of the I STs are calculated based on the total number of properties since each 

property i s  considered to have one storage tank . This approach is fol lowed to simpl ify the 

hydraul ic  model ing for the whole network and to easily obtain reasonable results 

representi ng the network behavior in the real l ife. 

• Each bulk consumer tank ( i .e .  Farm, Palace , i ndustrial area , Tanker F i l l i ng Station and 

Commercial bui lding ) is represented by one 1 ST with the same physical capacity . 

General ly, in  flat area such as swiehan, the distributions of I STs depend on the 

number of houses and vi l l as to facil itate the hydraul ic model ing process. On the other hand 

in the areas where the elevation is changed between the source and the last point in the 

network, the ISTs number is est imated based on the number of houses and vi l l as which have 

the same elevation. The mentioned points  described the way of select ing the ISTs. I n  

addition to  that, the real house connections are represented by assuming a 1 00 mm l ine with a 

check valve, connecti ng each 1ST to the network, this i ssue is  discussed in chapter 5 i n  

detai ls .  The main reason behind this i s  that, too many sizes of house connections found i n  

the real l i fe ranging from 3/4 - 1 inch for Shabia and 1 - 2 inches for v i l la. The exact 

connection size dec ided by AADC for each type of property depends on the number of 

fami ly members (AADC house connections policy, 2004) .  The average length of these 
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hou e connect ions as per ADWEA specifications i s  20 m from the feed main upto the 

customer storage tank the assumed house connection to each 1ST has a length of 20 m 

I T For Shabia 

• o. of Shabia is  1 00 ( low cost houses ) 

,/' The total demand i s  around 1 50,000 gal /day. 

,/' umption has been made that l I ST is represent ing 5 storage tanks in the customers 

house ( Shabia's ) 

,/' As per the experience of AADC, each house has 1 or more storage tanks with a total 

capacity = 3 000 gal, then the total capacity for each one 1 ST = 1 5000 gal 

vl' The base demand for each 1 ST = 7500 gaVday since it has the same demand of 5 houses. 

,/' Based on the capacity of the 1 ST, the diameter has been calculated assuming the max level 

= 5 m (As shown in the Table 4 . 3  ) 

I STs For Villas 

• No. of Vi l las is 24 unit 

,/' The total demand based on what i s  d i scussed above is  around 84,000 gal /day 

vi' Assumption has been made that l I ST is representi ng each 3 storage tanks in the customers 

houses ( V i l la 's ) 

,/' As per the advice of AADC operation section, each house has 1 or more storage tanks with 

a total capacity = 7000 gal, then the total capacity for each 1 ST = 2 1 000 gal 

,/' So, the base demand for each 1 ST = 1 0500 gaVday 

vl' Based on the capacity of the 1 ST, the diameter has been calculated assuming the max level 

= 5 m (As shown in the Table 4 . 3  ) 

Farm 1ST 

./ Agricultural farm is suppl ied from the 400 mm Distribution main 

vi' The 1 ST capacity i s  = 200,000 gal 

vl' The required demand = 1 00000 gaVday ( As per the applicat ion submitted to AADC) 

./ Based on the capacity of the 1 ST, the calculated diameter is 1 0. 8  m, assuming the max 

level = 1 0  ill. 
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Table 4 2  I Ts Capacities and Demands for AI Dhaher area 

Storage 
Assumed 

Property 
Demand Total Tank 1 ST 1ST 

No of no. of No. of 

Type PropertIes 
gaVday Demand capaCll} capacity demand 

Properties I STs 1 
!Properly gal/da} gall (gal) J (gal/day)J 

l I ST 
Property 

Shabia's 1 00 1 500 1 50000 3000 5 20 1 5000 7500 

Vil la's 2.t. 3 500 84000 7000 3 8 2 1 000 1 0500 

Fanus 1 1 00000 1 00000 200000 1 200000 1 00000 

1 No. of I Ts No. of properties/No. of propertieslIST 
2 1 ST capaci ty = Storage lank capacity * No. of I STs 
3 J ST demand = Total demandINo. of I STs 

More detai l s  about the 291b I STs are described in detai l s  i n  appendix B . 

4. 1 .4 Pipe Network 

The fol lowing Table describes AI Dhaher network 

Table 4 . 3  Pipe Network Description for AI Dhaher area 

Pipe diameter Pipe lengths in  m 

1 00 .0  mm 27, 1 40 

1 50 .0  mm 38,3 8 1  

200 .0  m m  1 0, 1 1 5  

300 .0 mm 1 2,000 

400.0 mm 3,260 

600.0  mm 2,239 

Total Length  93, 1 3 5 

AI Dhaher pipe network (Figure 4 . 3 )  has 1 92 pipes, 1 1 9 junct ions and 29 tanks, the elevation 

of the junctions is shown in appendix B. Table 4 .4  shows that around 70% of the pipes in the 
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area are 1 00mm and 1 50mm The remaining 30% represents the other pipe sizes. The house 

connect ion are not a part of tm Table. The bulk connection feeding the farm is branched 

form the 600 mm line, since this line has enough pressure, quantity of water, and in the same 

time it i con idered the nearest line from the farm tank The 1 00 nun l ines are supplying the 

habia ' s  ince the hou e connect ions sizes for this type of properties are in the range of 0 5 -

1 i nch (AADC hou e connection pol icy, 2004) where it is easy from operation point of view 

to be installed on the 1 00 mm line. The 1 50 mm lines are supplying the villas since it is easy 

to install the house connections sizes range from 1 - 2 inches. As per the water distribution 

code explained in chapter 3, the pipe lines ranged from 1 00 nun - 200 mm are considered 

distribution lines. The l ines ranging from 300 nun - 400 mm are considered the secondary 

l ines and the 600 nun l ine i s  considered the primary line. More details about the pipes are 

attached in appendix A The elevations of the network vary from minimum of 295 m to 

maximum of 340 m above see leveL The average elevation is around 303 m. Elevation of 

the two sources is 345 m above the see level as they both supply the area by gravity. 

4. 1 .5 Field m easu rements 

The fol lowing measurements are col lected from AADC operation section. For the pressure 

measurement, only one data logger is installed in the black circle showed in Figure 4 .3  which 

represents the lowest location for the network . The unavailability of another data logger or 

pressure gauge in the network restricts the detailed analysis. However, readings obtained for 

1 year from that data logger are adequate to assess the performance of the current distribution 

network according to the water distribution code presented in chapter 3. Moreover, this data 

is also uti lized to calibrate the hydraulic modelling for this network 
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Figure 4 .4 Pressure reading at the monitoring point of AI Dhaher Network .  
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In Figure 4 .4, the average pressure is around 1 9 3 m Comparing this with the residual 

pressure requirements as per the water distribut ion code, this average is found higher than the 

min imum l i mit of 1 0  m This can be explained by the high source elevation above the 

network ( more than 40 m). Since the head losses between the source and the measuring 

point can not reach 20 m for the esti mated demands, it is  perceived that such estimates are tar 

below the actual con umption This i s  supported by the fact that the estimated demand are 

much less than the supply indicati ng that the actual consumption approaches the current 

upply The effect of the customer storage tanks is c lear here since no demand management 

is practiced and the customer storage tanks are always suppl ied with surplus water that allow. 

the customer withdraw than their assigned demand. 

The above graph ( Figure 4 .4)  also shows t hat the readi ng was somewhat stable in  that 

period The seasonal consumpt ion is not evident especial ly  in t he summer as it was expected 

due to the prevail i ng harsh weather conditions Since most of the customers leave the area to 

spend their vacations outside the country during the summer seasons, the consumption 

remains almost unchanged and uti l ized mainly for irrigation purposes. 

Re idual chlorine measurement is also collected from the same point in Figure 4 3 to 

examine the current quality performance as well as to calibrate the chlorine simulation 

(Figure 4 . 5 ). An average reading of 0.37 mg/I is found within the internat ional range of 0.2 -

0 .5  mg/l as approved by AADC Laboratory department . This i ndicates that at the 

monitoring point there is no problem with the water quality and it seems that the chlorine 

do e is acceptable. 
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Figu re 4 5 Residual Chlorine reading for AI Dhaher area for 1 year 
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[ n  addit ion to the chlorine measurements recorded by AADC, Trihalomethane measurements 

were conducted over one day in the summer t ime to capture the worst condition of formed 

TTI-IM Five samples were collected from the same monitoring point used in  pressure and 

chlorine measurements. Five to six hours separated the sampl ing time of each two 

measurement Table 4 4 l i sts the analysis results of there measurements for AI Dhaher area . 

I t  i noticed that Bromoform represents more than 90% of the THM compounds in al l  

amples. Such finding is  expected due to the high bromide present in sea water used to 

produced the supplied drinking water. 

Table 4 .4  TTHM field measurements for AI Dhaher area 

Sample Result { Ilg!l ) TTHM 
I D  Chloroform Dichlorobromomethane Dibromochloromethane Bromoform ( Ilg!l ) 

Sample 1 ND 0 .9  3 .6 3 1 . 9 36.4 1 

Sample 2 N D  0 . 5  3 .4 29.3 3 3 . 1 9  

Sample  3 ND 0.7 3 . 2  27 .2  3 1 .04 

SamEle  4 ND 0 .8  3 . 5  3 1 . 3 3 5 . 5 1  

Sample  5 ND 0 .4 3 . 8  32 . 8  36.92 

Average ND 0.64 3 .48 30. 50 34.6 1 

Comparing the above figure with the international l im its of 80 ppb for TTHM, one can find 

that TTHM levels  in a l l  areas are within the acceptable  l imits. 

4.2 AI Yaha r A rea C h a racteristics 

The est imated average quantity of water to be suppl ied to AI Saad and AI Yahar areas 

in year 2005 i s  3 . 1 85 M IGD. The water to AI Saad and AI Yahar areas i s  suppl ied from AI 

Saad dist ribution Pump Station which is suppl ied directly from the 1 000 mm Urn AI Nar 

Transmission l ine. AI Saad tanker fi l l ing station and few industries are provided direct ly 

from 600 mm pipel ine supplying AI Yahar area. The same pipe l ine is a lso supplying AI 

Salamat Farms. 

New development of Shabiat and villas i s  expected to take place at AI Saad & AI 

Yahar i n  year 2007 (TPD Master plan, 2004), and the di stribution networks to be constructed 

for this development wil l  be supplied from AI Saad Pump Station. 
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Current ly Al Yahar area is suppl ied from the 600 mm l ine branched from the 800 mm 

l ine supplying man other areas; i .e. Al Saad, Abu Samra and Remah, where this l ine is 

coming out of AJ Saad Pumping Station. The 600 mm l ine is branched to two feed mains 

each d iameter is DN300 mm l ine connected to AJ Yahar d istribution system. 

4.2. 1 Est im ated Water Dema nds and Dema nd Pattern 

The number of hou es and vi l las are 1 40, 1 70 units respect ively. One farm exists with a 

demand of 1 00,000 gal/day, an industrial area, tanker fi l l ing station and residential bui lding 

with demands of20,000, 3 0,000, and 25 ,000 gal/day respect ively. 

Domestic Demand Pattern 

The approximate population for AJ Yahar area was 5000 (TPD census, 2004), so it i s  within 

the range mentioned in the water distribution code in sect ion 3 .4 .  Accordi ngly the peak 

factor can be decided based on the international standards and demand pattern is determined 

to suite the l i fe attitude of the cit izens, where two peaks represent huge water quantities 

needed by the customer at specific  t imes as shown in Figure 4.6. 
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Fig 4.6 Domestic Demand Pattern for AJ Yahar Area 
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Fa rm Demand Pattern 

imi lar to A1 Dhaher area, the same condit ions prevai l  for Al Yahar area, as the peak flow 

can be di tributed on two times as agreed upon with the customer. The demand pattern for 

this farm refl ect ing tow peak during 48 hrs The peak flow is  planned to take place at 1 2  am 

for the fi rst and the second days The reason behind that is that the applicant requests to get 

the peak flow two times through out the day period. I t  i s  obvious that conflict i s  removed 

between the peak flow requested by different customers i .e. the peaks to the residential areas 

occur two times per day at 6 am and 6 pm and the farm owner requested the same at 1 2  am 

for the fir t and the econd day respect ively. 
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Fig 4 .7  Farm Demand Pattern at A1 Yahar area 

Tan ker Fi l l ing Station Demand Pattern 

There are some areas in Al Ain region not covered by water network until now. So 

as per AADC water divis ion policy, the tankers which are supplying these areas, have to be 

fil led at 6 am every day. Figure 4 . 8  shows the demand pattern for fi l l i ng these tankers 
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Figure 4 . 8  TFS demand pattern for A1 Yahar area 

I n d ustrial  a rea Dem a n d  Pattern 

Usual ly, the industrial areas in  A1 Ain region get their peak flow for continuous 1 2  

hours from 6 am to 6 pm as AADC believes that this i s  the production t ime for any factory. 

Figure 4 .9  shows the demand pattern for the industrial area in A1 Yahar. 
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Figure 4 .9  I ndustrial area demand pattern for AJ Yahar area 

Hence, as a conclusion to this sect ion, the total demand for AJ Yahar area is 930,000 gal/day, 

of which 830,000 gaVday i s  used to fulfi l l  the domestic demands for the residential areas, and 

1 00,000 gaVday i s  the bulk consumer's  demand 

4.2.2 Su pply Pattern 

There are two 3 00 mm branches supplying the area. Two flow control valves are instal led on 

each feed main and adjusted to supply a constant flow for the whole day. The flows are 

l i sted in Table 4 5  for Shabia' s, vi l las and other bulk consumers. The average supplied flow 

is 3 . 1 86 MIGD. 
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Table 4 5  upply pattern for AJ Yahar area in  MIGD 

onsumers First day Second day 

S habia's 0 .63 0 .63 

Vil las 2 3 8 2 .0825 

Bulk consumers 0 . 3 5  0 3  

Total 3 . 36  3 .0 1 25 

As per the operation section., the operators received many customers' complaints 

during 2004 and to al leviate these complaints (50 complaints/day), the suppl ied flow are 3 -4 

t imes the customer est imated demands. 

4.2.3 I nternal Storage Tan ks 

The methodology used for AJ Dhaher area is al so used for AJ Yahar area. Table 4.6 

reports t he number of properties with their types (TPD Master plan., 2004).  The demands of 

the residential areas as wel l  as the bulk consumers were est imated uti l izing the same 

approach presented in chapter 3 and in sect ion 4 . 1 . 3 .  Finally the number, capacities and the 

demands for the I STs are calculated based on simi lar assumptions used before. 
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Table 4 .6  I STs Capacities and Demands for AJ Yaher area 

torage 
Assumed 

Demand Total Tank 1 ST 1 ST 
Property o. of No. of No. of 

Type Propertie 
gaVday Demand capacity 

1 ST! capacity demand 

/Property gaVday (gal ) / 
Properties! 

(gal }" (gal/day)3 

l i ST 
Property 

habJa's 1 40 1 500 2 1 0000 3000 1 0  1 4  30000 1 5000 

Vil la's 1 70 3 500 595000 7000 5 34 35000 1 7500 

Farms 1 50000 50000 200000 1 100000 50000 

I ndu trial 
20000 20000 20000 20000 20000 

Area's 

Tanker 

Fil ling 
1 30000 30000 30000 30000 30000 

Station's 

(IFS) 

Residential 
25000 25000 25000 1 25000 25000 

Bui ldings 

1 No. of I STs = No. of properties/No. of propertieslIST 
2 1 ST capacity = Storage tank capacity * No. of I STs 
3 1ST demand = Total dernand/No. of ISTs 

In appendix B, an attachment shows the detai l s  of the ISTs calculations and assumptions for 

d ifferent types of properties. 

4.2.4 Pipe Network 

The fol lowing Table is  describing AI Yahar network 

Table 4 7 Pipe Network Description for AJ Yahar area 

Pipe 
Pipe lengths in  m diameter 

1 00 .0 mm 56,994 

1 50.0 mm 80,600 

200.0 mm 2 1 ,242 

3 00.0 mm 25,200 

Total Length 1 84,036 
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Al Yahar pipe network (Figure 4 ] 0) has 2 1 7  pipes, 1 2 1  junctions and 52 tanks; the 

elevation of the junction is shown in appendix B The elevations of the network vary from a 

minimum of 236 m to a maximum of 342 m above see level . The average elevation is 

around 239 m The two sources elevation is 342 m above the see level and they are 

supplying the area with an average pressure of 3 bar. 

The above Table shows that around 75% of the pIpes in the area is 1 00mm and 

1 50mm The bulk connections feeding the multistory building, tanker fill ing station, and the 

industrial area are branched form the 1 50 mrn l ine. The farm connection is branched from 

the 200 mm l ine, since this line has enough pressure to supply the requested 50,000 gal/day 

of water. The internal distribution network is supplying the remaining propert ies. Finally, 

since there are two branches of 3 00 mm lines supplying the whole area, they are considered 

the primary l ines. More detail s  about the pipes are attached in appendix A 

4.2.5 Field meas u rements 

The following measurements are collected from AADC operation sect ion. For the pressure 

mea urement, one data logger is installed in the showed black circle in Figure 4. 1 0, that 

represents a middle locat ion for the network where the elevation is 240 m. According to the 

minimum pressure mentioned in the water distribution code, the efficiency of the area 

network can be assessed . Furthermore, the hydraulic model l ing for this network will be 

calibrated using the pressure readings collected. Residual chlorine measurement is also 

collected to examine the current quality performance as well as to calibrate the chlorine 

simulation 
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Figure 4. 1 0  The location of the data logger at A1 Yahar area Network. 
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Figure 4 . 1 1 Pressure reading for the selected point at AI Yahar area Network. 
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I n  Figure 4. 1 1 , it is clear that the average pressure is around 4.07 m. I n  comparing this with 
the residual pre ure requirements a per the water distribution code, this average i found 
lower than the minimum l i m it, of 1 0 m This can be attributed to the large quantity of water 
di tributed through out the system to the customers storage tanks. I t  is  expected that the 
ment ioned water dist ribution creates high head losses in the system and hence reduces the 
residual pre sure For the residual chlorine Figure 4 1 2  shows the collected data The 
average reading of 0.26 mgll, is compared with the international range of 0.2 - 0. 5 mgfl 
approved by AADC, Laboratory department and found within the accepted range. 
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Figure 4. 1 2  Residual Chlorine readi ng for Al Yahar area for 1 year 

imi lar sampl i ng program for TIHM measurements was conducted and the results are 

reported i n  Table 4 . 8  

Table 4 8  TTHM field measurements for AI  Yahar area 

ample Result ( �gIl ) TTHM 
I D  Chloroform Dichlorobromomethane Dibromochloromethane Bromoform ( 1lg/1 ) 

Sample 1 NO 0 8  3 .6 29.9 34 27 

Sample 2 <0.30 0. 8 3 .8 3 1 . 8 36.42 

ample 3 ND 
Sample 4 N D  

ample 5 N D  

Average ND 

0.9 

0.8 

0.9 

0 .83 

3 . 5  

3 . 5  

3 . 4  

3 . 56 

87 

3 1 . 9 36 3 

3 1 . 5 35 .87  

32 .4  36 62 

3 1 . 50 35 .90 



omparing the above figure with the internat ional l imits of 80 ppb for TTHM, one can find 

that TTHM level s in al l areas are within the acceptable l imits  

4.3 Swei h a n  A rea Cha racteristics 

The est imated quantity of water suppl ied to Sweihan and Nahel areas for year 2004 i s  

1 88  M IGD & 1 . 62 M T GD respect ively. Sweihan area is  being supplied from Sweihan Pump 

Station ut i l izi ng the d istribution pump group. A 300 mm feeding the area is branched into 

two feed mains' one supplying the vi l la's side and the other supplying the Shabia's side 

New development at Shabiat is expected to take place at Sweihan Vi l lage and the 

di t ribution network wil l  be suppl ied from Sweihan Pump Station. 

4.3. 1 Est imated Water Demands and Demand Pattern 

The approximate population for Swiehan area was 3 000 (TPD census, 2004). The number of 

houses and vi l las are 200, 40 units respect ively. An industrial area and Tanker fi l l i ng station 

exi st with demands of 20,000 and 50,000 gal/day respect ively. 

Domestic Demand Pattern 

The peak factors and the demand pattern are shown in Figure 4. 1 3  
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Figure 4 . 1 3  Domestic Demand Pattern for Sweihan Area 
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Ta nke r  Fi l l ing Stat ion Dem and Pattern 

orne areas under development outside Sweihan is suppl ied by tankers. So, these 

tanker have to be fi l led at 6 am every day. The peak flow needed to fulfil l  the new 

de eloped area need i higher than that used for AI yahar area. Figure 4. 1 4  represents the 

demand pattern for fi l l ing the tankers. 

2 5  

1 5  

0 5 �+-----�----��-----4-------+-------+� -----

O�------�----��-----4-------+-------+------� 12 16 20 
Time in br 

Figure 4 . 1 4  TIS demand pattern for Sweihan area 

I n d u strial a rea Demand Pattern 

2. 

Same as the demand pattern for Al Yahar area and as per the AI Ain municipal ity, the peak 

flow for Swiehan indust rial area should be for 1 2  hrs from 6 am to 6 pm. Figure 4. 1 5  

i l lu strate that pattern. 
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Figure 4 . 1 5  I ndustrial area demand pattern for Sweihan area 

Hence, as a conclusion to this sect ion. The total demand for Sweihan area is 5 1 0,000 gaVday 

of which 4400,000 gaVday i s  used to fulfil l  the domestic demands for the residential areas, 

and 70,000 gaVday i s  the bulk consumers' demand.  

4.3.2 S u pply Pattern 

Two branches of 3 00 mm supply the area. Two flow control valves are instal led on each 

feed main and adjusted to supply a constant flow for the whole day. These flows are l isted i n  

Table 4 . 9  for Shabia 's, v i l las and other bulk consumers with average flow o f  1 . 835  MIGD. 

Table 4.9 Supply pattern for Swiehan area in MIGD 

Consumers First day Second day 

Shabia's 1 . 2 1 . 3 5  

Vil las 0. 3 5  0.42 

Bulk consumers 0.2 1 0 . 1 4  

Total 1 . 76 1 . 9 1  
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4.3.3 I n ternal  Storage Ta n k  

The arne methodology which was used for AI Dhaher and AI Yahar areas i s  used for 

WI han area Table 4 . 1 0  represents the number of properties with their types (TPD Ma ter 

plan, 2004) 

Table 4 . 1 0  I STs Capacities and Demands for Swiehan area 

Storage 
Asswned 

No. of 
Demand Total Tank 

No. of No. of 
1ST 1ST 

Prope� Type 
Properties 

gal/day Demand capacit) 
Properties/ 1ST! 

capacity demand 
/Property gal/day (gal) / (gaJ)2 (gaVday)

3 

Property 
l I ST 

Shabia's 200 1 500 300000 3000 1 0  20 30000 1 5000 

Villa's .f0 3500 1 40000 7000 2 20 1 4000 7000 

Industrial Area's 20000 20000 40000 1 20000 20000 

Tanker Filling 
50000 50000 75000 1 30000 50000 

tallon's (TFS) 

1 o. of I STs = No. of propertiesINo. of propertiesllST 
2 1ST capaClt)· = Storage tank capacity * No. of I STs 
.., 1ST demand = Total demandINo. of I STs -' 

The demands of the residential areas as well as the bulk consumers were est imated util izing 

the same approach presented in  chapter 3 and in  section 4 . 1 . 3 .  Final ly the number, capacities 

and the demands for the I STs are calculated according to the i l lustrated assumptions in Table 

4 1 0 . 

Supplementary features for the I STs capacities and demands are attached in appendix B .  
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4.3.4 Pipe etw ork 

The following Table is describing wiehan network 

Table 4 1 1  Pipe etwork Description for Sweihan area 

Pipe D iameter Pipe length in m 

1 00 0 mm 47,495 

1 50 .0  mm 67, 1 67 

200.0 mm 1 7,702 

3 00 0 m m  2 1 ,000 

Total Length 1 53 ,363 

Swiehan pipe network (Figure 4 . 1 6) has 1 50 pipes, 82 junctions and 42 tanks. The above 

Table shows that around 75% of the pipes in the area is 1 00mrn and 1 50mrn. The bulk 

connections feeding the tanker filling station and the industrial area are branched form the 

1 50 mm line. The 3 00 mm line supplies the whole area branched from 800 mrn l ine coming 

out form Sweihan pumping station, arid therefore considered the primary l ine, that is against 

the recommendations l i sted in the water distribution code. More details about the pipes are 

attached in appendix A. Swiehan city is flat area with most elevat ions 250 m above see 

level . The elevation of the junctions is shown in appendix B. The two sources elevation is 

250 m above the see level and they are supplying the area with an average pressure of 4 bar. 

4.3.5 Field meas u rements 

For the pressure measurement, one data logger is installed in the showed black circle in 

Figure 4 . 1 7 . This pint i s  located in the villas side where more consumption of water is 

expected. The performance of the network and the hydraulic modell ing calibration can be 

done util izing these readings. 
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Figure 4. 1 7  Pressure readi ng for the selected point at Sweihan area Network 

Inspecting Figure 4. 1 7, it is clear that the average pressure is around 4 1 0 m  that is 

lower than the minimum pressure requirements as per the water dist ribution code. Again, this 

can be attributed to the large q uantity of water distributed through the system to the 

customers storage tanks. I t  is expected that the mentioned water distribution creates high 

head losses in the system and hence reduces the residuaJ pressure. 
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Residual chlorine measurements are also collected to e amine the current quality 
performance as well as to calibrate the water quality simulation (Figure 4 1 8) .  Companng 
the average reading of 0.26 mgll with international range 0 2  - 0.5  mgll as approved by 

AADC laboratory department, this reading is found within the accepted range 
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Figure 4 1 8  Residual C hlorine readi ng for Sweihan area for 1 year 

Simi lar sampl ing program for TTHM measurements was conducted and the results are 

reported in Table 4 . 1 2 

Table 4 1 2  TTHM field measurements for Sweihan area 

ample Result ( Ilg/l ) TTHM 
In Chloroform Dichlorobromomethane Dibromochloromethane Bromoform ( Ilg/l ) 

Sample I D 0 8  3 . 2  29. 1 33 .04 

Sample 2 N O  0. 7 2 .9  25 .8 29.43 

Sample 3 N D  0.8 3.3 30.8 34 .79 

ample 4 

Sample 5 

Average 

N O  
N O  

NO 

0. 8 

0 9  

0. 79 

3 . 3  

3 4  

3 . 2 1  

30 3 34 43 

30 34.27 

29.20 3 3 . 1 9  

Comparing the above figure with the i nternational l imits of 80 ppb for TTHM. one 

can find that TTHM level s in al l  areas are within the acceptable l imits. 
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Final l  , as a brief conclusion to this chapter, it i s  noticed that the residual pressure 

measurement for Al Yahar and Sweihan are very low which is not accepted by the 

regulation and supervi sion office that ' s  assessing the performance of any network according 

to it compatibi l ity with the water d istribution code. The exi stence of the customers storage 

tanks and the inaccurate supply management by AADe, are the main reason behind this 

observable fact , since the customers are consuming much than their est imated demand 

without regulat ing or control l i ng their house connections that are kept open all the time. For 

this reason, the system is not performing in acceptable manner. 
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C HA PT E R S 

H YD RA U L I C  S I M U LATION A N D  CA L I B RAT I ON 

Hydraul ic analyse are performed for the three selected areas companng the 

s imulation results with the data obtained from field measurements so that the calibration 

proce s is accompl ished . The hydraul ic model ing is performed for each system based on the 

demand driven approach by applying the estimated demand is al located on the tanks ( ISTS ). 

The purpose of this model ing is to explain the difference between simulation results and 

col lected field measurements especial ly the residual pressure for each system as wel l as 

comparing other results with the specifications and standards set by ADWEA (Water 

d i stribution Code). The energy cost is calculated for each system based on 0.05 Dhslkwh.  

Due to the u navai labi l ity of the information from AADC, the calculated energy costs are not 

verified against the real one. 

5. 1 1 ST M O D E L I NG A N D  CA L I BRATION 

The aim of a computer model of the water-distribution system i s  to reproduce the behavior of 

a "real-world"  hydraul i c  system as closely as feasible i n  terms of spatial and temporal 

characterist ics. The col lection of field data provides an opportunity to understand the 

operation of the real system at a specified number of locat ions and times. Such efforts are 

consistent with the findings of the American Water Works Associat ion Engineering 

Computer Appl ications Committee which i ndicates that "true model cal ibrat ion is achieved 

by adj ust i ng whatever parameter values unt i l  a reasonable agreement is achieved between 

model -predicted behavior and actual field behavior" (A WW A Engineering Computer 

Appl ications Committee 1 999). Once a model is calibrated, it can then be used to, among 

other purposes, est imate hydrau l ic characterist ics of the real-world system at locations where 

measured data are unavai lab le  or unknown, spatial ly and temporally. 



As described in the Chapter 2, model cal ibration entai l s  adjusting model parameter values 

unti l  an acceptable match is achieved between measured data and model-simulated values 

i . e . ,  pre ures at the te t hydrants and water levels in the storage tanks. The water-distribution 

y tern model s for the 3 selected areas were calibrated to the col lected hydraul ic data. The 

model was run a an extended period simulation (EP ) using one hour hydraul ic time step 

and demand-pattern factors derived from the water distribution code as i l lustrated in chapter 

3 

According to the A WW A Engineering Computer Appl icat ions Committee ( 1 999), 9 sources 

of possible error could cause poor agreement between simu lated model values and measured 

field values. These sources of error, which provide a potential l i st of factors that can be 

adjusted during the model-ca l ibration process, are: ( 1 )  errors in input data (measured and 

typographic), (2)  unknown pipe roughness values ( i .e . ,  Hazen-Wi l l iams "C-Factors"), (3) 

effects of system demands (assigning consumption along a pipe to a single node), (4) errors 

in data derived from network maps, ( 5 )  node elevation errors, (6) errors i ntroduced by time 

variance of parameter values such as storage tank water levels and pressures, (7) errors 

i ntroduced by a skeletal representation of the network as opposed to model ing al l smal l ­

diameter pipes, (8 )  errors introduced by geometric anomal ies or  partial ly  closed valves, and 

(9) poorly cal ibrated measuring equipment includ ing data loggers, tank water-level monitors, 

and SCADA systems. 

These sources of error (Table 5A) also provide a l i st of potential model parameters that can 

be modified during the cal ibrat ion process. To decide which parameters might require more, 

less, or no modification, investigators evaluated each parameter as to the qual itative 

magnitude of error ( high, moderate, or low) that could result from uncertainty and variabi l ity 

of the parameter. These evaluations are also l i sted in Table 5A .  Two of the sources of 

possible error were evaluated as having a qual itatively high or moderate error magnitude: ( 1 )  

unknown init ial ,  min imum and maximum water level , (2) effects of system demands and 

consumption. The in it ial est imates for these two parameters were subjected to variat ion 

during the cal ibration process and wi l l  be di scussed below. The remain ing 7 sources of 

possible error are believed to introduce minor to insignificant errors to model simulations, 

and therefore, were not modified during the calibration process. 
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Di cussions with the water uti l ity indicated that the network pipes were new and very clean, 

and in pect ions had shown very l ittle debri In addition, al l  pipes are made of duct i le iron 

where the variat ion in " C-factor" i s  negl igible since the networks instal led 5 years ago. 

Tak i ng into consideration that the water flowing through these networks is desalinated water 

of very good quality that i void of dust and sediments so that the interior wall of the pipes 

are not affected from that quality water Therefore, initial estimates for "C-factor" obtained 

from publ i shed tabu lar values (D T  pipes report, 2004) were kept unchanged during the 

cal ibration process. The cal ibration process was therefore directed to adjust the dimension of 

the tanks 

Table 5A .  Qual itat ive evaluation of sources for model error (A WW A Engineering Computer 
ppl ications committee, 1 999) 

Error Type 

1 Input data 
2. Unknown pipe 
roughness values 

3 .  Effects of 
system demands 
4. Data derived 
from network maps 
5 .  Node elevation 
data 
6. Time variance 
of pres ures and 
water levels 
7. Skeletal 
representation of 
network 
8. Geometric 
anomalies 
or partial ly closed 
valves 
9 .  Poorly cal ibrated 
measunng 
equipment 

Qual itat ive Estimate of 
Error 

High Moderate Low 
x 

x 

x x 

x 

x 

x 

x 

x 

x 

Notes 

Measurement and typographical 

No measured data, values assumed 

Metered consumption data are not 
avai l able 

Data from AADC databases, quality 
assured using GIS  software 

Measuring point data determined from 
GIS and As bui lt drawings 

Pressures monitored with continuous­
recording data loggers 

Not applicable-- "street-level " network 
used 

Areas of suspected partial ly closed 
valves reported to water uti l ity and 

investigated 

Data loggers factory cal ibrated for 
each test; qual ity assured using manual 

pressure gauge 

General ly, definit ive standards to assess the accuracy of model calibrat ion have yet to be 

agreed upon or estab l i shed. However, the fol lowing cal ibration criteria have been suggested : 
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• An average pres ure difference of ±2 . 2  psi ( l  5 m) with a maximum difference of ± 7 .3  psi 

(5 m) for a "good" data et, and an average pressure difference of ±4.3  psi (3 m) with a 

rna imum d ifference of± 1 4. 2  psi (9.65 m) for a "poor" data set (Walski 1 983 );  and 

• The d ifference between measured and simulated values should be ±5 psi (3 4 m) to ± 1 0  psi 

(6 8 m) (Ce ario and Davis 1 984). 

The e criteria have been used as general guidel ines besides considering the avai labi l ity and 

accuracy of the data for the water-distribution system serving the selected area. Therefore, a 

pressure difference at the test-hydrant locations (difference between measured and simulated 

pressure) of ±2. 2  psi i s  considered as an upper l imit for the calibration criteria for the model 

of the selected water-distribution system. 

As d iscussed in the previous chapter, the 1 ST concept is considered in the hydraul ic 

simulation to model a group of customer storage tanks have the same features l ike they have 

the same elevation, they used to reserve the water quantity for a certain type of 

properties . . .  etc. Hence the bui l t  model for each of the three selected system include the 

I STs with the specifications and dimensions presented in chapter 4 .  Moreover, in that 

chapter it was mentioned that the house connect ion size and length considered to supply each 

1 ST was 4 inch and 20 m length respect ively. The main reason behind the assumption made 

for the connection sizes is that for each area the number of I STs per the number of properties 

were i l lustrated i n  tables 4 .2, 4 .6 and 4. 1 0  for A1 Dhaher, Al Yahar and Swiehan respect ively 

showed that the a range of 8 - 1 0  number of customer storage tanks represented by one 1ST. 

In addition to that the sizes of the house connect ions used in  real ity are 0.5 - 2 inches, where 

actual ly there i s  no avai lable information provided by A ADC about the house connections 

sizes in the selected areas. Based on that 1 i nch was assumed for each house connection, 

which represents 8- 1 0  x l  i nch connected to each 1 ST.  Hydraul ic model ing task i s  conducted 

to proof that 8- 1 0  connections each size i s  1 inch are equivalent to one 4 inch connection 

considering 25 m length of each pipe (results are shown in appendix D).  

In the conducted simulation, i t  was found that each 8 number of 1 i nch connect ions are 

equivalent to 4 inch connect ion in  term of del ivering a certain quantity of water. Based on 

this resu lt, 4 i nch l i ne for a length of 25 m was selected to represent the mentioned number of 

real house connect ions to each I ST. 
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After that, the initial level s for the I STs were adjusted approximately to reflect the real l ife 

adjustment of the internal gate valves for the network of each selected system. Taking the 

fact that the operators thrott le more the gate valves located direct ly downstream the feed 

main u ed to supply each area to restrict the flow to the nearby houses/vi l las. The flow is  

e pected to be very h igh to those properties near from the source and then th is  flow i s  

reduced a a result of  the increased headlosses to the properties at the far end from the 

source. Hence, to simulate thi s phenomenon, the in itial levels for the nearby I STs from the 

source were much higher than for those which are a way from the source, in order to "force" 

more water to flow to the remaining I STs located at the middle and at the end of the network. 

HGL' s  are playing the major role in control l ing the explained principle . 

The val id ity of the assumptions made to estimate the capacities of the storage tanks for both 

low cost houses ( Shabia 's  ) and the vi l las are tested. Accordingly, an extended period 

s imulat ion is performed with the est imated capacities of the I STS presented in chapter 4 .  

Init ial model ing results were found not to match the measured parameters such as pressures. 

Also, the temporal behavior of WL in the I STS . 

F igures 5 . 1 ,  5 . 2  and 5 . 3  represent the time series curves for the percentage water levels in  

few selected I STS for the  three simulated systems. 
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Figure 5 3 AL Dhaher network - Initial Setting case - % of full  level for some selected tank 

The above figures show that some [ STS undergo monotonic ri se of water level whi le some 

others undergo monotonic drop_ Since the demands are changing in cyclic way; 48 hours in 

case of AI Dhaher and AI Yahar and 24 hours in case of Swiehan, water levels in I STS 

should accordingly change in simi lar manner. This hould be observed once the effects of 

estimated initial water levels on the results diminish. 

The simulated results shown in the above figures suggest that both the estimated tank 

diameters and! or considered water levels; i .e. maximum, minimum and initial, are not 

correct and need further tuning. Hence, major calibration was conducted for the three 

Imulated systems by fol lowing a trial and error approach and adju ting the I STS 

dimensions. This was done unt i l  two criteria were achieved. The first is produced cyclic ( or 

close to cyclic) behavior of t he water levels fluctuations in al l  I STS and the econd I S  

attaining reasonable agreement between the measured pressures and the simulated ones at  the 

monitoring points. This was conducted for a long period (one year) to eliminate the effect of 

initial conditions on the results. Yet, another criterion was also observed during that 

calibration process in which the percentage change in 1 ST capacity was l imited to 5 % of the 

original estimated value. 
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A l arge number of iterations were undertaken for each system and the re ull  

produced are shown and discus ed belo\.\ 

5.2 AI  Yaha r Hyd ra u l ic Cali bration 

Figure Cj Cj hov. the distribut ion of the T Ts for d i fferent locations to represent tbe actual 

customers' storage tanks 
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Figu re :; 4 Residual pressure of 1-4 1 i n  the model versus the data logger pressure readi ng lor 

AJ Yahar area 

Figure 5 5 shows that the residual pressure of J-4 1 which has the same location of the data 

logger in t he model showed in Figure 4. 1 0  IS matching with the pressure readi ngs obtained 

trom the field . This agreement has been reached after several trials to calibrate the as umed 

J Ts for AI Yahar area The cal ibration was done on the init ial and the maximum level of 

the e I Ts, and the t anks' diameters were kept unchanged This approach re ulted I n  

changmg t he calculated capacitle o f  t he l STs I Oce the data assumed for the storage tanks 

capacit ies for Shabia' s and vi l l a ' s  were practical and have been carefully selected. 
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Percentage changes in capacities were al l  l i m ited to 5% of the estimated values of I Ts The 
new dimensions for Al Yahar I STs are showed i n  table 5 . 1 

Table 5 l I STs capacities after calibration for AI Yaher Area 

Shabia Vi l la  

Estimated (m:l) 30,069 3 5 382 

ew Capacitie After 
3 1 ,603 36,6 1 6  Cal ibrat ion (m3) 

Change % 5% 3 . 5% 

More detai ls  about the calibrated I Ts are attached in appendix C, l ist ing the in itial and the 

maximum level s  in each 1 ST after the calibration process. 

Based on the above tables and modifications done for the hydraulic modeling, the fol lowmg 

re u lts were obtained for a one ful l  year. 
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Figure 5 6 Al Yaher network - Calibrated Case - residual pressure for selected junctions 

Figure 5 6 shows the cal ibrated pressure for a group of junct ions scattered around different 

locations in the simulated network. The pressure ranges from 1 . 5 m to around 4 2  m Such 

pressures are not within acceptable l i mits described by the water distribution code discussed 
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i n  chapter 3 where the minimum accepted pressure is 1 0  m These results were discus ed 

with the water util ity and found accepted as per their expectations As shown a1 0, the 

pres ure variation for each junction is very smal l ;  this i s  resulted from the constant flow rate 

uppl ied to this area. The pressure for 1-90 i s  the lowest in  the network where the water 

flowing through this junct ion is used to supply the farm tank as well as other l STS Hence 

the pre sure dropps due to the high head losses occurring in the pipel i nes upstream thl 

j unction. 
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Figure 5 . 7  AI Yaher network - Calibrated Case - discharge for some selected pipes 

Figure 5.7 i l lustrates the water discharge through the network. The highest quantity 

del ivered to different customers or ISTS is t hrough pipe P-9 1 ,  where the demands for the 

farm as wel l  as the remaining I STS are catered. The maximum flow rate is around 0.23 

MGD 
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Figure 5 8 AI Yaher network - Calibrated Case - inflow for some selected tanks 

Figure 5 . 8  shows the inflow to some of the selected ISTs where the fluctuation in the i n flow 

represents the variable water quant ity received by the I STS in different periods. As 

mentioned in chapter 4, the water demand has been al located on each 1 ST. Hence, at the 

peak demand the water level drops due to the high consumption and the HGL for the 1 ST 

drops as well . Thi s  allows the water system to del iver more water quantity to compensate the 

water diminution until the HGL in the system approaches that in the I STS. This repetitIve 

behavior has an i mpact on the water level in the tank as shown in Figure 5 .9. This i l lustrates 

the fact that at all  t i mes and for any demand condition the water levels in the I STS remam 

relat ively constant with a cycl ic ( or semi cycl ic) variation. 
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Figure 5 . 1 0  Al Yaher network - Cal ibrated Case - velocity in some selected pipes 

Figure 5 . 1 0  shows that the velocities are in the range of 0.5 - 5 . 5  m/s and the average in 

some pipes is more than 1 .2 mis, i ndicating the supply is more than requ ired as mentioned in 

chapter 4. The mentioned velocities are not accepted by the regulator according to the water 
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distribution code As di scussed with the water uti l ity, the design of this network was done by 

con idering the needed demands est imated in  chapter 4. On the other hand, AADC operation 

sect ion was forced to increase the supplied quantities to this area up to 3 times the needed 

demands after receiving several complaints from the customers as a result of shortage of 

uppl . This  increment in the water supply can be actual ly perceived in two ways. The first 

indicate that the customers' properties near the source usual ly get more quantity of water 

than the others as a result of receiving good pressure. The second is related to the unplanned 

and random thrott l ing of valves to equal ly d i stribute the water quantit ies as per the required 

demand. The operat ion section usual ly l imits the inflows into the tanks of properties near the 

source seeki ng unigorm d ist ibtion to the entire system. This has been accomplished in the 

current simulation by increasing the intial water level s in the I STs compared to other I STs 

located toward the far end of the system. The cost of pumping depends on the flow and the 

head at the source. These two parameters are control led for AI Yahar area, where the flow i s  

constant due to  maintaining a constant flow rate by  means of FCV to deliver around 3 times 

the needed demand as well as constant pressure of 3 bars. The energy cost i s  then calculated 

assuming 1 00% power requirements and 0.05 Dhslkwh (Table 5 .2 )  

Table 5 . 2  Energy cost for AI  Yahr system after cal ibrat ion 

Energy cost i n  

Dhs 

1 year 

1 0890 

20 years 

2 1 7487 
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5.3 wiehan H d . y n ulle Cal ibration 
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Figure 5 . 1 1  weihan network (Demand Allocation on I SIS 
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Figure 5 . 1 2  Residual pressure of J- I 0 in the model versus the data logger pressure readi ng 

for Sweihan area 

Figure 5 . 1 2 shows that t he residual pressure of 1- 1 0  ( monitoring point), is matching the 

pressure readings obtained from the field. Si mi lar to Al Yahar area, the cal ibration was done 

on the initial and the maximum l evel of these I SIs , and the tanks d iameters were kept 

unchanged. After the calibration, the change in I STs capacities were al l 3 - 3 . 8% more than 

the estimated capacit ies (Table 5 . 3 ). 

Table 5 .3  [ ST capacity after cal ibrat ion for Sweihan area 

Capacities Shabia Vi l la  

Estimated Capacit ies 
30,069 2 1 , 595 

( m3
) 

New Capacities After 
30,97 1 22,4 1 5  

Calibrat ion ( m3) 

Change % 3% 3 . 8% 
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The initial and the max imum levels cal ibrated are shown in details for each 1ST in appendI x  

B a  e d  o n  the above tables and modifications done for the hydraulic modeling, the fol lowing 

re ults were obtained for one full year. 
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Figure 5 . 1 3  Sweihan network - Calibrated Case - residual pressure for some selected 
junctions 

Figure 5 . 1 3  shows the residual pressure for different locations in the network where the 

pressure varied in average from 2 m to around 8 .5  rn. This pressure variat ion is depending 

on the water quantity flowing through each j u nction in the network. As mentioned for Al 

Yahar area, it is expected that the lowest residual pressure (J-6O) i s  accompl ished with high 

water flow to one of t he bulk consumers and other I STS i n  the network. 
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Figure 5 . 1 4  Sweihan network - Calibrated Case - discharge for some selected pipes. 

Figure 5. 1 4  shows the discharge for some selected pipes. They are presented in  negative or 

positive d ischarge depending on the fi l l ing/draining status of the ISTs. P-20 shows the 

discharges in negat ive sign indicat ing that the direction showed in the model should be the 

opposite. 
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Figure 5. 1 5  Sweihan network - Cal ibrated Case - inflow for some of the selected tanks 
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Figure 5 1 5  demonstrates a cyclic behavior for the I STs inflow As mentioned for Al Yahar 

area, the inflow i ncreases to the [ STs when the level drops and vise versa and dependmg on 

the difference i n  the HGL between the I STs and nearest junction 

45 
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- T-3 Base (%) 
- T-42 Base (%) 

3000 

T·1 D  Base (%) 

4000 5000 6000 7000 6000 

TIOle in hr. 

T·20 Base (%) T -30 Base (%) T -40 Base (%) 

Figure 5 1 6  Sweuhan network - Calibrated Case - % of ful l  level for some selected tank 

Figure 5. 1 6 shows the % water level in some selected ISTs . The major factor in controll ing 

the level in the I STs i s  the initial level . For Swiehan area the source is near the vi l las area 

which the shabia's areas i s  supplied by 200 mm l i ne for a length of 2 .8  km. S ince the water 

demand for Shabia' s around 0.3 MGD which is double the quantities required for the vil las 

side. The head losses for this l ine may increase as a result of the mentioned flow as wel l as 

the long distance. Hence, the inflow to the shabia I STs as shown for tanks labeled T -30, T-

40 and T -42 is less although it is covering the needed demand but, on the other hand the 

water level in these tanks is much less than that for vil las I STS . 
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Figure 5 1 7  Sweihan network - Calibrated Case - velocity in some selected pipes 

Figure 5 1 7  i l lust rates the velocity fluctuation in the system. As expected the in some pipes, 

the velocity reaches to around 8 mls This figure is found six times the maxi mum velocity 

described i n  the water distribution code. 

Regarding the energy cost, the annual and 20 - year energy costs are l isted in Table 5 4 ba ed 

on constant inflow and head. However, it should be noted that the energy requirement of AI 

Yahar i s  uppl ied from Swiehan and Al Saad pumping stations that pump the water to both 

areas, Swiehan and Al Yahar 

Table 5 .4 Energy cost f or Sweihan system after cal ibration 

Energy cost in 

Dhs 

1 year 

8960 

20 years 

1 80980 
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5.4 I Dba her Hyd ra u l ic C a l i b ration 

The same methodology i s  app l i ed a lso for this area 
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Figure 5 . 1 9  Residual pressure of J-20 i n  t he model versus the data logger readi ng for Al 
Dhaher area 

Figure 5 . 1 9  shows that the residual pressure of J-20; the monitori ng point high l ighted earl i er 

in Figure 4 . 3 .  Simi lar t o  A l  Yahar area. the calibration i s  done on the i n it i al and the 

max i m u m  level of these I STs , and the other tanks d imensions are kept as est i mated. After 

the cal ibrat ion, t he I STs capacit ies were sl ightly i ncreased (2 - 2 . 5%) above the assumed 

capaci t ies (Table 5.5) 

Table 5 . 5  1 ST capacity after cal ibrat ion for A I  Dhaher area 

Capacit ies i n  mJ S habia V i l l a  

The Esti mated Capacity ] 4,933 2 1 , 1 64 

New Capacit ies After Cal ibrat ion 1 5 ,306 2 1 ,587 

Change % 2 .5% 2% 

I n  Chapter 4, it was cl arified that a l l  field measurement s of Al D haher area are accepted as 

per the water di stri but ion code Even though, the pressure measurements at the data logger 
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locat ion are around 1 9  m, thy are st i l l  lower than expected for th is  system s ince the elevatJOn 

d i fference between the sources and the network is in t he range of 40 - 45 m. This  re u lt 

exp l a i n s  t hat h igh head losses i s  tak i ng p lace i n  the feed main connecti ng the network to the 

ource ( UmGhafa reservoir). In associat ion with the h igh supply delivered to the network in  

e cess of the est imated demands. The simulated parameters at  other junctions were al l 

within the acceptabl e  l i mit  

.. G E 
.s; 
l: 5 
X .. 
> 4 

3100 3200 3400 3000 

Time In hi' 

!\ 
3600 3700 

29 Base (MI --39 Bose (nvsl --63 Base ("",I -- 1 96  Bose (misl ! 

3900 4000 

Figu re 5 .20 A l  Yaher network - Calibrated Case - velocity i n  some selected pipes 

I n  F igure 5 . 20 the velocit ies reach to of 4 mls duri ng the peak demands where i n  some p i pes 

the average is more than 0 . 5  mls. Though t he h igh velocity mostly occurres in the pi pes 

connected to the bulk con su m er properties, th is  velocit y  can st i l l  be accepted due to the 

l i m ited nu mber of such connect ions and to also l i mit  the flow to such locat ions. 

F inal ly, the e nergy cost is  not calculated for A l  Dhaher since the i t  is suppl ied by gravity as 

ment ioned i n  C hapter 4. 
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CHAPTER 6 

QUA LITY S I M ULATI ON AND CA LI BRATI ON 

Attammg good qual ity of produced drinking water at the production point doesn't 

el i m mate the need of Imestigating the water quality in the distribution system at different 

consumption pomts. The transfer of \ ater in the system through mostly buried pipes in 

addition to storage in several tanks many of which are operated by the customers do cause 

degradation in the water qual ity. Qual ity in estigation may include several chemical and 

biological elements. However, the disinfectant and possible hazardous disinfectant b ,­

products are the most common ones to track in the d istribution systems. Since chlorine is 

predominantly p racticed in AlAin as wel l as the whole country, chlorine residual and 

chlorination b -products are investigated in this chapter for the three simulated areas. 

The chapter starts with over iew about the chlorine disinfectant and the Chonne 

Disinfection By-Products (DBPs). The chapter then presents the results of experimental 

work conducted to determine some kinet ic parameters needed for simulating both the 

residual chlorine and THMs in pipe networks. The fol lowing sections then address the 

cal i bration and simulat ion results of chlorine residuals in the three simulated systems. 

Bromoform formation in these systems is discussed as wel l .  

6.1 Chlorine Disinfection 

The concept of Residual Concentration of Disinfectant is  associated with disinfection 

durabi l i ty. In fact, to guarantee the water supply system's disinfection, a residual 

concentration disinfectant is needed to prevent recontamination by pathogenic or 

mdlcator micro-organisms.  which can originate in the biofilm formed inside the system.. 

as wel l as in negative pressure areas (created by pipe cracks, fissures, etc. ). 

There is. 'lowever, a p roblem when the water distribution systems are considerably large 

where the chlorine concentration decays and the chlo rine residual concentration tends to 

disap pear in part of the system. 



Kno \\lng the aspects behind chlorine decay is m order if we are to develop a strategy 

capable of dlsmfectmg a water supply system and, at the same time, presen'mg water 

quahly unt t !  the pomt of use, without usmg more d isinfectant than necessary. In this 

sense, mathemat tcal model l i ng of the decay is essential to correctly proj ect new systems 

or make changes in exist ing ones. The Joss of chlorme residual concentration along the 

\\ ater dIstri butIOn system IS takmg place in three separated mechanisms :  

• Chlorine reactIOns i n  bulk fluid · , 

• Chlorine reactions with pipe and other system element's  wal ls. 

• N atural evaporation 

If ideal ly, the chlori nated water was p ure and the material of the pipes was inert, the only 

mechanism l ead ing to the decay would be that of natural evaporation, especially in 

particular areas of the d istribution system, namely reservoirs and other free surface flow. 

M athematical model l ing of chlorine decay along the water supply system is  a problem 

whose solution is not yet absolutely mastered. 

6.2 Chlorination By-prod ucts 

Each type of disinfectant has both ad antages and disadvantages i n  d rinking water 

treatment. Free chlorine is very effect ive at inactivating pathogens but it produces some 

of the h Ighest concentrations o f DBPs. Chloramination is a weaker d isinfectant compared 

to free chlorine but very few DBPs are formed when water system use chloramination. 

Ozone is an effective d is infectant and doesn't  produce many DBPs of concern but ozone 

is not capable of providing a residual through the d istribution system Ultraviolet l ight has 

been shown to be effective at inactivating pathogens and it doesn ' t  produce major DBPs 

that are yet regulated by the U.S .  EPA but like ozone it does not produce a residual .  

Regarding chloramination, the best Ch:N ratio for minimizing DBP formation depends on 

ra\v water quality. The type and concentration of hurnic substances present in the raw 

water source are the most important parameters that d ictate which Ch:N ratio is  the best. 

In a studY examini ng chloramine disinfection. Diehl  et af. (2000) found higher TTHM 

levels wLen disinfecting with chloramines at a Ch:  N ratio of 7 :  1 .  The experiment 

showed that a Ch: N ratio of 3 :  1 , as ideal for control l ing DB P formation, but this ratio 

rntght not be suitable for control l ing bacterial growth. 
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The main byproducts formed \Vllli chlorine disinfection are THMs and HAAs. MX. a 

chlonnated hydroxyfuranone. IS another chlorination by-product formed from the 

oXidatIOn of orgaruc matters. It IS found in chlorinated drinking water with much lower 

concentratIOns than other by-products of potential concern. It should be noted that HAAs 

were in est Igated in fe\\- samples and no signi ficant levels were found. 

There are several factors aITectmg the formation potential of chlonnation byproducts. 

Pre, ious research stud ies ha, e shown that the major ariables that affect DBP formation 

are: resi dence time, temperature, pH d isinfectant type and concentration, and total 

orgaruc carbon concentration 

ReguJations of Chlorination By-Prod ucts 

I n  the early 1 970s, DBPs were first discovered to have harmful health effects to animals 

and humans. On November 29, 1 979, the first legislation to l imit the concentration of 

TTH M s  in drinking waters was passed (U .S .  EPA, 1 979). This rule set a TIHM l imit of 

1 00  Ilgll . The Stage I Disinfectants and Disinfection By-Product ( DIDBP) Rule was 

promulgated by the U .S .  EPA on December 1 6, 1 998 (U .S. EPA, 1 998). The Stage I 

DfDBP Rule addresses four main provisions : ( 1 )  lower TTHM l imits; (2)  contaminant 

l imit for HAAs which had not yet been regulated; (3) maximum residual levels for four 

djsinfectants: and (4) required removals of TOC based on source water quality. The rule 

affects all  community water systems (CWSs) and nontransient-noncommunity water 

systems (NTNCWSs) that use a chemical disinfectant for any type of water treatment. 

The Stage I DfDBP Rule establ i shed maximum contaminant level goals (MCLGs) and 

maximum contaminant levels (MCLs) for TIHMs, H AAs, chlorite and bromate. The 

MCL for TTHMs was set at 80 )..tgfL and the MCL for HAAs was set at 60 IlgfL. Chlorite 

and bromate M C Ls were set at 1 ,000 IlgIL and 1 0  �, respectively. The MCLs for 

TTHM and HAAs compliance are based on a running annual arithmetic average that is 

formulated every q uarter. The number of test si tes in the distribution system is dependent 

on the size of community which the system is serving. 
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63 La boratory E x periments for" Pa rameter Identification 

A number of laboratory expenments \'\ ere conducted on d rinkmg water samples collected 

from d llTe rent points in AlAin water distribution sYstem to determine the chlorine bulk 

reaction rate and to observe the formatton of THM species under dynamic conditions in 

lab-control led cond ItIons (Temp =2 1 0c). Figure 6. 1 depicts the p Ipe-recirculatIOn system 

used in observ ing the THM formation under dynamic conditions in which chlorine-spiked 

dnn.k...ing \\ ater samples were pumped in three ducti le i ron pipes of different sizes for 

e :tended periods of t imes (24 hours) and considering spiking dosages of 5 to 20 mg/I . A 

number of samples were then taken from the system at different t imes and analyzed for 

THM species 

Val ves 

Sampling Point 

57mm-52m Dl pipe 

38mm-52m Dl pipe 

1 9mm-S2m Dr pipe 

Volumetnc 
DIgital 
flow 

Recirculating pump 
Ducti le  Iron Feed 
Tank 

Val e 

Valves 

To Drain 

To Drain 

Flgur'� 6. 1 Experimental setting used i n  parameter identification ( Elshorbagy and 

AlJaberi, 2006) 
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The resu l ts indjcate that bromoform dominates the THM species m all samples and at al l 

ti mes Dibromochlorofom is next but stil l with minor concentrations (less than 2 ppb m 

al l tested samples). Same observations were reported in an earlier stud. (E lshorbagy et 

a! ,  200 1 ) and attributed to high bromide levels in the raw sea water upstream the 

desal inat ion plant ( larger than 70 ppm). Therefore, the results reported here are only for 

bromoform. Opposite to most expectations. the bromoform was found to undergo major 

hydrolysis after some time in the recirculat ing pi pes approaching zero levels. Figu re 6 2  

shows the bromform formation/decay with time in ten selected experiments. The 

obseryed hyd rolysis phenomena was also noticed in an earl ier study (Elshorbagy et al . .  

200 1 ) in which the bromoform leyel s did significantly drop at distant locations from the 

production point. Bromforom formation is apparently reaching ma."Ximum levels at earl� 

urnes after spiking upon hich the remaini ng nat ura! organic matter (NOM) sharply 

dep letes and the bromoform hydrol. ses. Identifying growth or decay reaction rates " as 

not feasible for such obser alions. However, it was clear that maximum formed 

bromoform occurs within the [jrst two hours for small spiked dosages of chlormes « 7 

mg/I )  and occurs at later hours for larger spiking dosages of chlorine (> 7mgl1). Such 

observed finding al lows Judging the peak formed bromoform in the simulated system b� 

inspecting the water age at di fferent points as wi l l  be d iscussed later. Another set of  

experi ments \ ere later conducted [or shorter periods of t ime to  produce kinetic relations 

for the formed bromoform (Elshorbagy and AUaberi, 2006). The findings of this study 

support the observed phenomena of peak bromoform formation after short time fol lowed 

by decay. 
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Figure 6.2 Bromoform formation/decay with time in di fferent pipes 
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The aboye e. periments involved identlfymg the residual ch Jonne concentrations In bull.. 

\\ ater (samples from the sti l l  storage tank)  at different t imes. Figure 6.3 shows the 

measured values plotted with time for all ten experiments. The set of measurements for 

each experiment were fitted against the first order decay equation In which the bulk 

reaction rate \\- as obtained Kt, was found to range between 0.025 to 0 1 5 1  I IHr in all 

experiments "ith an average of 0 088 I lhr  Using the Arhenius equatIon ( K-r= K20 eT-20) 

to estImate Kt, at higher fi eld temperature (32°C), 8= 1 .05, Kt, is estimated as -0. 1 52 I IHr. 

ThIS value \- as used as a basIS or initial value in the numerical cal ibration process. 
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Figure 6.3 Experimental determination of  bulk deca_ coefficient 
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6.4 Re i d uaJ Chlorine Cal ibration and Simulation 

Deca� simulation cond ucled withm W A TERCAD takes into consideration the 

phenomena of ch lorine reaction with chemical species at bulk fluid and with pipe 1,: al ls .  

The contribution of bulk fluid is introduced mto the software by means of a first order 

kmetlcs constanc Kb The contnbution of wall reactions IS introduced into the software 

through another constant K .... 

To assure the correct use of the water quality simulator, incorporated in the 

W ATERCAD, one must conduct a model cal ibration process. This  consists of attributing 

the correct values to Kb and Kw coefficients. ill most cases, model cal ibration is 

conducted, altering parameter values in order to obtain, in the model, values that match 

real ones. Nevertheless, ideal cal ibration must be conducted b taking samples of water 

and b studying pipel i nes nature. These samples al low predicting the real Kb and Kw 
values. 

Within this stud , a trial and error process was conducted to determine the Kb and Kw 
values of the water supp lied to the three selected systems. The W A TERCAD sofu are 

models the chlorine d ecay through a first order kinetic law. This kinetic law takes the 

form of an equation which aJ lows us to calculate the concentration of chlorine in the 

water, C, throughout the transportation time, t. To calculate this, the chlorine 

concentration at the source and at the beginning should be known for each system, Co. 
The adjustment coefficients, Kb and Kw, are calculated based on knowing the residual 

chlorine in  a certain l ocation for the 3 selected areas as described in chapter 4. 

6.4 . 1  AI Yahar Area 

According to what i s  presented in Chapter 4 (Figure 4. 1 2), it is noticeable that, the 

residual chlorine is varying from 0.25 - 0.3 which is considered in the acceptable  range 

asSigned by RSB and the international standards. 

Hence, a qual ity s imulation was done for Al Yahar system and the residual chlorine was 

modeled for some selected j unctlOns and for some ISTs. The results are compared with 

the mentioned values and after numerous trai ls ,  the bulk reaction rate and the wal l 

reaction rate are found : -0.05 I lhr  and -0.0 1 2  ftIhr: respectively. These values correspond 
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LO the best attainable agreement between the measured and s imulated , a1 ues The 

fol l owing graph (Figure 6 . 4 )  compares the s imulated resid ual chlorine at J-4 1 that 
represents the monitori ng locatio n  with the field measurements presented earl ier in  

chapter 4 
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Figure 6.5 AJ Yaher network - Cal ibrated case - Res i dual chlori ne at some j unctions 
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SImulatIOn results at other localtons ( Fi gure 6.5) does also sho\\ a fluctuatmg cycl ic  

behm lor of residual chlorine. Yet, the entire fl uctuating range in  a l l  junctIOns IS found 

\\ I th m  the acceptable regulated range. 
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Figure 6 6  AI Yaher net\ ork- Cal ibrated Case- Residual chlorine in some selected ISTs 

Figure 6.6 shows the simulated residual chlorine in some selected rSTs. Tn fact, it \� as 

not possi ble to analyze any samples from the customer tanks as a result  of AADC pol i cy 

to keep monitoring the residual chlorine in the network only and to avoid disturbing the 

customers as per the regulation issues set by record and supervision bureau ( RSB). 

Hence. the showed results for the 1 ST's  may sti l l  need further \ eri ficalion. 

A contour map \'v1lS obtained from the simulat ion after about 6 months of the simulation 

in  order to show the residual chlorine d istribution over the \ hole network ( Figure 6.7). 

Three spots located to\ ard the end of AIYahar area have low residual chlorines l ess than 

0.2 mg/I and even below 0. 1 mg/1 . Ho\\'ever. these spots are few and cover tiny areas 

besides the duration of thei r occurrence are ery short as reported in Figure 6. 5 ,  
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�contoor Legend I calCUla� Concentrabon (rngJl) 
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Figure 6. 7 Contour Map for AI Yaher network - resi dual ch lori ne after cali bralJo 

6.4.2 AI Swiehan A rea  
q ual ity s imulation was done [or Al Sweihan system and the resid ual chlori ne was 

modeled at the monjtoring point. After man. sim ulation trials, the best bulk reaction rale 

and the wal l reaction rate " ere obtained: -0.07/hr and -0 .023 ftlhr, respectively achie,·ing 

the best agreement between the simulated and measured alues at the monitoring point 

(FIgure 6.8). 
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F igure 6.8 Sweihan network - Simulated versus measured residual chorine at J- 1 0  

The calibrated model was then used to simulate the residual chlorine at few other 

junctions and ISTs spreading over the entire system (Figures 6.9 and 6 1 0). The 

simulated levels are al l found within the acceptable regul ated range. 
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A contouT map \ as also obtained from the simulation model after about 6 months to 

report the spatial distribution of residual chlorine overal l the whole network (Figure 6. I 1 ) 

The distn b ution depicts Ider areas of low chlorine levels « 0.20 mg/I and <0 I mg/J). 
nus suggests the need to boost the chlonne levels in these spots by considering local 

booster i nj ection uni lS. 
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Figure 6. 1 1  Contour map for Sweihan network area - residual chlorine after calibratIon 
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6.4.3 Fo r' A I  Dhaher A rea 

QuaJ ny s imulation \\ as done for Al Dhaher s�'stem and the residuaJ chlorine was modeled 

rOT fe\\ selected J unctIOns and I STs. Fol lo\\i ng many trai l s. the bulk  reacti on rate and the 

waJ I reaction rate were obtained as -0 065 /hr and -0 .O l 9  filhr, respectivel . .  Figure 6 1 2 

compares the simulated residual chlorine with the field measurements at J-20 that 

represents the i nstal lation location or the data logger. 
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Fi gure 6. 1 2  A l  Dhaher network - Simulated \'ersus measured resid ual chorine at J-20 

As before. Figures 6. 1 3  and 6. 1 4  depict the S imulated residual chlori ne at few select ed  

J uncllons and I STs distributed over AI Dhaher network and the results are found \vithin 

the acceptable  l i mits described by the adapted code in AlAin 
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selected 1ST's (As a results of the cal ibrated J unctions) 
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The 6-month contour map obtruned for AI Dhaber area (FIgure 6. 1 5 ) shows that the 

resIdual chlorine o \ er the entire network and reports no spots of low chlorine le\ e ls 

/ 
Contour Legend 
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Figure 6. 1 5  Contour map for AL Dhaher area - residual chlorine after calibration. 

6.5 THM Formation in the Simulated Systems 

Current modeli ng tools in \ ater distribution systems consider ei ther s imple first­

order growth reactions or l imited (saturated) growth reactions of different substances 
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Incl udmg TJ-IMs.  THM formatlOn potential (THMFP) IS also used to be modeled to 

represent the upper l imit of formed THM in the d istribution s, stem. None of the current 

models consider formation of THM species nor consider non-simple formation kinetics. 

A recent study (Elshorbagy, 2000) models the kinetics of the THM species under 

representatl ve extreme condit ions employing the site-specific quality trends with 

stOIchIOmetric expressIOns based on an average representaTIve bromine content factor 

( B I F) where BIF  IS defined as [0110\ s (Gould et al . ( 1 98 1 ) : 

I r 
� , ' e I t  I 

An average B I F  at the source is estimated first. S ignificant variations in BIF with time 

can be handl ed  by considering constant average values of BIF  discretized on a reasonable 

n um ber of selected ti me increments. QUALNET is  a dynamic quality model used earlier 

in  modeling the chlorine in a brushy-plain distribution system (Elshorbagy and Lanse)" 

1 994) and later after modification in model ing the THM species in Abu Dhabi 

distribution system (Elshorbagy et al . ,  200 1 ). Thi s model is currently under modification 

to account for the bromoform formation kinetics observed in recent experimental work. 

Conducted experimental work discussed in section 6. 1 revealed a hydrolysis of 

bromoform in the flowing pipe l ines. The reported kinetic profiles d idn't al low obtaining 

simple reaction rates for the formed bromoform Also, the model used in this study 

(W ATERCAD) does not handle the observed formation of bromoform. Therefore, 

expl icit tracking of bromo form in the three s imulated systems was not conducted. 

Alternativel_ , rough prediction of the formed bromoform is sought based on the water age 

obtained fTom the cal i brated simulation models. 

Figu re 6 . 1 6  shows the water ages in the three simulated systems at two locations. The 

fi rst l ocat ion represents the nearest location from the feeding mains, the second represents 

the monitoring point at which THM measurements are avai lable whi le the third point 

represents the most d istant point in each net\\'ork with respect to the feeding source that 

capture the largest water age expected in the system during typical operation. The figure 

shov-;s that the water ages at the monitoring points in all three systems range from 2 to 5 
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hours This mdlcates that the maxlmum bromoforms are l ike! formed at points earl ier 

than the morutoring points. Since the measured levels of bromoform were much less than 

the upper regulated Ie el (30 ppb versus 80 ppb), the bromoform levels in the network 

potIOns upstream the monitoring point wi l l  unl i kely exceed the regulated le\'els. For the 

areas do\'"nstrearn the monitoring points. representing the larger area of each system. the 

bromoform leyels  are expected to be less than the observed levels. 

1 37 



24 

22 1 
20 

1 8 I 
1 6 1 � 1 4  

� I 1 2 I 
S 1 0 � 

: j I 
4 -I 
2 _ IL � ilL 'L 1\_ J\.._ "'- JL �J JL-/ I 
o +---�--r----r�--r-� 

� � � � � � � � � 9 � � � � 9 i � � � s aa � � � � � � � i � E � i �  r � � � � � � _ � � _ � �  _ _ _ _  _ 

nlTle ln h ..... 

6 ... 

4 V / -V/'''v/� i'V"G/ II 1/ 
:2 1 

1 4 
1 2 

� 10 .5 

Time I" nrs.. 

• 8 I : } � A � !\rA�A�ji-A JI\r� A� A-J 
: J  " , , . .  '" m oo  • • • .  '" , • • • • •  

� � � � Q t � � � s � � � � 9 s � � � e § � � � B � B � � � ! � � � � � �  
Time In h"� 

- ,J.-4 1  Mon rtr,g ""M (Mlddfe) 

J.. 1 1J End 
po"" 

... 1 
U.,...M 
....... 

- � 1 0 Mc:rtIt0t'4ng 1 PoInt (Mh:k"_) 

� 1 1  end DOtnl 

- J..'2C) MOf'Iltorlno 
PlQ1rrt C .... 100I.) 

jo.� End potnt 

Figu re 6. 1 6  Water Age si mulated for AL Yaher, AI Sweihan, and AI Dhaher systems, 

respectively 

1 38 



C H A PT E R  7 

P E R FO R M AN C E  O F  A LTE RNATI V E  SYST E M  

M O D I F I CATIONS 

I n  chapters 5 and 6 ,  the three selected systems were simulated and cal ibrated . Some of  the 

results obtained from the conducted hydraul ic modeling for AI Yahar and Sweihan areas 

were not accepted in  comparison with the regulations presented i n  the water distribution 

code. The major tested parameters i ncluded residual pressure, the velocities, and the residual 

chlori ne. In this chapter, the advantages of having elevated tanks in water distribution 

systems are first presented. One alternat ive is proposed to improve the performance of the 

selected systems, especial ly the mentioned parameters. This alternative considers the 

elevated tanks at the entrance of the system. The energy cost is calculated for the proposed 

alternative. I nvest igat ions were done for locating the elevated tank at different locations in 

particul ar at the end poi nts. Final ly, the system performance is evaluated in  case the demand 

management program is successful ly appl ied in AI Ain .  Thi s  wi l l  al low the current 

consumption to significantly drop and approach the estimated demands allowing removing 

the l arge number of exi st ing internal storage tanks. 

7. 1 Storage a nd Eleva ted Ta n k  

Most people are neutral about storage tanks, considering them an acceptable part of 

the scenery. However, some individuals bel ieve that tanks are u nsightly and detract from 

vIews. Sti l l  others see tanks as a resource to promote their community or business. Tanks 

should be designed to sati sfy the aesthetic considerations of stakeholders to the extent 

possible without sacrificing the purpose of the tank and efficiency of the system's  operation. 

Water storage is an extremely i mportant element in a water distribution system. The 

principal advantages of d istribution storage is that it can moderate the demands placed on the 

major supply sources, production works as well as major transmission mains. As a result, the 

sizes and/or capacit ies of each of these d istribution system elements may be reduced. 

Addit ional ly, d i stribution storage normal ly results in stabi l ized system pressures. Reserve 



uppl ie  of water in d istribution storage also provide a redundant source of water during 

emergencies, such as fires; water main breaks, and pump station power outages. The major 

purposes of storage are summarized as: 

• Operational equal izat ion (balancing storage) 

• Fire flow provision 

• Emergency need s 

There are two types of d istribution storage. These are in-ground reservoirs and elevated 

storage tanks. General ly, elevated storage tanks have been l im ited to a volume of 

approximately 9. OML (Walski, 1 998), whereas ground reservoirs are not l imited in volume. 

Ground reservoirs may util ize either a direct pumping system (which requires a pumping 

system to pump water from the reservoir to system pressures) or an indirect pumping system 

(water "floats" on the system and flows by gravity from the tank to system pressures) . 

Elevated storage tanks are virtuall y  always indirect systems and float at the connected system 

HGL. 

The indirect pumping system (with floating or elevated storage) has several advantages over 

a direct pumpi ng system in a water distribution system among which: 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Lowers the peak pumping rates 

Stabi l i zes the pressure variations as demands fluctuate 

Maintains constant and rel i able water supply and pressures (Figure 7 .A) 

I ncreases operational flexibi l ity, efficiency and convenience 

Balances and levels the pump operations 

Reduces the need for wide range of pump sizes 

Decreases the power costs - particularly for "t ime-of-day" energy pricing 

Provide an immediate emergency response (main break, power fai lure) 

Provide an immediate fire flow and pressure response 

Surge reli ef - dampens extreme low and high low pressures associated with hydraulic 

transients 

Ensures constant system pressure and helps prevent contamination from possible 

inflow 
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Based on the above, it i s  thus evident that distribution system torage is extremely beneficial 

to a water upply sy tern. In particular, storage with indirect pumping ( i .e. floating storage) 

provides clear advantages to the operation of the system and should thus be considered 

whenever and wherever practical and feasible. 
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1 .  Water Flow and Pressure without Elevated Tank 
Figure 7 .A  2 .  Water Flow and Pressure without Elevated Tank 

Water Source 
Pump Station and storage 
Demand Load Center 

/" Elevated Tank 

The major d isadvantage with any d istribution storage is the possibi l ity of increased travel 

t ime from the source (chlorinat ion point) "to the tap" . Ensuring adequate replenishment of 

water i n  storage faci l i t ies i s  a key factor in min imizing the potential chorine decay in the 

treated water. Two factors may be considered to improve this ensuring good mixing of fresh 

water with stored water in the tank and ensuring that the system is operated to maximize the 

repleni shment of fresh water in the tank . It is noted that in-tank mixing is preferred for 

smaller tank volumes - "plug" flow may be preferred to ensure adequate water turnover in  

l arger tanks. 

Elevated storage tanks should be located in the areas having the lowest system pressures 

during i nterval s of high water use to be effect ive in maintain ing adequate system pressures 
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and flows during periods of peak water demand. These are those of greatest water demand or 

those farthe t from pump stations. Elevated tanks are general ly located at some distance from 

the pump station(s) serving a d istribution pressure level, but not outside the boundaries of the 

ervice area, unless the facil ity can be placed on a nearby hi l l .  Additional considerations for 

sit ing of elevated storage are conditions of terrain, suitabi l ity of subsurface soil and/or rock 

for foundation purpo es, and hazards to low-flying aircraft. Elevated tanks are built on high 

ground to mini mize the requi red construction cost and heights. The heights of elevated tanks 

should not be excessive. This wi l l  lead to higher pressures than required in low-lying areas as 

wel l  as increased pumping costs. 

The fol lowing alternatives are appl ied on some selected areas to enhance their 

performance and to improve the results obtained from the hydraulic and qual ity modeling of 

the original systems. This option i s  appJ ied to AI Yahar and Sweihan areas but not for AI 

Dhaher area since thi s area is suppl ied by gravity and the system performance was accepted 

as the residual pressures for different junctions were more than the min imum accepted l imit. 

7.2 E l evated Ta n k  A l tern a tive 

The next section evaluates the use of elevated tanks at the entrance of the systems. Such 

alternative showed major improvement in the pressures. More detai l s  for each particular 

system i s  di scussed and analyzed as following. 

7.2. 1 AI Yahar A rea 

Due to the i l lustrated benefits of the elevated tank, an elevated tank is proposed for Al 

Yahar network, and located at the entrance close to the feeding point . The reason behind thi s 

selection i s  that the residual pressure provided by the source can be util ized in  enhancing the 

pressure and the performance of the whole network . The tank capacity is selected to handle 

one day demand for AI  Yahar area (0.93 MGD) to take advantage of securing the supply 
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Can equent ly, the h draul ic anal 'si s wa done The proposed tank is elevated 20 m abO\ e 
the a erage elevat ion of the network with an operating range of water level of 1 0 m 

Figure 7. 1 hows the pressures resolved from the hydraul ic model ing taking into 

con ideration that the whole area will be fed from the ele ated tank direct ly 
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Figure 7. 1 The residual pressure of Al Yahar area accompl i shed with the proposed elevated 
tank at the entrance of the area 

From the figure, it i s  clear that the residual pressures are within the range of 1 0  - 25  m in 

man junctions with much less fluctuation than before. For the lowest points (J-20 and 1-70) 

the resIdual pressure becomes around 25 m, and for the highest point in the area (1-60 ) the 

residual pressure is around 1 0 m. Both pressures are accepted by the water di stribution code 

On the other hand, the range of the velocity has been reduced on contrary to the range 

as ociated with the original setting (di splayed in Figure 5. 1 0). Figure 7 2  i l lu  trates the 

velocit ies, where the maximum value is around 4 .2 mls. This high elocity is due to the 

relat ively high demand required for the farm associated with the base configurat ion and as 

before, it can be tolerated as this is the only point in the system with that high demand 

Alternatively, the size of the connection from the network to this farm should be i ncreased or 

another connect ion can be instal led 

143 



7 

TI",e In h' 

P-08 � ... (mls) P-75 Base (m/S) - P-l 1 1  Bas. (mlS) P-I33 Base (mit) P-143 Base (mIs) I 

Figure 72 The pipes velocity of AI Yahar area accompl ished with the proposed elevated 
tank at the entrance of the area 

Ta nk operational levels for optimum I n ternal M ixing 

To i mprove m ix ing of fresh water with " old" water inside the tank bowl, a two-riser pipe 

system with check valves has been incorporated in  the simulation_ The check valves ensure 

the tank fi l l s  through only one of the risers and is drawn down through the second riser pipe. 

The top of the "fil l" ri ser pipe is angled to promote circu lat ion in  the tank and min imize the 

opportunity for "shortcircuit ing" of flow in  the bowl . 

A range of normal operating volumes has been considered, varying from 200/0 to 600/0 of tank 

usage on a typical day (40% is generaJ ly considered nonnal for Al Yahar area). The volumes 

uti l ized in the tank for different operati ng percentages and simulated by the hydrau l ic model 

are shown below. 
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Dai ly 

balanci ngiOperating 
Volume Used Volume Remain ing 

20% 909 m3 3636 m3 

40% 1 8 1 8  m3 2727 m3 

60% 2727 m3 1 8 1 8  m3 

The analysis seeks the amount of water rema10mg 10 storage (for different operating 

conditions) and the volume of water in the pipe section between the tank and the last water 

connection so that the residual chlorine levels in the tank as wel l as in  near junctions are 

within acceptable  l imits .  Such calculat ion determines approximately how much volume in  

the t ank i s  refi l l ed with fresh water on  a dai ly  basi s, as opposed to  "old" water ("old" water 

being the un-used volume in the tank plus the amount in the fina l  pipe sect ion between the 

tank and the last connect ion, which equal s the total amount of "old" water in the tank after 

refi l l i ng) .  

Tank connect ing pipe IS  3 00 mm l ine with a l ength of 2000 m, from the main source 

supplying AI Yahar area. As the water quantity fi l l i ng this l ine is 1 4 1 .4 m3, the amounts of 

fresh water getting in the tank are as fol lows. 

Dai l y  Balancing Use Tank 
Fresh Water Volume Fresh Water In 

( daily) 

20% 909 - 1 4 1  = 768 m3 1 6.9 % 

40% 1 8 1 8  - 1 4 1  = 1 677 m3 36 .9 % 

60% 2727 - 1 4 1  = 2586 m3 56.9 % 

The impact of varying amounts of "fresh" water in  the tank related to the daily used amounts 

of storage on the water quality is reflected by the plots of residual chlorine in the network 

junctions. These plots, which are based on a chlorine decay rate i l lustrated in chapter 5, are 

shown i n  Figure 7 .3  and suggest that maintain reasonable chlorine residual i n  the tank, the 

tank must be operated with more than 40% of the total volume being used on a daily basi s. 
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s e pected, the more water t hat i s  moved through the tank i n  a s ingle day, t he higher the 

chlori ne residual in the tank . 

0 5 1 

o 2 �1------------------------------------------�----
1 000 2000 3000 4000 5000 6000 7000 8000 

Time in hr. 

J-40 Base (mgll) J-50 Base (mg/1) -- J-80 Base (mgfl) J-90 Base (mgIl) J-1 00 Base (mg/1) 

Fi gure 7 3 The residual ch lorine of Al Yahar area accompl i shed with the proposed elevated 

tank at the entrance of the area 

The energy cost for th is  al ternat ive was calculated for one year and found 8760 Dhs 
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7.2.2 w iehan Area 

The same analysis is conducted for Swiehan area, where the elevated tank is proposed at the 

entrance of t he area to get advantage of the in let pressure addressed in chapter 4 The 

proposed tank has a total volume of 0.6 MG or 2727 mJ to accommodate a minimum of one 

day demand for the area si nce its demand is 0.53 MGD. The lank elevation is 20 m above 

the average elevations of t he whole network to also accommodate the high pressure at the 

entrance which is 4 bars. As proposed for AI Yahar area, a number of normal operating 

volumes have been considered, varying from 20% to 60% of the tank usage on a typical day 

to ident ify the opt imum operati ng volume associated wit h  maximum mix i ng. The proposed 

elevated tank for Swiehan area needs to be operated with more than 3 5% of t he total volume 

being used on a dai ly basis. 

s a resu lt of t he conducted hydrau l i c  model ing, the residual pressure for the network is 

ignificant ly improved, where the mini mum pressure is  accepted by the water dist ribut ion 

code (Figure 7 . 4). 
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Figure 7 .4 The residual pressure of Sweihan area accompl ished with the proposed elevated 
tank at the entrance of the area 
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Figure 7 . 5  The pipes velocity of Swiehan area accompl ished with the proposed elevated tank 
at the entrance of the area 

In Figure 7. 5, the velocity range is  bounded from above by 4 mls indicat ing noticeable 

improvement with respect to the original conditions depicted in Figure 5 . 1 7 . However, th is  

velocity i s  st i l l  not accepted by the regulator implying the need of increasing the sizes of 

arne exist ing pipes. 

The residual chlorines for selected nodes are i l lustrated in Figure 7.6. The resolved chlorine 

levels are all with in the acceptable l imits per the adopted code. 
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Figure 7.6 The residual chlorine of Sweihan area accompli shed with the proposed elevated 
tank at the entrance of the area 

The energy cost of this alternative was calculated and found 63 1 0  Dhs. 

7.2.3 Elevated tank at other points 

Several other option and alternatives can be investigated and proposed to enhance the 

performance of the two considered networks. Sections 7.2 . 1 and 7. 2 .2 discussed the opt ion 

of proposing the elevated tank at the entrance of AIYahr and Sweihan networks. This sect ion 

discus es the analysis of the two networks after proposing an elevated storage tank either at 

the lowest point of the network or near the higher demand portion of the network . Since 

Swiehan area is flat with no elevation differences between the source and any point of the 

network, the proposed elevated tank may be located at the higher demand portion of the 

network (Shabia' s area) . For Al Yahar network, the proposed elevated tank is suggested to 

be located in the lowest portion of the network. Both points are located toward the end 

distant points with respect to the feeding source of each system. 

Trying different elevations of the proposed elevated tanks at these locations, only parts of 

both systems were found to be fed such tanks whi le the remai ning parts of the networks will 
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be fed from current ources. As a result, the sizes of both tanks were considered to 

accommodate part of the total demands only for both areas 

For AI Yahar area, the proposed tank size is 0 .5  MG that can serve up to 50% of the 
customers. The elevation of the tank is 20 m above the lowest junction elevat ion and it is  

propo ed to be suppl ied from one of the identical exist ing sources i .e. 300 mm l ine, where 

this l i ne wi l l  be extended to the proposed location for a length of 1 800 m .  

E ,),10 80 •• (m H2O) --J-6�Ol .).90 80 .. (m H2O ,),110 Bose (m H2O) 

Figure 7 .7 The residual pressure of AI Yahar area accompl i shed with the proposed elevated 
tank at the End point of the area 

Figure 7 .7 shows acceptable  pressures i n  only few selected junctions as per the water 

distribution code. The junctions having pressures more than 1 5  m are main ly  suppl ied from 

the elevated tank whi l e  the other junctions havi ng low pressures, lower than the required 

min imum l im it ( 1 0  m ), are suppl ied from the existing source. So this option is not accepted 

and can't be considered a feasib le  alternative for the system improved performance. 
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For Swiehan area, the proposed elevated tank is  l ocated in  the Shabia side (law cost houses) 

where the high demand is requ ired at that ponion of the network The elevat ion of thi . 

proposed tank i s  25  m with a size of 0 . 3  MG 
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Figure 7 .8  The residual pressure of Sweihan area accompl i shed with the proposed elevated 
tank at the end point 

Figure 7 .8  shows the residual pressure with a min imum of around 6 .2  m to a maximum with 

1 6  m head. In th is  regard, the previous option is better than this option, since it does not 

match the considered code. As a result, this option was not accepted too as it does not 

enhance the pressure for a l l  j unctions in  the two systems. Velocities and residual chlorines 

were not investigated for the above elevated tanks alternat ive proposed at the end d istant 

point s. 
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7.3 ucce fu l De m a n d  M a n age ment I m plementation 

The purpose of th is  section is  to implement the principle of the demand management concept 

i l l ust rated in chapter 3 AADC is  aware that the customers consume large quantit ies of water 

deli ered to their tank via redundant green areas i rrigation in their properties. As shown in 

the water demand est imation for Shabia and Vil la, the quantity required for the non human 

consumption i s  around 66.6% for shabia and 7 1 %  for vi l l a. These high percentages can be 

reduced by enforcing certain pol icies and regulations such as applying high tariffs joined by 

remo ing the customer tanks to avoid del ivering excess amounts of water to the houses or 

v i l l a  near from the source. This usually affects the distant properties in the network and 

causes them receiv ing the water after a long t ime with low pressure and quantities. I n  

add it ion to  that, removing such o ld  tanks improves the water quality consumed by the 

customers and reduces the operating cost by the expected reduction in the energy cost . 

Removing the storage tanks wi l l  generally i mprove the behavior of the system. And the 

actual demand pattern wil l  be implemented which wi l l  allow to reduce the quant ities 

del ivered at night and hence reduce the wastage as wel l  as reduce the leakage if any during 

that period 

7.3. 1 AI  Dhaher A rea 

This area is suppl ied from two sources, the roam of which is AI Ain reception 

pumping station named UmGhafa reservoir. The elevat ion difference between this reservoir 

and the network i s  around 40 - 45m. The demand of this area i s  334,000 gal/day al located at 

the junctions represent i ng the vi l las, shabias and the other bulk properties as described III 

chapter 4 

Based on the Hydrau l ic  Analysis, the fol lowing i s  recognized and concluded. The 

velocity inside the pipes is varying from 0 .3  to 1 .42 m1sec for the main pipe for minimum, 

average and peak demand scenarios. The velocit ies are sl ightly low for the minimum and 

average scenarios and may affect the Chlorine concentration at the end user connect ions. 

Thi s  happen in some areas but in general the velocities are within the accepted range set by 

AADC.  Table 7 .2  summarizes the results obtained from the system hydraul ic  model ing after 

removing the tanks. 
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Table 7 1 ummery of the Hydraul ic Analysis for AI Dhaher 

I tems Min .  Average Pea k 

Total Discharge V ec 1 2 . 5 5  1 7. 5 7  50. 1 

Max.Velocity (Main) 
0 36 0 . 5  1 .42 ml ec 

Min  elocity (Main)  
m/sec 0.3 0.44 1 . 2 1  

Max. elocity (Branch) 
mlsec 0 . .  1 7  0 . 24 0.67 

Min .  Velocity. (Branch) 
0 . .  1 1  0 . 1 6  0 .53 mlsec 

Max Pressure. M 36 34 3 1  

Min .  Pressure. M 3 3  2 5  2 1  

The residual chlorine was al so modeled with results of 0.3 1 ,  0 . 36  and 0.4 1 ppm for 

min imu m, average and peak demands. Moreover, important parameters such as velocit ies 

and residual pressure are all accepted as they are noticed to be much better when compared to 

the analysis done for the original network having 1 ST's. The residual chlorine i s  also in a 

good and accepted range in  the network. Hence, it i s  recommended if  this option is 

successfully i mplemented, to reduce the dosage quantity of the chlorine unti l  the average in 

the network reach to 0. 3 5  ppm in order to save the chemical cost expended currently. I t  is 

worth ment ioning that the energy cost i s  not calculated for this system since it i s  supplied by 

gravity 

7.3.2 Al Y a h a r  A rea 

This area is supplied from 2 sources with a total est imated demand of 0.93 MGD. 

The average pressure at the entrance is  3 bars and is almost constant during most of the day 

The average residual chlorine reaching from AI Saad pumping station to the entrance of this 

network is  around 0 . 4 1 ppm. Accordingly, the hydraul ic model ing analysis was conducted 

producing the fol lowing results 

1 5 3 



Table 7 .2  ummary of the Hydraul ic Analysis for Al Yahar 

I tem M i n Average 

Total Oi charge 
34 49 1/ ec 

Max eJocity 
m/sec 0 34 0 56 

M i n. Velocity. 
0.2 1  0 3 8 m1sec 

M ax.  Pressure. 
26. 5 M 23 . 1  

Mn. Pressure. m 2 5 . 4  2 1 . 8 

Pea k 

1 24.4 

1 . 33  

1 . 1 2 

20. 2  

1 9 . 3  

The residual chlorine ranged from 0 .32  - 0 .37  ppm, where th i s  range is  very accepted and 

even the customer wi l l  not feel the odor associated with i t .  

7.3.3 A I  Sweihan A rea 

Swiehan area is suppl ied from a branch of 300 mm l ine with a total quant ity of 

5 1 0  000 gal/day and with an average pressure of 4 bars. The residual chlorine at the entrance 

is 0 . 3 5  ppm i n  average. Hence the results of the hydraul ic modeling are as fol lowing. 
o 

Table 7 . 3  Summery of the Hydrau l ic Analysis for Al Sweihan 

I tems M in Average Pea k 

Total D ischarge 
1 8 . 1 2  26.83 65 .2  

Usec 
Max. Velocity 

0 . 5 1 0 . 73 1 . 2 1  
m/sec 

Min .  Velocity. 
0 .43 0 .69 l . 08 

m/sec 

Max. Pressure. m 3 7  3 3  30 .5  

Min .  Pressure. m 3 5 . 6  3 l . 7 20. 7 
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The residual chlorine modeUng results are 0.2 1 ,  0 29 and 0 3 1 for mini mum, average and 

peak demand respect ively 

As a conclusion to the ment ioned demand management concept, the results of the residual 

pres ure, residual chlorine and the velocit ies in al l water systems for the 3 selected areas are 

compatible with the water d istribution code. The energy costs for AI Yahar and Sweihan 

areas are 3 630  and 3200 Dhs respectively. On the other hand no energy cost calculated for 

Al Dhaher area since it i s  supplied by gravity. 
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C H A PT E R  8 

CONC LUSIONS A N D  R ECOM M E N DATIONS 

Hydraul ic  model s of the water supply networks in three selected areas have been developed 

in  order to determine current operational performance and to assist in the development of 

options for improvement under 24 hour supply. The three selected areas are AlDhaher, 

AJYahar, and Sweihan and the selection was made considering the fol lowing three criteria : 

1 .  Two types of housing zones with largely d ifferent demands (Shabia and Vi l las) exist 

i n  each area. 

2. F low control valves are avai lable in each area provid ing accurate est imate of the 

supply and actual consumption of all areas. 

3 .  Different sources supply the three systems so that the model quality cal ibration and 

evaluat ion i s  done for different sources. 

The models have been developed to run extended period simulat ion conditions represent ing 

the time-dependent demands and other relevant cond itions. WaterCad 7 .0; a Network 

Model l ing Software, was used in  the network model l ing. The approach adopted for 

hydrau l ic  model l i ng of 2005 flows comprised two main elements : 

• Information about the systems' demands and suppl ies, customer storage tanks capacities to 

establ i sh sol id assumptions for the internal storage tanks d imensions, and the systems' 

networks. The data obtained from the asset management regime were also used to 

determine roughness values applied to the model of each system and to understand 

network problems at the micro level . 

• Construction of detai led hydraul ic models using the col lected data and cal ibrate them using 

field measurements for each system. I STs capacities data, estimated water demands data 

from the water demand Forecast and demand pattern from AJ Ain Distribution Company. 

Figure 8. 1 i l lustrates how the above two components side other sources of information 

compl i ment each other in the construction and configuration of the hydraul ic model . 
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Figure 8. J Overvtew of data sources for the hydrau l ic model 

The model data like pips diameter, length and elevations were checked before 

commencement of the model building then loaded into WaterCad hydraulic models. The 

built models were verified against the GIS platform available in Transco and AADC 
AlDhaher network (Figure 4 3)  comprises of 1 92 pipes, 1 1 9 junctions and 29 tanks, Al Yahar 

pipe network (Figure 4. 1 0) comprises of 2 1 7  pipes, 1 2 1  junctions and 52 tanks, whi le 

wiehan network (Figure 4. 1 6) has 1 50 pipes, 82 junctions and 42 tanks. Model 

configuration and asset attribute data were verified through site inspections and cross 

reference to other asset information provided by AADC and Transco. Levels were also taken 

at strategic locations within the network to verify elevation data. The demand forecast of 

2005 as presented in chapter 4 has been divided into its component elements and allocated to 

the hydraulic model using a system of al location parameters Validat ion of the models was 

undertaken by comparing the modelled system performance with known data obtained from 

the field measurements. 

Cal ibration of tbe three models was made following a trial and error simulation approach and 

targeted tuning the sizes and water levels of the I STs. As the three areas are all new and 

receiving good quality desalinated water from different sources, a C value of 1 20 was used in 

simulation and kept unchanged during the calibration process. The fol lowing criteria were 

observed during the calibration 

• Produci ng close to-cycl ic behaviour of the water level fluctuations in all I STs. 
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• 

• 

Maintaining a maximum deviation of 1 5 m  between the pressure measurements and 

imulated pres ure for each network 

The new 1 ST I capacities obtained from the cal ibration process do not deviate from 

the origi nal ly est imated capacities with more than 5% of these capacities. 

The model has been used to identify key aspects of network performance particularly in 

relat ion to level s of service and hydraul ic  performance. The results were investigated to 

ident ify locat ions of low pressures, high velocit ies, and low residual chlorine concentrations. 

Specific conclusions drawn from such results are as fol lows: 

1 .  The model l ing of AI Yahar and Sweihan areas resulted In pressures less than the 

min imum l i mit of 1 bar. Pressures for AI Dhaher area were accepted as they were around 

1 9  m.  

2.  The velocity i n  several pipes was found to exceed the l imit .  Most of these pipes are 

connected to bulk  properties; such as the farms, where large quantities of water is used to 

i rrigate the corps without any specified demand management. Even though this situation 

can be tolerated by the adopted water d istribution code, they are recommended to be 

replaced by l arger sizes as well as instal l ing flow control valves to regulate the consumed 

quantities. 

3 The field measurements besides the simulated residual chlorine of many selected 

junctions i n  the three areas were accepted as per the i nternational standards since the 

min imum l i mit is 0 .2  ppm. 

4 Some locat ions in  the three simulated areas where sti l l  experiencing low residual chlorine 

(Refer to the Chlorine Contour Maps in Chapter 6) .  Hence, it i s  needed to boost the 

residual chlorine by i njecting chlorine at these specific locat ions or increase the dosage of 

the chlorine from the source, to at least reach to the m inimum l i mit 0 .2  ppm without 

affecti ng the other locations for each area. Optimum dosage that satisfy al l  locations can 

be ident ified through further simulation. 

5 .  In  some areas the chlorine concentration exhibits cycles with a period of  5 days, this can 

be j ust ified that the sampling point was downstream of the home storage tank, which is  

undoubtedly the reason for the cycl ic behavior (see figure 6 .4)  
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6 THM measurements as wel l  as experiments indicated that bromoform dominates the 

THM species in a l l  samples and at al l t imes. Average of TTH measurements for 

wiehan, AJ Yahar and Al Dhaher were 3 3 . 1 9, 3 5  9 and 34 6 1 ,  respecti vely. Comparing 

the e figures with the internat ional l imit s  of 80 ppb for TT� one can find that TTHM 

level s in al l areas are within the acceptable l imits .  

7.  Laboratory experi ments conducted to analyze the propagation of TTHM speCIes 10 

pipel ines showed that the bromoform undergoes major hydrolysis after reaching its peak 

and ult imately approaches zero l evels. The reported kinet ic profiles didn't allow 

obtain ing s imple reaction rates for THM simulat ion in the simulated networks. Water 

ages in  the three s imulated networks were alternatively obtained to roughly predict the 

bromoform formation in the three networks. The water ages at the monitoring points  for 

a l l  networks were ranging from 2 to 5 hours indicating that the areas downstream such 

points are l ikely subjected to low bromoform levels while the upstream areas are l ikely 

subjected to higher l evel s. This needs further verification and future research is  needed 

to explore the effect of temperature on the bromofom propagation in pipe l i nes. 

8 .  Insta l l ing elevated storage tank at the entrance of AI Yahar and Swiehan systems IS  

recommended to boost the pressures of these systems. This  option produced good results 

for the pressure as wel l  as the residual chlorines. 

9. Demand Management techniques d i scussed in this thesis can be favored by removing the 

customer storage tanks in each system. This wi l l  allow each system to receive its needed 

demands at the customer tap. The systems wi l l  be pressurized al l  the t ime and the 

customers wi l l  receive their demands only without receiv ing excess amounts and 

eventual ly  lowering the high head losses observed under current operation schemes. Thi s  

scenario was s imulated for the three selected systems and the results of pressures, 

velocit i es, and residual chlorines were al l  within acceptable l imits. 

1 0. Energy cost of the current systems or their potential modified alternatives can be 

significantly reduced through i nstal l ing variable speed in the sources supplying the 

selected systems. Managing the operation of these pumps according to the actual time­

dependent demands of downstream zones wi l l  el im inate the permanent high pressures 

that somet imes exceed the actual needs. This can be numerically invest igated through 
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simulat ing larger sy terns that enclose the sources host ing the supplying pumpmg 

tatlOn 
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A P P EN D IX A 

N ETWORK DATA 

A L  D H A H E R  A R EA 

Length Diameter Diameter Material 
_abel Label Length (m) 

(m) (mm) (mm) Description 

27 29.58 400 1 86 308 . 92 1 00 Ducti le I ron 

1 92 203 . 96 1 00 70 92 . 1  1 50 Ductile I ron 

1 9 1 30 1 00 89 1 03.73 1 50 Ductile I ron 

1 94 30 1 00 1 69 406.89 1 50 Ductile I ron 

1 1 0 1 4 . 1 7  1 50 85 1 8 .2 1 50 Ductile I ron 

1 09 1 67 .22 1 50 93 254. 1 3  1 50 Ductile I ron 

1 07 1 8.2 1 50 94 1 29 . 39 1 50 Ductile I ron 

1 08 2 1 0. 1 5  1 50 92 1 8 .2 1 50 Ductile I ron 

1 1 6 1 55 . 96 1 50 91  254 . 1 3  1 50 Ductile I ron 

1 1 4 1 8 .2 1 50 83 251 .94 1 50 Ductile Iron 

1 1 2 1 55 . 96 1 50 74 1 20.56 1 50 Ductile I ron 

1 06 2 1 0 . 1 5 1 50 73 1 35 . 76 1 50 Ductile I ron 

1 00 1 55 . 96 1 50 72 1 1 9 .59 1 50 Ductile I ron 

1 45 1 34.8 1 50 1 32 542.9 1 50 Ductile I ron 

1 1 9 1 8.2 1 50 1 82 2 1 4 .5 1 50 Ductile I ron 

208 321 . 3  1 50 53 4 1 . 56 1 50 Ducti le I ron 

1 93 1 46 . 97 1 50 88 254. 1 3  1 50 Ductile I ron 

1 88 1 3 1 . 96 1 50 87 52.23 1 50 Ductile I ron 

1 4  393.47 1 50 1 53 365.79 1 50 Ductile I ron 

205 83.2 200 47 26.97 1 50 Ductile I ron 

206 54 200 45 1 1 7.05 1 50 Ducti le I ron 

1 99 572.8 200 46 393.31 1 50 Ductile I ron 

1 2  1 8 .2 200 1 60 406 . 89 1 50 Ductile I ron 

1 1 1  1 97 . 02 400 86 620.23 1 50 Ductile I ron 

1 1 3 93.99 400 75 1 35 . 44 1 50 Ductile Iron 

99 1 06.64 400 7 1  384 . 38 1 50 Ducti le I ron 

97 1 50.06 400 80 1 33. 08 1 50 Ductile I ron 
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26 33.7 400 1 85 86.98 1 50 Ductile I ron 

23 586 .22 400 1 83 1 6 1 .95 1 50 Ductile I ron 

30 252.85 400 1 58 406.89 1 50 Ductile I ron 

4 1 1 0  400 1 67 406 . 89 1 50 Ductile I ron 

5 32 400 204 6 1 6.6 1 50 Ductile I ron 

1 0  380.37 400 202 398 1 50 Ductile I ron 

56 492 600 48 393.37 1 50 Ductile I ron 

98 1 55. 96 1 50 81  32. 1 5  200 Ductile I ron 

1 05 1 55 . 96 1 50 78 340 . 82 200 Ductile I ron 

1 98 1 3 1 .95 1 50 1 80 1 45 . 1 6  200 D uctile I ron 

1 95 1 6 1 .95 1 50 1 70 23 200 Ductile I ron 

31 6 1 .93 1 50 1 68 1 3 1 .96 200 Ductile I ron 

1 96 5 1 2.87 200 1 73 93.82 200 Ductile I ron 

1 5  240.57 200 1 8 1 1 6 1 .96 200 Ductile I ron 

1 3  1 30 . 7  200 1 87 1 6 1 .95 200 Ductile I ron 

201 283 200 200 572.8 200 Ductile I ron 

1 04 1 56.39 400 76 1 8 .2 200 Ductile I ron 

24 1 8 .2 400 1 84 5 1 2 . 88 200 Ductile I ron 

32 475.3 400 1 55 406 .89 200 Ductile I ron 

P-77b 0 . 3  400 1 6 1  2 1  200 Ductile I ron 

P-77a 0 . 3  400 1 59 1 62 200 Ductile I ron 

1 1  1 8 .2 400 203 485 200 Ductile I ron 

1 97 203.95 1 00 1 76 683.67 300 Ductile I ron 

1 2 1  1 73.29 1 50 79 1 90 . 5  300 Ductile I ron 

68 1 8 .2 1 50 P-31 8 . 5  300 Ductile I ron 

55 652 . 0 1  400 P-32 1 3  300 Ductile I ron 

1 1 5 2 1 0. 1 5  1 50 90 1 28 . 66 400 Ductile I ron 

96 1 30 . 1  1 50 82 599.67 400 Ductile I ron 

1 1 8 5 1 0 . 1  1 50 1 300 400 Ductile I ron 

1 26 2 1  1 50 1 64 5 400 Ductile I ron 

1 23 1 34.8 1 50 P-29 0 . 5  400 Ductile I ron 

57 72.56 1 50 P-30 0 . 5  400 Ductile I ron 

28 586.25 1 50 1 54 1 35 . 96 400 Ductile I ron 

1 40 23 200 1 5 1 52 1 .6 400 Ductile I ron 

1 42 1 1 5. 1 4  200 84 24 400 Ductile I ron 

1 22 98.87 400 1 66 1 , 375 .20 400 Ductile I ron 

29 377.78 400 1 50 2 1 . 3  400 Ductile I ron 
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2 55 .45 400 1 65 54.4 400 Ductile I ron 

1 89 308.92 1 00 59 272 600 Ductile I ron 

1 28 287. 93 1 50 60 520 600 Ductile I ron 

64 1 56 .25 1 50 P-33 2 600 Ducti le I ron 

6 1  1 1 8 .59 1 50 P-34 1 8  600 Ductile I ron 

1 03 1 1 .22 1 50 P-6 0.5 1 ,000.00 Ductile I ron 

1 0 1 1 8 .2 1 50 P-7 0.5 1 ,000.00 Ductile I ron 

1 02 1 79 . 27 1 50 P-5 0 . 5  1 ,000.00 Ductile I ron 

1 35 365.8 1 50 P- 1 2  0 . 5  1 ,000.00 Ductile I ron 

1 48 2 1  1 50 P-9 0 .5  1 ,000.00 Ductile I ron 

1 27 287.93 1 50 P-1 3 0 . 5  1 ,000.00 Ductile I ron 

95 84 .53 1 50 P-25 0 . 5  1 , 000.00 Ductile I ron 

69 5 1 .93 1 50 P-24 0 . 5  1 ,000. 00 Ducti le I ron 

67 1 02.44 1 50 P- 1 7  0.5 1 ,000.00 Ductile I ron 

65 1 02 . 76 1 50 P- 1 8  0 . 5  1 ,000.00 Ductile I ron 

66 1 37 . 1  1 50 P- 1 6  0.5 1 ,000.00 Ductile I ron 

54 1 9. 1  1 50 P- 1 4  0 . 5  1 ,000.00 Ductile I ron 

43 1 8 .2 1 50 P-1 5 0.5 1 ,000.00 D uctile I ron 

44 393 . 3 1  1 50 P-22 0 . 5  1 ,000.00 Ductile I ron 

40 1 56.25 1 50 P- 1 9  0.5 1 ,000.00 Ductile I ron 

1 37 1 3 1 . 96 200 P-1 1 0.5 1 , 000.00 Ductile I ron 

1 33 1 6 1 .95 200 P- 1 0  0 . 5  1 , 000.00 Ductile I ron 

1 34 2.1 200 P-8 0 . 5  1 ,000.00 Ductile I ron 

4 1  393.3 1  200 P-23 0 . 5  1 ,000 .00 Ductile I ron 

1 1 7 1 44 . 97 400 P-3 0 . 5  1 , 000.00 Ductile I ron 

1 36 287.95 400 P-4 0 . 5  1 ,000 . 00 Ductile I ron 

1 49 2 1 4 . 5  400 P-2 0 . 5  1 ,000 .00 Ductile I ron 

1 20 1 2 . 56 400 P- 1 0 . 5  1 ,000 .00 Ductile I ron 

1 25 1 49.78 400 P-28 0 . 5  1 ,000.00 Ductile I ron 

1 24 423.9 400 P-27 0 .5  1 , 000.00 Ductile I ron 

6 3  339.32 400 P-26 0.5 1 , 000.00 Ductile I ron 

39 403.91  400 P-2 1 0 . 5  1 , 000.00 Ductile I ron 

36 20 400 P-20 0.5 1 , 000.00 Ductile I ron 
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A L  Y A H A R  A R EA 

Label 
Length Diameter Length Diameter Length Diameter 

Label Label Material 
(m) (mm) (m) (mm) (m) (mm) 

P-1 42 1 44 1 00 P- 1 37 1 56 . 5  1 00 P-50 1 02 
Ductile 

1 50 
I ron 

P- 1 4 1  1 73 
Ductile 

1 00 P- 1 20 363. 5  1 00 P-8 23 1 50 
I ron 

P- 1 43 1 02 1 00 P-1 0 1  3 5  
Ductile 

1 00 P-7 1 7 1 . 5  1 50 
I ron 

P- 1 39 1 69 . 5  1 00 P-1 1 4  1 00 . 5  
Ductile 

1 00 P-6 1 70 . 5  1 50 
I ron 

P-1 38 1 49 1 00 P-1 1 5  99.5 
Ductile 

1 00 P-3 1 8 1 . 5 1 50 
I ron 

P- 1 56 1 46 1 00 P-1 1 7  98.5 
Ductile 

1 00 P-56 1 77 1 50 
I ron 

P-1 5 1  294 1 00 P-1 1 6  1 66 
Ductile 

1 00 P-5 23 1 50 
I ron 

Ductile 
P- 1 55 1 47 . 5  1 00 P-1 1 2  1 02 1 00 P-4 272.5 1 50 

I ron 

P- 1 64 1 00 . 5  1 00 P-99 44 
Ductile 

1 00 P-30 23 1 50 
I ron 

Ductile 
P-1 54 1 46 . 5  1 00 P-1 1 3  1 6 1 1 00 P-47 1 02 1 50 

I ron 

Ductile 
P- 1 40 1 47 . 5  1 00 P-1 1 1 96 . 5  1 50 P-29 1 02 1 50 

I ron 

Ductile 
P-1 1 1  1 94 . 5  1 00 P-1 0 2 1 6 . 5  1 50 P-33 1 66 . 5  1 50 

I ron 

Ductile 
P- 1 46 1 47 1 00 P- 1 4  23 1 50 P-28 23 1 50 

I ron 

Ductile 
P-1 1 0  1 69 1 00 P-9 285 1 50 P-93 273 1 50 

I ron 

Ductile 
P- 1 35 23 1 00 P- 1 1 02 1 50 P-48 67 1 50 

I ron 

Ductile 
P- 1 34 1 02 1 00 P- 1 8  1 02 1 50 P-91 1 48 1 50 

I ron 

P- 1 48 201 . 5  1 00 P- 1 6  1 44 1 50 P-53 1 02 1 50 Ductile 
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I ron 

P- 1 47 1 93 1 00 
Ductile 

P- 1 5  259 . 5  1 50 P-92 2 1 5.5 1 50 
I ron 

P- 1 49 1 95 . 5  
Ductile 

1 00 P- 1 9  23 1 50 P-222 40.5 250 
I ron 

P- 1 45 1 70 1 00 P-20 202 . 5  
Ductile 

1 50 P-21 9 32 250 
I ron 

P- 1 44 
Ductile 

23 1 00 P-2 1 23 1 50 P-220 4 1  250 
I ron 

P-51 
Ductile 

375.5  1 00 P-1 32 1 02 1 50 P-22 1 34 250 
I ron 

P-52 
Ductile 

2 1 6 . 5  1 00 P- 1 28 67 1 50 P-T3 1 1 000 
I ron 

P-68 1 02 1 00 P- 1 29 23 1 50 P-T7 1 000 Ductile Iron 

P-66 1 02 1 00 P-225 43 
Ductile 

1 50 P-T4 1 1 000 
I ron 

Ductile 
P-67 23 1 00 P-226 43 1 50 P-T2 1 1 000 

I ron 

Ductile 
P-59 1 7 1 .5 1 00 P-227 43 1 50 P-T 1 1 1 000 

I ron 

Ductile 
P-1 24 1 00 . 5  1 00 P- 1 30 1 02 1 50 P-T1 0 1 1 000 

I ron 

Ductile 
P- 1 85 1 1 . 5 1 00 P- 1 3 1 23 1 50 P-T9 1 1 000 

I ron 

Ductile 
P- 1 6 1  1 02 1 00 P- 1 2  23 1 50 P-T 1 1 1 1 000 

I ron 

Ductile 
P- 1 57 1 48 1 00 P-1 3 1 02 1 50 P-T8 1 1 000 

I ron 

Ductile 
P-71 1 68 1 00 P- 1 25 1 02 1 50 P-T6 1 000 

I ron 

Ductile 
P-64 23 1 00 P-1 26 23 1 50 P-T33 1 1 000 

I ron 

Ductile 
P-65 1 02 1 00 P-127 35 1 50 P-T32 1 000 

I ron 

Ductile 
P-63 1 02 1 00 P-2 23 1 50 P-T34 1 1 000 

I ron 

Ductile 

P-1 52 1 48 . 5  1 00 P-22 1 02 1 50 P-T30 1 1 000 
I ron 
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P- 1 53 1 4 5 . 5  1 00 
Ductile 

P- 1 02 1 02 1 50 P-T29 1 1 000 
I ron 

P-69 23 
Ductile 

1 00 P- 1 05 67 1 50 P-T28 1 000 
I ron 

P-70 
Ducti le 

1 02 1 00 P-27 1 02 1 50 P-T27 1 1 000 
I ron 

P-62 
Ducti le 

23 1 00 P-43 23 1 50 P-T23 1 1 000 
I ron 

P-60 1 80 . 5  1 00 P-25 1 44 . 5  
Ductile 

1 50 P-T26 1 1 000 
I ron 

P-6 1 
Ductile 

1 02 1 00 P-26 23 1 50 P-T24 1 1 000 
I ron 

Duct ile 
P-72 1 74 1 00 P- 1 04 35 1 50 P-T31 1 1 000 

I ron 

P-75 1 67 1 00 P-24 25 1 .5 1 50 P-T21 1 1 000 Ducti le Iron 

Ducti le 
P-76 1 75 1 00 P-3 1  98.5 1 50 P-T1 4 1 000 

I ron 

Ductile 
P-77 1 66 1 00 P-32 200 . 5  1 50 P-T22 1 1 000 

I ron 

Ducti le 
P-78 1 86 1 00 P-23 23 1 50 P-T1 9 1 000 

I ron 

Ducti le 
P-80 2 1 8 . 5  1 00 P- 1 03 23 1 50 P-T 1 8 1 000 

I ron 

Ductile 
P-8 1 1 02 1 00 P-95 200 1 50 P-T 1 6  1 1 000 

I ron 

Ductile 
P-82 1 92 1 00 P-94 1 94 . 5  1 50 P-T1 5 1 1 000 

I ron 

Ducti le 
P-83 1 94 . 5  1 00 P-37 200.5 1 50 P-T 1 7 1 000 

I ron 

Ducti le 
P-84 1 48 . 5  1 00 P-38 1 83 1 50 P-T 1 3 1 1 000 

I ron 

Ducti le 
P-85 1 45 . 5  1 00 P-40 374. 5  1 50 P-T1 2 1 1 000 

I ron 

Ducti le 
P-86 1 49 1 00 P- 1 08 23 1 50 P-T38 1 1 000 

I ron 

Ductile 
P-87 1 45 1 00 P- 1 09 1 02 1 50 P-T45 1 1 000 

I ron 

P-88 1 48 1 00 P- 1 06 23 1 50 P-T37 1 1 000 Ductile 

1 7 1 



I ron 

P-89 1 46 1 00 P- 1 07 1 02 
Ductile 

1 50 P-T42 1 1 000 
I ron 

P- 1 62 1 38 5  
Ductile 

1 00 P-34 23 1 50 P-T36 1 000 
I ron 

P- 1 63 
Ductile 

1 0 1 . 5 1 00 P-46 1 06.5  1 50 P-T46 1 1 000 
I ron 

P- 1 66 
Ductile 

1 04 . 5  1 00 P-41 2 1 7 . 5  1 50 P-T44 1 1 000 
I ron 

P- 1 65 
Duct ile 

1 37 . 5  1 00 P-42 4 1 3  1 50 P-T5 1 000 
I ron 

Ducti le 
P- 1 50 1 99 1 00 P-45 23 1 50 P-T43 1 000 

I ron 

Ductile 
P- 1 33 23 1 00 P-35 67 1 50 P-T47 1 000 

I ron 

P-96 1 02 1 00 P-36 1 29.5  1 50 P-T41 1 000 Ductile Iron 

Ductile 
P-97 23 1 00 P-44 1 02 1 50 P-T40 1 1 000 

I ron 

Ductile 
P-98 58 1 00 P-58 1 02 1 50 P-TS 1 1 1 000 

I ron 

Ductile 
P- 1 23 1 65 1 00 P-54 23 1 50 P-TS2 1 000 

I ron 

Ducti le 
P- 1 1 8  1 00 1 00 P-55 1 6 5  1 50 P-T35 1 1 000 

I ron 

Ductile 
P- 1 2 1  363. 5  1 00 P-57 23 1 50 P-T25 1 000 

I ron 

Ducti le 
P- 1 22 98 1 00 P-90 228. 5  1 50 P-T20 1 000 

I ron 

Ductile 
P-1 1 9  1 28 . 5  1 00 P-49 23 1 50 P-T48 1 1 000 

I ron 

Duct ile 
P-1 0 0  23 1 00 P-T39 1 1 , 000 P-TC 1 000 

I ron 

Ducti le 
P-TKG 1 1 ,000 

I ron 

SWE I HA N  A R E A  
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Labe Lengt Diamete Labe Lengt Diamete Labe Lengt D iamete 
Material 

I h ( m) r (mm) I h ( m) r (mm) I h (m) r (mm) 
Descriptio 

n 

P-99 1 99 1 00 P-82 1 68 . 5  1 50 P-2 1 1 1 6 1 50 
Ductile 

Iron 

P-95 1 32 1 00 P-67 23 1 50 P- 1 9  1 32 1 50 
Ductile 

Iron 

P-
220 1 00 P-76 1 65 . 5  

Ducti le 
1 03 1 50 P- 1 7  1 32 I SO 

Iron 

P-
83 . S  1 00 P-77 

P- Ducti le 
1 02 1 80. S 1 50 

1 50 
44 200 

Iron 

P-
220 1 00 P-66 1 32 1 50 

P-
S6. S 

Ductile 
1 04 1 49 

200 
Iron 

P-97 1 3 2 1 00 P-83 1 32 1 50 P- l 1 08 200 
Ducti le 

Iron 

P-47 1 80 . 5  1 00 P-68 267 1 50 
P-

1 1 97 200 
Ductile 

1 89 I ron 

P-98 1 99 1 00 P-69 276. 5 1 50 
P-

408 300 
Ductile 

1 47 Iron 

P-94 1 8 1 1 00 P-64 1 32 1 50 
P-

24 . 5  300 
Ducti le 

1 48 I ron 

P-96 2 1  1 00 P-65 2 1  I SO 
p-

I 1 ,000 
Ductile 

TM Iron 

P-
408 1 00 P-62 1 49 1 50 

p-
I 1 ,000 

Ducti le 
1 00 T4 1 Iron 

P-92 1 85 1 00 P-59 429 1 50 
p-

I 1 ,000 
Ducti le 

T42 Iron 

P-89 ] 60 .5  1 00 P-60 309. 5 I SO 
p-

I 1 ,000 
Ducti le 

T40 Iron 

85 1 50 
p-

I 1 ,000 
Ducti le 

P-93 1 04 1 00 P-6 1 
T39 Iron 

P-9 1 1 60 . 5  ] 00 P-58 1 49 I SO 
p-

I 1 ,000 
Ductile 

T38 Iron 

P-90 1 85 1 00 P-63 23 1 50 
p-

I 1 ,000 
Ducti le 

T3 7 Iron 

P-S6 1 32 1 50 
p-

I 1 ,000 
Ducti le 

P-87 2 1  1 00 
T36 Iron 

P- P-S7 23 1 50 
p-

I 1 ,000 
Ductile 

1 0 1  
332 . S 1 00 

T35 Iron 
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P-88 1 32 1 00 P-54 1 3 2 1 50 
p-

I 1 ,000 
Ductil e  

T28 I ron 

P-36 1 3 2 1 00 P-3 5 220 1 50 
p-

I 1 ,000 
Ducti le 

T27 I ron 

P-86 1 3 2 1 00 P-52 98 . 5  1 50 
p-

I 1 ,000 
Ducti le 

T30 Iron 

P-3 8 1 32 1 00 P-53 23 1 50 
p-

I 1 ,000 
Ducti le 

T29 I ron 

P-42 2 1  1 00 P-34 1 26 1 50 
P-

1 ,000 
Ducti le 

T34 Iron 

P-3 7 2 1  1 00 P-70 25 1 . 5 1 50 
p-

I 1 ,000 
Ducti le 

T33 Iron 

P-4 1 1 32 1 00 P- I 0 23 1 50 
p-

I 1 ,000 
Ducti le 

T3 1 I ron 

P-39 1 4 1 . 5  1 00 P-8 2 1  1 50 
p-

I 1 ,000 
Ducti le 

T32 Iron 

P-43 1 3 2 1 00 P-6 23 1 50 
p-

I 1 ,000 
Ductil e  

T26 Iron 

P-75 1 6 1  1 00 P-9 1 3 2 1 50 
p-

I 1 ,000 
Ducti le 

T25 Iron 

P-74 247 1 00 P-3 270 1 50 
p-

I 1 ,000 
Ducti le 

T24 I ron 

P-73 250 1 00 P-2 1 53 1 50 
P-

1 ,000 
Ducti le 

T23 I ron 

P-72 1 65 . 5  1 00 P-7 1 3 2 1 50 
p-

I 1 ,000 
Ducti le 

T20 Iron 

P-40 1 43 . 5 1 00 P-29 1 26 1 50 
p-

I 1 ,000 
Ducti le 

T2 1 Iron 

P-45 1 80 .5  1 00 P-3 1 1 69 1 50 
p-

I 1 ,000 
Duct i le  

T 1 8  Iron 

P-49 284 1 00 P-3 2 1 77 1 50 
p-

I 1 ,000 
Ducti le 

T 1 2  Iron 

P-44 1 65 . 5  1 00 P-30 220 1 50 
p-

I 1 ,000 
Ducti le 

T 1 9  Iron 

P-48 4 1 1 1 00 P-26 1 5 7 . 5  1 50 P-T7 1 1 ,000 
Duct i le  

Iron 

P-46 1 65 . 5  1 00 P-28 1 3 2 1 50 
p-

I 1 ,000 
Duct i le  

T I 0 Iron 

P-50 1 28 . 5  1 00 P-27 1 88 .5  1 50 P-T8 1 1 ,000 Ducti le 
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I ron 

P-22 1 3 5 . 5  1 00 P- 1 4  429 1 50 
p-

I 1 ,000 
Ductile 

TKG I ron 

P-23 279 1 00 P- 1 2  1 3 8  5 1 50 P-T9 1 1 ,000 
Ductile 

I ron 

P-24 266 . 5  1 00 P- 1 3  256 5 I SO P-T5 1 1 ,000 
Ducti le 

I ron 

P-25 142 .S  1 00 P- 1 6  23 I SO 
p-

I 1 ,000 
Ducti le 

T I l Iron 

P-79 1 47 I SO P-7 1 1 78 . S  I SO 
p-

I 1 ,000 
Ducti le 

T 1 4  Iron 

P-84 1 47 I SO P-33 1 32 I SO 
p-

I 1 ,000 
Ducti le 

T 1 3  I ron 

P-85 1 99 I SO P- 1 5  1 49 I SO 
p-

I 1 ,000 
Ducti le 

T 1 6  Iron 

P-78 1 32 I SO P-20 23 I SO 
p-

I 1 ,000 
Ducti le 

T I S  Iron 

P-S 5 2 1  1 50 P- l l 1 49 1 50 P-T2 1 ,000 
Ducti le 

Iron 

P-80 1 99 I SO P-4 266 1 50 P-T3 1 1 ,000 
Ducti le 

Iron 

P-8 1 1 77 .S  1 50 P-5 267 1 50 P-T I 1 1 ,000 
Ducti le 

Iron 

Ducti le 

P-T4 1 1 ,000 P- 1 8  2 1  1 50 P-T6 1 1 ,000 I ron 
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A P P E N D I X B 

1 ST D I M ES ION A N D  E L E VAT I ON S  

A L  D HA H E R  A R EA 

Base I n itial 

Label Type Elevation Level 

T-25 S habia 

T-5 Shabia 

T-28 Shabia 

T-4 S habia 

T- 1 Shabia 

T-2 Shabia 

T-3 Shabia 

T-26 Sha bia 

T- 1 2  Sha bia 

T- 1 3  Shabia 

T- 1 1 Shabia 

T-7 Shabia 

T-6 Shabia 

T-8 Shabia 

T-1 0 Shabia 

T-9 Shabia 

T-27 Shabia 

T- 1 5  Shabia 

T- 1 4  Shabia 

T- 1 6  Shabia 

TF Farm 

T-1 8 Villa 

T- 1 7  Vil la 

T-20 Villa 

T- 1 9  Villa 

T-23 Villa 

T-24 Villa 

(m) (m) 

295 0 . 1  

297 0 . 1  

297 0. 1 

297 0 . 1  

297 0 . 1  

297 0 . 1  

297 0. 1 

298 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

300 0 . 1  

302 0 . 1  

304 0 . 1  

304 0 . 1  

304 0 . 1  

305 0 . 1  

307 0 . 1  

307 0 . 1  

307 0 . 1  

307 0 . 1  

333 0 . 1  

333 0 . 1  

Min  

Level 

(m) 

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

0 . 1  

Max 

Level 

(m) 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

1 0  

5 

5 

5 

5 

5 

5 
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Ta n k  Base Flow 

Dia (m) (mgd(l m p» 

4.2 0 . 0075 

4 .2 0 . 0075 

4.2 0 . 0075 

4.2 0 . 0075 

4.2 0.0075 

4.2 0 . 0075 

4.2 0.0075 

4.2 0.0075 

4 .2  0 . 0075 

4.2 0.0075 

4.2 0 . 0075 

4 .2 0 . 0075 

4 .2  0 . 0075 

4.2 0 . 0075 

4.2 0 . 0075 

4.2 0.0075 

4 . 2  0 . 0075 

4 . 2  0 . 0075 

4.2 0 . 0075 

4 .2  0.0075 

1 0 . 8  0 . 1  

5 0 .001 05 

5 0.001 05 

5 0 . 00 1 05 

5 0 . 00 1 05 

5 0 . 00 1 05 

5 0 . 00 1 05 

Total 

Volume 

(gal(lmp» 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4,933 

1 4 ,933 

1 4,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4,933 

1 4,933 

1 4,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 4 ,933 

1 99,496 

21 , 1 64 

21 , 1 64 

21 , 1 64 

21 , 1 64 

21 , 1 64 

21 , 1 64 



T-2 1  Vil la 333 0 . 1  0 . 1  5 5 0.00 1 05 21 . 1 64 

T-22 Vil la 333 0 . 1  0 . 1  5 5 0.00 1 05 21 , 1 64 

A L  Y A HA R  A R EA 

Labe Type Base Initia Minimu Maximu Tank Base Total 
I Elevat i I m Level m Level Diamet Flow Volume 

on (rn) Leve (m) (m) er (m) (mgd(I mp (gal( Imp 
I (m) )) )) 

T- I 0  Shabia 247. 1 0. 1 0. 1 5 . 1 5 . 9  0.0 1 5  30,069 

T-9 Shabia 247.2 0 . 1 0 . 1 5 . 1 5 .9  0.0 1 5  30,069 

T-8 Shabia 246. 5 0. 1 0 . 1 5 . 1 5 . 9  0.0 1 5  30,069 

T - 1 1 Shabia 245 .9  0. 1 0. 1 5 . 1 5 . 9  0.0 1 5 30,069 

T-20 Shabia 246. 5 0 . 1 0. 1 5 . 1 5 .9 0 .0 1 5  30,069 

T- 1 9  Shabia 247. 1 0 . 1 0 . 1 5 . 1 5 .9  0 .0 1 5  30,069 

T- 1 2  Shabia 245 .4  0. 1 0 . 1 5 . 1 5 . 9  0 .0 1 5 30,069 

T-3 Shabia 246.9  0 . 1 0 . 1 5 . 1 5 . 9  0 .0 1 5 30,069 

T-2 Shabia 248.6 0. 1 0 . 1 5 . 1 5 .9  0 .0 1 5 30,069 

T- 1 Shabia 248.6 0. 1 0 . 1 5 . 1 5 .9  0.0 1 5  30,069 

T-4 Shabia 247. 1 0. 1 0 . 1 5 . 1  5 . 9  0.0 1 5  30,069 

T-7 Shabia 246.9 0 . 1 0 . 1 5 . 1 5 .9 0.0 1 5 30,069 

T-6 Shabia 247 .2  0 . 1 0. 1 5 . 1 5 . 9  0.0 1 5  30,069 

T-5 Shabia 247 0 . 1 0 . 1 5 . 1 5 .9  0.0 1 5  30,069 

T-22 Vi l la  246 .7  0. 1 0. 1 5 . 1 6.4 0 .0 1 75 3 5,382 

T-2 1 Vi l la  246.4 0 . 1 0 . 1 5 . 1 6.4 0 .0 1 75 3 5,382 

T-25 Vi l la  246 0 . 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T-26 Vi l la 246 .3  0 . 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5, 382 

T-23 V i l la 246.4 0 . 1 0 . 1 5 . 1 6 .4 0.0 1 75 35 ,382 

T-24 Vi l la 248 0 . 1 0. 1 5 . 1 6 .4 0 .0 1 75 3 5, 382 

T- 1 5  Vil la 243 .7 0. 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5, 382 

T- 1 4  Vi l la  245 . 5  0 . 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T- 1 3  Vi l la  244 .8  0. 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5, 3 82 

T- 1 8  Vi l la  243 . 5  0 . 1 0 . 1 5 . 1 6.4 0.0 1 75 3 5, 382 

1 78 



T- 1 7  Vi l la 243 4 0. 1 0. 1 5 . 1 6 .4 0 0 1 75 35 ,382 

T- 1 6  Vi l la  243 . 4  0 . 1 0. 1 5 . 1 6 .4 0 .0 1 75 3 5,382 

T-4 1 Vi l la  244. 1 0. 1 0 . 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-42 Vi l la 244. 1 0 . 1 0 . 1 5 . 1  6 .4 0 0 1 75 3 5,382 

TAO i l ia  244 .8  0 . 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T-3 8 Vil la 244. 8  0. 1 0. 1 5 . 1 6 .4 0 .0 1 75 35,382 

T-39 Vi l la 244 . 8  0 . 1 0. 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-43 Vil la 243 . 7  0 . 1 0. 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-47 Vi l la 243 . 7  0 . 1 0. 1 5 . 1 6.4 0.0 1 75 3 5 ,382 

T-48 Vi l la 243 . 5  0. 1 0 . 1 5 . 1 6 .4  0.0 1 75 3 5,382 

T-46 Vi l la 243 . 5  0 . 1 0. 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-44 Vi l la  244. 1 0. 1 0. 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T-45 Vi l la 243 . 7  0 . 1 0 . 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-30 Vi l la  248 .2 0. 1 0 . 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T-3 1 Vi l la 245 . 8  0 . 1 0. 1 5 . 1 6 .4  0 .0 1 75 3 5,382 

T-29 Vi l la 248 .2  0 . 1 0. 1 5 . 1 6 .4  0.0 1 75 35,382 

T-27 Vi l la  249 0. 1 0 . 1 5 . 1 6.4 0 .0 1 75 3 5,382 

T-28 Vi l la 248 . 8  0 . 1 0. 1 5 . 1 6 .4 0 .0 1 75 35,382 

T-32 Vi l la  245 .8  0 . 1 0 . 1 5 . 1  6 .4 0 .0 1 75 3 5,382 

T-36 Vi l la  246. 3  0 . 1 0. 1 5 . 1  6 .4 0.0 1 75 3 5,382 

T-3 7 Vi l la  245 . 5  0 . 1 0 . 1 5 . 1 6 .4 0.0 1 75 3 5,382 

T-3 5 Vi l la  246 .4  0. 1 0 . 1 5 . 1  6 .4 0.0 1 75 3 5,382 

T-33 Vi l la  247.3 0 . 1 0 . 1 5 . 1 6 .4  0.0 1 75 3 5,382 

T-34 Vi l la 247. 5 0 . 1 0. 1 5 . 1 6 .4 0.0 1 75 3 5,382 

TI I ndustrial 243 0. 1 0. 1 1 0 . 1  3 . 4  0.02 1 9,97 1 

TB Building 243 0. 1 0. 1 1 0. 1  3 . 8  0.025 24,947 

TFS Tanker 247 0. 1 0 . 1 1 0. 1  4. 1 6  0 .03 29,898 
fi l l ing 
Station 

TF Farm 243 0. 1 0. 1 1 0. 1 7.6 0.05 99, 788 

SWE l H AN A REA 

1 79 



Labe 
I 

T-3 

T- l 

T-2 

T-6 

T-4 

T-7 

T-8 

T-9 

T- 1 0  

T- l l  

T- 1 3  

T- ] 6  

T- 1 2  

T- 1 4  

T- 1 5  

T- 1 9  

T-5 

T- ] 8  

T-20 

T-2 1 

T-23 

T-24 

T-25 

T-26 

T-27 

T-28 

T-29 

T-30 

T-3 1 

T-32 

Type 

Vi l la  

Vi l la  

Vi l la 

Vi l la  

Vi l la 

Vi l la 

Vi l la 

Vi l la 

Vi l la  

Vi l la 

Vi l la  

Vi l la 

Vi l la 

Vi l la 

Vi l la 

Vi l la 

Vi l la 

Vi l la  

Vi l la  

Vil la  

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Shabia 

Base 
Elevati 
on (m) 

255  

255  

255  

255 

255  

255  

255 

255 

255 

255 

255 

255 

255 

255  

255 

255 

255  

255  

255 

255 

255 

255 

255  

255  

255 

255 

255 

255 

255  

255  

l nitia 
I 

Leve 
I (m)  

o 1 

0. 1 

0. 1 

0 . 1 

0. 1 

0. 1 

0. 1 

0 . 1 

o. ] 
0. 1 

0. 1 

0. 1 

0 . 1 

0. 1 

0 . 1 

0. 1 

0 . 1 

0. 1 

0 . 1 

0 . 1 

0. 1 

0 . 1 

0. 1 

0. 1 

0. 1 

0 . 1 

0 . 1 

0 . 1 

0. 1 

0. 1 

Min imu 
m Level 

(m) 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0 . 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 

0 . 1 

0 . 1 

0. 1 

0 . 1 

0. 1 

0. 1 

0. 1 

0. 1 

0 . 1 

0. 1 

0 . 1 

0 . 1 

0 . 1 

Maximu 
m Level 

(m) 

5 . 1 

5 1 

5 . 1  

5 . 1 

5 . 1 

5 . 1 

5 .  ] 

5 . 1 

5 . 1  

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1 

5 . 1  
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Tank 
Diamet 
er (m) 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

5 . 9  

Base 
Flow 

(mgd( Irn 
p)) 

0 .007 

0 .007 

0.007 

0 .007 

0 .007 

0.007 

0.007 

0.007 

0 .007 

0.007 

0.007 

0.007 

0.007 

0.007 

0 .007 

0 .007 

0 .007 

0.007 

0 .007 

0 .007 

0.0 1 5  

0 .0 1 5  

0 .0 1 5  

0 .0 1 5  

0 .0 1 5  

0.0 1 5  

0 .0 1 5 

0.0 1 5 

0.0 1 5  

0 .0 1 5  

Total 
Volume 
(gal( Imp 

))  

2 1 ,595 

2 1 , 595 

2 1 , 595 

2 1 ,595 

2 1 , 595 

2 1 ,595 

2 1 ,595 

2 1 ,595 

2 ] , 595 

2 1 ,595 

2 1 , 595 

2 1 , 595 

2 1 , 595 

2 1 , 595 

2 1 ,595 

2 1 ,595 

2 1 , 595 

2 1 , 595 

2 1 ,595 

2 1 ,595 

30,069 

30,069 

30,069 

30,069 

30,069 

30,069 

30,069 

30,069 

30,069 

30,069 



T-3 3 Shabia 255  0. 1 0. 1 5 . 1 5 .9  0 .0 1 5  30,069 

T-34 Shabia 255  0. 1 0. 1 5 . 1 5 .9 0 .0 1 5  30,069 

T-35 habia 255 0. 1 0. 1 5 1 5 .9  0.0 1 5 30,069 

T-36 habia 255  0. 1 0. 1 5 . 1 5 .9  0.0 1 5 30,069 

T-3 7 habia 255  0. 1 0. 1 5 1 5 .9  0 .0 1 5  30,069 

T-38 Shabia 255  0. 1 o. I 5 . 1 5 .9  0.0 1 5  30,069 

T-39 Shabia 255  0. 1 0. 1 5 . 1 5 .9  0.0 1 5  30,069 

T-40 Shabia 255  0. 1 0. 1 5 . 1 5 .9  0.0 1 5 30,069 

T-4 1 Shabia 255  0. 1 0 . 1 5 . 1 5 .9  0 .0 1 5  30,069 

T-42 Shabia 255  0. 1 0. 1 5 . 1 5 .9  0.0 1 5  30,069 

TI  Industrial 255  0. 1 0. 1 1 0 . 1  4 .8  0 .02 39,805 

TFS Tanker 255  0. 1 0. 1 1 0 . 1  6.6 0.05 75,256 
F i l l ing 
Stat ion 
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A P P EN D I X C 

1 ST D I M E N S I ONS A FT E R  CA L mRATION 

A L  YA HA R A R EA 

Base Ta n k  I n itial 
Min imum M axim u m  Base Flow 

Total 
La bel Elevation Diameter Level 

Level (m) Level (m) (mgd (lmp» 
Volume 

(m) (m) (m) (gal( lmp» 

T-1 24 1 .6 5.9 2.5 0 . 1  5 . 36 0.0 1 5  31 ,603 

T-2 241 5.9 2 .4  0 . 1  5 . 36 0 .01 5 31 ,603 

T-3 239.9 5.9 2 0 . 1  5 .36 0 . 0 1 5 31 ,603 

T-4 240 . 1  5.9 2 .3  0 . 1  5 . 36 0.0 1 5  31 ,603 

T-5 240.2 5 . 9  2.5 0 . 1  5 .36 0 .01 5 31 ,603 

T-6 240 .2 5 .9  2 .5  0 . 1  5 . 36 0.0 1 5  31 ,603 

T-7 239.9 5.9 2.5 0 . 1  5 .36 0 . 0 1 5 31 ,603 

T-8 239.5 5.9 3 0 . 1  5 . 36 0 .0 1 5 3 1 ,603 

T-9 240.2 5 . 9  2 0 . 1  5 .36 0 . 0 1 5 31 ,603 

T- 1 0  240.2 5 .9  2 . 4  0 . 1  5 . 36 0 . 0 1 5 31 ,603 

T- 1 1  239.3 5.9 2.6 0 . 1  5 .36 0 . 0 1 5 31 ,603 

T- 1 2  238.4 5.9 2 .7  0 . 1  5 . 36 0.0 1 5 31 ,603 

T- 1 3  237.8 6.4 2 .5  0 .1  5 . 36 0.0 1 75 37 , 1 86 

T- 1 4  238.5 6.4 2.5 0 . 1  5 . 36 0.0 1 75 37, 1 86 

T-1 5 236.7 6.4 2 .5  0 .1  5 .36 0.0 1 75 37, 1 86 

T-1 6  236.5 6 . 4  2 .4  0 . 1  5 . 36 0 . 0 1 7 5  37, 1 86 

T-1 7 236.5 6 .4  2.7 0.1  5 . 36 0.0 1 75 37, 1 86 

T- 1 8  236.5 6 .4  2 .5  0 .1  5 . 36 0 . 0 1 75 37 , 1 86 

T- 1 9  240. 1 5 .9 2 .4 0. 1 5 .36 0 .0 1 5  31 ,603 

T-20 239.5 5.9 2.5 0 . 1  5 .36 0 .01 5 31 ,603 

T-21 239.4 6.4 2.8 0 . 1  5 .36 0 . 0 1 75 37, 1 86 

T-22 239.7 6 .4  2 . 5  0 . 1  5 .36 0 .01 75 37, 1 86 

T-23 239.7 6.4 2 .5  0 .1  5 . 36 0.0 1 75 37 , 1 86 

T-24 241 6 .4  2.5 0. 1 5 .36 0 .01 75 37, 1 86 

T-25 239 6 . 4  2 . 7  0 . 1  5 . 36 0.01 7 5  37, 1 86 

T-26 239.3 6 . 4  2 .56 0 . 1  5 .36 0.0 1 75 37, 1 86 

T-27 242 6.4 2.67 0 . 1  5 . 36 0. 0 1 75 37, 1 86 
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T-28 241 . 8  6.4 2.8 0 . 1  5 . 36 0.01 75 37, 1 86 

T-29 24 1 . 2 6.4 2 . 9  0. 1 5 .36 0.01 75 37, 1 86 

T-30 241 .2 6.4 3 0 . 1  5 .36 0.01 75 37, 1 86 

T-3 1 238.8 6.4 2 0 . 1  5 .36 0 . 0 1 75 37, 1 86 

T-32 238.8 6 .4  1 . 9 0 . 1  5 . 36 0 .01 75 37, 1 86 

T-33 240.3 6 .4  1 . 8 0 . 1  5 . 36 0 . 0 1 75 37, 1 86 

T-34 240. 5  6.4 2.4 0 . 1  5 . 36 0 .01 75 37 , 1 86 

T-35 239.4 6.4 2 .5  0 . 1  5 . 36 0.01 75 37, 1 86 

T-36 239. 3  6 .4  2 . 5  0 . 1  5 . 36 0 . 0 1 7 5  37 , 1 86 

T-37 238.5 6 . 4  2.45 0 . 1  5 . 36 0 . 0 1 75 37, 1 86 

T-38 237.8 6 . 4  2.35 0 . 1  5 . 36 0 .01 75 37, 1 86 

T-39 237.8 6.4 2 . 5  0 . 1  5 . 36 0 .01 75 37, 1 86 

T-40 237.8 6 .4  2 .5  0 . 1  5 .36 0 . 0 1 75 37 , 1 86 

T-4 1  237. 1  6 .4 2.6 0 . 1  5 .36 0 .0 1 75 37 , 1 86 

T-42 237 . 1  6.4 2 .7  0 . 1  5 .36 0 . 0 1 75 37, 1 86 

T-43 236. 7  6.4 2.8 0 . 1  5 . 36 0 . 0 1 75 37, 1 86 

T-44 237 . 1  6 . 4  2 . 4  0 . 1  5 .36 0. 0 1 7 5  37 , 1 86 

T-45 236 . 7  6 .4  3.4 0 . 1  5 . 36 0 .0 1 75 37 , 1 86 

T-46 236 . 5  6 . 4  2 .5  0 . 1  5 . 36 0 . 0 1 75 37 , 1 86 

T-47 236 . 7  6.4 2.5 0 . 1  5 .36 0 . 0 1 75 37 , 1 86 

T-48 236 . 5  6 . 4  2 . 7  0 . 1  5 . 36 0 . 0 1 75 37, 1 86 

TB 238 3.8 2.9 0 . 1  1 0 .61 0 . 025 26,207 

TF 237 .9 7.6 3 0 . 1  1 0 .6 0.05 1 04,828 

TFS 242 4 . 1 6  3 . 5  0 . 1  1 0 .61 0.03 3 1 ,408 

TI 238 . 5  3 . 4  3 .8  0 . 1  1 0.6 0 .02 20, 980 
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W E I HA A R EA 

Base Tank I n it ial 
M i nimum M aximum Base Flow 

Total 
La bel Elevation Diameter Level 

Level (m) Level (m) (mgd(lmp» 
Volume 

(m) (m) (m) (ga l(lmp» 

T- 1 250 5 . 1 5  2 . 5  0 . 1  5 . 1  0 .007 22,9 1 1 

T-2 250 5. 1 5  2 .45 0 . 1  5 . 1  0 . 007 22,91 1 

T-3 250 5. 1 5  2 . 4  0 . 1  5 . 1  0 . 007 22,9 1 1 

T-4 250 5. 1 5  2.55 0. 1 5 . 1  0 . 007 22,9 1 1 

T-5 250 5 . 1 5 3 0. 1 5 . 1  0 .007 22,91 1 

T-6 250 5 . 1 5  2 . 46 0 . 1  5 . 1  0 .007 22,91 1 

T-7 250 5 . 1 5  2.48 0. 1 5 . 1  0 . 007 22,9 1 1  

T-8 250 5. 1 5  2.8 0. 1 5 . 1  0.007 22,9 1 1 

T-9 250 5 . 1 5 2 . 4 1  0 . 1  5 . 1  0 . 007 22 ,91 1 

T- 1 0  250 5. 1 5  2 .5  0 . 1  5 . 1  0 .007 22,91 1 

T- 1 1  250 5 . 1 5  2.53 0 . 1  5 . 1  0 .007 22,9 1 1 

T- 1 2  250 5 . 1 5  2 .9  0 . 1  5 . 1  0 . 007 22,91 1 

T- 1 3  250 5 . 1 5  2 . 46 0 . 1  5 . 1  0 .007 22,9 1 1 

T- 1 4  250 5. 1 5  2 .49 0. 1 5 . 1  0 . 007 22,91 1 

T- 1 5  250 5 . 1 5  2 .56 0 . 1  5 . 1  0 . 007 22,9 1 1  

T- 1 6  250 5 . 1 5  2 . 5 1  0 . 1  5 . 1  0 .007 22,91 1 

T- 1 8  250 5. 1 5  2 .5  0 . 1  5 . 1  0.007 22,9 1 1  

T- 1 9  250 5 . 1 5 2 .5  0. 1 5 . 1  0 .007 22,9 1 1 

T-20 250 5 . 1 5  3 0. 1 5 . 1  0.007 22,9 1 1 

T-2 1 250 5 . 1 5  2.45 0. 1 5 . 1  0 . 007 22,9 1 1 

T-23 250 6.08 2 . 52 0 . 1  5 . 1  0 .01 5 31 ,901 

T-24 250 6 . 08 2.53 0. 1 5 . 1  0 .01 5 31 ,901 

T-25 250 6 . 08 2 . 55 0. 1 5 . 1  0 .01 5 31 ,901 

T-26 250 6.08 2 . 54 0 . 1  5 . 1  0 .01 5 31 ,901 

T-27 250 6 . 08 2.47 0.1  5 . 1  0 .01 5 31 ,901 

T-28 250 6 .08 3.2 0 . 1  5 . 1  0 . 0 1 5 31 ,901 

T-29 250 6 . 08 2 . 58 0 . 1  5 . 1  0 .01 5 31 ,901 

T-30 250 6 .08 2.49 0. 1 5 . 1  0 .01 5 31 ,901 

T-31 250 6 . 08 2 . 46 0. 1 5 . 1  0 .01 5 31 ,901 

T-32 250 6 . 08 2.47 0 . 1  5 . 1  0 .01 5 31 ,901 

T-33 250 6 . 08 2.39 0 . 1  5 . 1  0 . 0 1 5 31 ,901 

T-34 250 6.08 3 . 2  0 . 1  5 . 1  0 .01 5 31 ,901 

T-35 250 6 . 08 2 . 57 0 . 1  5 . 1  0 .01 5 31 ,901 

T-36 250 6 . 08 2.5  0 . 1  5 . 1  0 .01 5 31 ,901 

T-37 250 6 . 08 2.5  0 . 1  5 . 1  0 . 0 1 5 31 ,901 

T-38 250 6 . 08 2.5  0 .1  5 . 1  0 .0 1 5  31 ,90 1 

T-39 250 6 . 08 2 .46 0 . 1  5. 1 0 .01 5 3 1 ,901 
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T-40 250 6.08 3 . 5  0. 1 5 . 1  0 .01 5 31 ,90 1 

T-4 1 250 6 . 08 2 .5  0. 1 5 . 1  0 .01 5 31 ,90 1 

T-42 250 6 .08 4 0 . 1  5 . 1  0 . 0 1 5 3 1 ,901 

TFS 250 6 . 8  2 . 5  0 . 1  1 0 . 1  0 . 05 79,839 

TI 250 4 .94 3 .4 0 . 1  1 0 . 1  0 . 02 42,229 

A L  D H A H E R  A R EA 

Base Tan k  I n itial 
Min imum M aximum Base Flow 

Total 
Label Elevation Diameter Level 

Level (m) Level (m) (mgd(lmp)) 
Volume 

(m) (m) (m) (gal( lmp)) 

T- 1 297 4 . 54 3 . 2 0 . 1  5 0. 0075 1 7,4 1 8  

T- 1 0  300 4 . 54 2.6 0. 1 5 0 . 0075 1 7 ,41 8 

T- 1 1  300 4 . 54 2 0 . 1  5 0 . 0075 1 7 ,4 1 8  

T- 1 2  300 4 . 54 2.6 0 . 1  5 0 . 0075 1 7 ,4 1 8  

T- 1 3  300 4 . 54 2 . 1  0 . 1  5 0.0075 1 7,4 1 8  

T- 1 4  304 4 . 54 3 . 1  0 . 1  5 0 . 0075 1 7 ,4 1 8  

T- 1 5  304 4 . 54 2 . 55 0 . 1  5 0 . 0075 1 7 ,41 8 

T- 1 6  304 4 . 54 2.55 0 . 1  5 0 . 0075 1 7 ,4 1 8  

T- 1 7  307 5.4 2 .4  0 . 1  5 0 .001 05 24,685 

T- 1 8  307 5.4 2.6 0 . 1  5 0.00 1 05 24,685 

T- 1 9  307 5.4 2.25 0 . 1  5 0 . 00 1 05 24,685 

T-2 297 4 .54 3 . 1  0 . 1  5 0.0075 1 7 ,41 8 

T-20 307 5.4 2.35 0 . 1  5 0.00 1 05 24,685 

T-2 1 333 5.4 2.95 0 . 1  5 0 .001 05 24,685 

T-22 333 5.4 3. 1 0 . 1  5 0.00 1 05 24,685 

T-23 333 5 . 4  2 . 1  0 . 1  5 0.00 1 05 24,685 

T-24 333 5.4 1 .9 0 . 1  5 0 . 00 1 05 24,685 

T-25 295 4 .54 2 0 . 1  5 0.0075 1 7 ,41 8 

T-26 298 4 . 54 2.4 0 . 1  5 0.0075 1 7 ,4 1 8  

T-27 302 4 . 54 3.2 0 . 1  5 0.0075 1 7 ,41 8 

T-28 297 4 . 54 1 . 9 0 . 1  5 0 .0075 1 7 ,41 8 

T-3 297 4 . 54 2.9 0 . 1  5 0 . 0075 1 7 , 4 1 8  

T-4 297 4 . 54 3 0 . 1  5 0. 0075 1 7 ,41 8 

T-5 297 4 . 54 2 . 1  0 . 1  5 0 .0075 1 7 ,41 8 

T-6 300 4 . 54 2 . 85 0. 1 5 0.0075 1 7 ,41 8 

T-7 300 4 . 54 2 . 87 0 . 1  5 0. 0075 1 7 ,4 1 8  

T-8 300 4 .54 2.9 0 . 1  5 0.0075 1 7 ,4 1 8  

T-9 300 4 . 54 2 .45 0 . 1  5 0.0075 1 7 ,41 8 

TF 305 1 1 .66 3 . 5  0 . 1  1 0  0 . 1  232,692 
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A P P E N D IX D 

1 ST HOUSE CONN E CT I ON CA LCU LAT I ON 

Pressure 
Pipe 

I nventor 

) 
1 . 50 ill 200 m 4 .00 in 20 m 

Total 220 m 
Length 

Pressure JUDction @ 0.00 hr 
CalcuIa 

Demand 
ted 

Pressure Pressure (Calcula 
H drau 

Label 
lic 

(m Head ted) 

Grade 
H2O) ( m) (gal( lm p  

(m) 
)/d) 

J - 1  5 4.99 5 0 

J-2 5 4 .99 5 0 

J-3 5 .. L 99 5 0 

J-t 5 4 99 5 0 

J-5 5 4 .99 5 0 

J-6 5 4 .99 5 0 

J-7 5 4 .99 5 0 

J-8 5 4.99 5 0 

J-9 5 4 .99 5 0 

J- 1 0  5 4.99 5 0 
J- 1 1  5 4.99 5 0 

Pressure Pipes @ 0.00 hr  
Upstrea 

Downstr Pressu Headl 
Dischar 

m CalcuIat CalcuIat 
Structur 

earn 
ed ed 

re oss 

Label 
Control ge Velocity Structure 

Friction Minor 
Pipe Gradi 

Status (gal(Irop (rn/s) 
e 

Hydrauli Headl ent 
Hydrauli Headlos Headlos 

)/d) c Grade oss (m/km c Grade 
( m) 

s (m) s (m) 
(m) ) 

(m) 
POo l  Open 87,666 4.05 1 0  5 5 0 5 500 

P-2 Open 87,666 4.05 5 0 5 0 5 500 

P-3 Open 87,666 4.05 1 0  5 5 0 5 500 

P-4 Open 87,666 4.05 5 0 5 0 5 500 

P-5 Open 87,666 4.05 10 5 5 0 5 500 
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P-<> Open 87,666 4.05 5 0 5 0 5 500 
P-7 Open 87,666 4.05 10 5 5 0 5 500 

P-8 Open 87,666 4.05 5 0 5 0 5 500 

P-9 Open 87,666 4 05 1 0  5 5 0 5 500 

P- I O  Open 87,666 .. t05 5 0 5 0 5 500 

P- l l  Open 87 .. 666 4 .05 10  5 0 5 500 

P- 1 2  Open 87 .. 666 4.05 5 0 5 0 5 500 

P- 1 3  Open 87,666 4- 05 1 0  5 5 0 5 500 

P- 1 4  Open 87,666 4 05 0 5 0 5 500 

P- 1 5  Open 87,666 .. t05 1 0  5 5 0 5 500 

P- 1 6  Open 87,666 4.05 5 0 5 0 5 500 

P- 1 7  Open 87,666 4.05 1 0  5 5 0 5 500 

P- 1 8  Open 87,666 4.05 5 0 5 0 5 500 

P- 1 9  Open 87,666 4 .. 05 1 0  5 5 0 5 500 

P-20 Open 87,666 4.05 5 0 5 0 5 500 

P-2 1 Open 
U 56,60 

7 . 5 1  1 0  5 5 0 5 500 0 

P-22 Open 
1 , 1 56,60 

7 . 5 1 5 0 5 0 5 500 
0 

Reservoir @ 0.00 hr 
Caleula 

ted 
Inflow OutilO\\ 

Label 
Hydrau 

(gal(lmp (gal(lrop 
lie 

Grade 
)/d) )/d) 

(m) 
Souree 

supplyin 
g 10  

house 
connectI 1 0  

876.658 
876 .. 658 

ons 
eaeh has 
a SIZe of 

1 ineh 
Source 

supplyin 
g one 
house 

10  1 , 1 56,60 
1 , 1 56,60 

connecti 0 
on its 

0 

size is 4 

meh 

Tanks @ 0.00 h r  
Calcu1a 

Caleulat Calculat 
ted Calculat Pressure I nflow Outflow Curre 

Label Hydrau ed Level (m 
ed ed 

(gal( lmp (gal ( Im p nt 
Percent Volume 

lie (m) H2O) 
Full (%) (m3) )/d) )/d) Status 

Grade 
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torage 
tank I 

' torage 
tank 2 

(m) 

o 

o 

o o o 

o o o 

o 

o 

876.658 

1 . 1 56.60 

o 

876.658 
Fil ling 

1 . 1 56.60 FI l ling 
o 
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