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A 
 

 

BSTRACT  

 

 In the supplementation of drinking water to civilians’ communities, the 

most important think, is that the system should be capable to supply sufficient 

quantity of water with good quality. 

 In this research, the process of treated water services in Hilla city has been 

studied concerning the existed distribution network, optimal strategies for future 

extension up to year (0202), optimal rehabilitation, operational reliability, and 

water quality evaluation. 

 Concerning the water quantity, enough water could be treated and 

supplied reaching to (11.90 %) of actual demand. In evaluating the performance 

of pipe network low standard operation and pipe constituent has been realized, a 

case which need careful rehabilitation in the aim of minimizing the required 

cost. (62.03 %) of cost has been achieved for rehabilitation compared with the 

cost of new optimum design. 

 In evaluating the water quality two aspects have been considered, first the 

quality of treated water in the treatment plant. The analysis was conducted for   

(turbidity, pH, electrical conductivity, calcium, magnesium, chloride, alkalinity, 

total hardness, T.D.S, and T.S.S). The second aspect is concerning the study of 

reliability for turbidity and hardness. Reliability of Hilla Al- Kadeem water 

treatment plant was found to be (51.12 %) for potable water turbidity, (...3 %) 

for raw water turbidity, (29.2.0 %) for potable water hardness, and (.5.. %) for 

raw water hardness. 

 In this research, five computer programs have been used, for analyzing 

pipe network, optimum design, optimum rehabilitation, reliability analysis, and  

)STATISTICA( program for statistical analysis of the data. 
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 )ع( ٔأئًت انٓذٖ )ص( إنٗ خاحى الأَبٛاء
  

 يٓذ نٙ طشٚقٙإنٗ انحُاٌ انز٘ 

 إنٗ انُٕس انز٘ رابج شًؼخّ نٛضٙء كخابٙ
  ٔانذ٘ ٔ ٔانذحٙ

 رخش٘ فٙ انحٛاة ٔإنٗ
 اخٕحٙ ٔأخٕاحٙ 

 

…ْزا  انًخٕاضغ جٓذ٘ ثًشة اْذ٘  

 

 

 انخلاصـت 
حؼخبررش َٕػٛررت ٔكًٛررت انًٛرراِ انًجٓررضة نهخجًؼرراث انًذَٛررت يررٍ انًٕاضررٛغ انًًٓررت نؼلا خًٓررا بان ررحت  

 انؼايت نهًٕاطٍُٛ . 

 ػذةفٙ انبحث انحانٙ ، حى دساست ٔا غ حال خذياث حجٓٛض انًاء ان افٙ نًذُٚت انحهت ٔرنك ػبش  

( ٔححذٚذ 0202هباث الأيثهٛت نهشبكت حخٗ ػاو )ٔيخط انًٕجٕدة يحأس ، ْٙ ، حقٛٛى كفاءة شبكت انخٕصٚغ

 انخأْٛم الأيثم نهشبكت ٔاػخًادٚت انخشغٛم ٔانخحهٛم انُٕػٙ نهًاء . 

( % 11.6فٙ يا ٚخؼهق بكًٛاث حجٓٛض انًٛاِ ، فقذ حى انخأكذ يٍ كفاٚت انخجٓٛض بُسبت ح م إنرٗ    ) 

ى انخأكرذ يرٍ ػرذو كفاٚرت انًخطهبراث انخشرغٛهٛت ٔ ٔفٙ يجال حقٛٛى أداء شبكت انخٕصٚغ فقذ ح .يٍ انطهب انفؼهٙ 

( % 62.03انخقُٛت نهشبكت ، الأيش انز٘ ٚخطهب إنٗ حأْٛم انًُظٕيت بًا ٚهبٙ حانت حخفرٛ  انكهفرت بًقرذاس )

 يقاسَت بكهفت ح ًٛى ٔحُفٛز أيثم نشبكت جذٚذة . 

ًؼانجرت فرٙ انًشرشٔع ، ٔفٙ انجاَرب انُرٕػٙ نهًٛراِ ، حرى دساسرت جراَبٍٛ ، الأٔل ة َٕػٛرت انًٛراِ ان 

حٛرث حررى انخشكٛررض ػهرٗ أْررى انؼُاصررش فررٙ ْرزا انجاَررب ٔيُٓررا ) انؼكرٕسة ، انررش ى انٓٛررذسٔجُٛٙ ، انخٕصررٛم 

انكٓشبائٙ ، انكانسٕٛو ، انًغُٛسٕٛو ، انكهٕساٚذ ، انقاػذٚت ، انؼسرشة ، انًرٕاد انزائبرت انكهٛرت ٔانًرٕاد انؼانقرت 

ٔ ذ ٔجذ براٌ اػخًادٚرت  ست ضٕابظ الاػخًادٚت نهؼكٕسة  ٔ انؼسشة .انكهٛت ( ، ٔانجاَب انثاَٙ ٚخؼهق فٙ دسا

   نهًاء ان انح نهشرش  ٔيسرأٚت ل)  51.12)ػكٕسة انًاء نًحطت يؼانجت ياء انحهت انقذٚى يسأٚت ل)%

( 29.2.05نهًاء انغٛش صانح نهشش  ٔكزنك اٌ اػخًادٚت ػسشة انًاء نخهك انًحطت يسرأٚت ل)% 3...)

 نهًاء انغٛش صانح نهشش  .( 5..5.هشش  ٔيسأٚت ل)ان انح ننهًاء 

نقذ حى اسرخخذاو خًسرت برشايل نهحاسرٕ  نخحهٛرم انشربكت ٔإجرشاء انخ رًٛى الأيثرم ٔانخأْٛرم الأيثرم  

( نخحهٛم انبٛاَاث انخاصرت  STATISTICAٔححهٛم الاػخًادٚت إضافت إنٗ انبشَايل الإح ائٙ انجاْض ) 

 بانًٕضٕع . 
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Chapter One 

Introduction 

 

 

 

 Water is an essential item for any living, without it, it is not possible to 

survive, it is a free gift of God to the human race. Much of that earliest activity 

is subject to speculation. Through out recorded history all ancient civilizations 

were developed along the riverbanks. 

 A water supply and distribution system are made up of a raw water 

supply, treatment facilities, pumping stations, storage facilities, and an 

integrated pipe network. 

 The analysis of such a system is a complex process due to the large 

number of pipes connecting various supply and demand points. The laws of 

conservation of mass and energy govern the distribution of flow in a pipe 

network under steady state conditions. 

 Several methods have been proposed for the solution of the water 

distribution system problems. The earliest analytical method dealing with the 

problem was proposed by Hardy-Cross (1336) [41]. The advent of simple 

microcomputers has left no excuse for engineers to avoid computer solution to 

the problem. 

 After computers became available, there are several methods became 

easier to be used with a high accuracy for analysis of a water distribution 

system, such as the linear theory method, Newton-Raphson method, Finite-

element method, etc. 

   1.1: General 
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 Both analog and digital computers were used in analyzing distribution 

networks by the above methods. The first deals with continuous physical 

variables while the second is concerned only with numerical values. The analog 

computer acts as a physical model of the system to be studied and produces 

results, which are limited in accuracy only by the physical elements of the 

model. The digital computer is theoretically limited in accuracy only by the 

reliability of original input data. 

 The cost of pipe network and its fittings form more than (55 %) from the 

total cost of project [3], so pipe network is important in the stage of design and 

consideration of cost. In the scope of design the study has dealing to find the 

optimum design for pipe network to satisfy the best balance between the 

performance of pipe network and its cost. 

The subject of performance deficit of pipe networks is very important, 

and this deficit result is due to the end of design age of pipe network, a case 

which causes cracks and leakage through pipes once the pressure is increased to 

supply the amount of water that satisfy the demand. 

In general, reliability is defined as the probability that the system 

performs within specified limits for a given period of time. Traditionally, water 

distribution systems have been designed to be completely reliable. However, 

increasingly scarcity of public for construction and maintenance and the 

advanced age of many systems are causing the reliability of water distribution 

systems to become an important issue to water system designers and operators. 

Beyond a general agreement that systems should be “reliable” analysts do not 

concur on how reliability is defined measured or assessed for existing systems.  

Conventionally, systems must conform to a limited set of reliability 

guidelines. For example, most systems are designed so that each demand point is 

supplied from two directions. 

 Contingency analysis may also be performed for a few cases, e.g., to 

ensure that the system will still perform adequately when one pump has failed. 
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However, reliability depends on the probabilistic occurrence of pipe and pump 

or any element failures, whereas these fixed guidelines treat reliability 

deterministically.  

 

 

 

 

 

 

 

 

The main objectives of this research can be summarized as follows:  

 

1. Evaluating the existing water supply system of Hilla city and concerning 

both capability of supplying the present and future demand, and the water 

quality.  

2. Obtaining the optimal decision about the solutions required, between, 

designing a new system, or, rehabilitation and development of the existing 

network. 

 

        

   1.2: Objectives of the research 
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Chapter Two 

Review of Literature 

 

 

 

 

 

Water distribution network involves  the interaction of many processes. 

Two of these are the analysis of pipes network and the possibility of water 

pollution. 

 Many researches concerned with the methods of analysis, methods of 

design of pipes network, pipes material, location of tanks, reliability analysis, 

and quality of water. Classification of researches according to their scopes is 

presented in this Chapter. 

 

 

 

 

There are many methods for the analysis of pipe networks, among these 

methods are:  

 

 

 

 

This method was considered as the oldest and the most practical method 

for systematic solution of distribution network [34]. This method is well suited 

for application in design offices and can be easily adapted for computer 

computation. Hoag and Weinberg, Graves and Branscome, Adams and 

   1.4 : Introduction 

   1.1: Methods of analysis of pipe network 

   1.1.4: Hardy Cross method 
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Dillingham describe the computer programs written to perform the Hardy Cross 

analysis.  

 

   

 

  Hoag and Weinberg (7551) [41] had explained that section method is 

not a true analytical technique but it is a very valuable tool since it is capable to 

give a rapid approximate evaluation of the network systems. Following the 

determination of demands on a system, arbitrary drawn sections divide the 

network and the assumption is made that the hydraulic gradient is the same for 

all pipes crossing the section. With the properties of the pipes and the total flow 

across the section known, it is easy to calculate the actual hydraulic gradient at 

the section chosen. It is not, however, satisfactory for evaluating hydraulic 

conditions in a system with multiple constants –head input such as what is found 

in the reservoirs. 

 

 

 

 

 

  In (7567) Tong [44] introduced the equivalent pipe length method, in 

this method all pipes diameters replaced by an equivalent diameter (122 mm) 

and coefficient of Hazen-Williams (C = 422), and then takes the algebraic 

summation of equivalent pipes lengths in each loop and equalized to zero. After 

balancing the network, all pipes diameter (equivalent) return to its real 

diameters.  

  Raman and Raman (7566) [32] showed mathematically that the 

summation of equivalent length divided by discharge in each pipe must be 

equalized zero, not the summation of equivalent length of pipes. 

    1.1.1: Section method 

    1.1.2: Equivalent pipe length method 
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          Shamir and Howard (7561) [34] studied Newton-Raphson method. 

Newton-Raphson method solve equations by iterations and iterates on the set of 

equations simultaneously.  

 

 

   

  Collins and Johnson (7515) [1] provided a method to analyze pipe 

network by the finite-element method, the two authors showed that the method 

has many advantages, most of these advantages hold true in a comparison with 

any loop method. The major advantage is the speed of convergence and the 

apparent lack of convergence problems of the proposed method over the Hardy 

Cross balancing flows method (Nodal method). Other important advantages are 

the ability to include in the analysis all types of hydraulic elements, the choice 

of flow-head loss relationships and the lack of artificial loops. Inspite of its 

advantages, this method can be considered more complex for programing and 

need large computer memory than Hardy Cross method; for example, if the 

network contains (422) nodes, the matrix consists of (422) columns and (422) 

rows. 

 

 

 

 

  In (7551) Jeppson [14] developed a new method, which depends on 

matrix form, the governing equation is: 

             P = J + L + F - 7.                                                                      …… (7-7) 

    1.1.3: Newton-Raphson method 

   1.1.4: Finite-Element method 

   1.1.5 : Matrix form method 
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  Where: 

P: number of pipes in the system, which means there are (P) unknowns (Q- 

values). 

J: number of junctions or nodes.  

L: number of primary loops. 

F: number of fixed grade nodes (that is, nodes that have known hydraulic grade 

line such as reservoirs and pumps) (heads). 

           The matrix formed by writing the continuity equation at each node and 

energy equation for each loop. These equations are nonlinear because of the 

nonlinear relationship between head losses and discharges, so, the equations 

must be linearized to be suitable for matrix solution. Various techniques exist to 

do this, but all required some types of iteration solution procedure. So, each 

head loss term is written as a relationship with discharge (Q) and the properties 

of pipe (K) are as follows [14]: 

                     Ki Q
n

i= (Ki Q 
n-7 

i) Qi       , {i = 7, 2, 3, …..}                    ……. (7-

2) 

  To solve the system, a guess has to be done for the initial value of (Q) in 

each pipe so that the coefficient matrix (K Q 
n-4 

i) can be determined. Next, the 

matrix is a set of equations solved for new (Q) in each pipe, which are compared 

with previous (Q). If they are the same (to an acceptable level of accuracy) then 

the solution is terminated. If they are differ, then the calculated (Q) values are 

set as guess values and the process is repeated until the system converges. 

 

 

 

  Jacoby in (7561) [12] suggested a method of nonlinear programing for 

the optimal design of pipe network. This method find the optimum theoretical 

pipe diameters and then these diameters are approximated to the  nearest 

commercial diameters, which were available. 

   1.2 : Design methods of pipe networks 
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  AL - Ani in (7515)  [1] suggested a method for optimum design, which 

was explained and used in the present study. The author mentioned that this 

method leads to a cost less obtained by the cost that the other methods with (4 

%-7665 %). Also, he noticed that no optimum flow velocity can be acheived 

and the velocity of flow in pipes vary between (.6.7-26.) (m/s).  

  Nakashima and Wenzel in (7516) [25] developed an optimization 

model for designing an economical regional water supply system that consists of 

water production and water transmission facilities. Water demands are assumed 

to increase during the planning horizon and to be satisfied from several 

potentials supply sources. The method consists of two mathematical models. 

The phase I model selects a system layout, along with capacities in a 

transmission and source system subject to constrains on water availability at 

potential source and on increasing water demands. With a given solution from 

the phase I model as input, the phase II model determined facility components in 

the transmission system, i.e., pumping locations, capacities, and pipeline 

diameters. 

  Mathews in (7555) [12] introduced a numerical optimization procedure 

for complex pipe and duct network design, and shows that the design of 

optimum pipe and duct networks with available procedures is difficult, if not 

impossible. The design is formulated as a constrained nonlinear optimization 

problem. The problem is solved by using a unique numerical optimization 

algorithm. The solution entails the calculation of the cross sectional dimensions 

of the duct pipes so that the life cycle cost of the network is minimized. It was 

shown that the optimized solution would cost (433) less than the conventioneer 

design techniques.   

  In (7555) Amnuewattanakul [4] mentioned that the Hardy Cross 

method is one of the methods that used in designing the horizontal piping 

system which uses the mass and energy conservation of the fluid in the system. 

The author prepared a program for designing piping system. This program 
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requires a sort of plant and an area to fix a desire-piping diagram. After that, the 

user must provide the basic data such as flow rates or the quantity of water 

needed in each section as the independent variables such as piping materials, 

diameter, length and fittings to the program. 

 

 

 

 

  There are many researches that concerning materials of pipes. Stafford in 

(7552) [31] explained that the most commonly used pipes materials are 

PolyVinyl Chloride, known as PVC and High-Density Polythene, known as 

HDPE. Under special circumstances, especially when the pipeline has to 

withstand high pressures, Galvanized Iron (GI) pipes are used. Materials of PVC 

pipes degrades when exposed to sunlight, losing part of its strength and 

becoming brittle, care should, therefore, be taken to cover PVC pipes when they 

are stocked in the open. He, also, concluded that the Asbestos – cement pipes for 

human water supply should be avoided. 

 

 

 

 

  Deb and Sharker in (7517) [42] found that the cost of a water 

distribution system depend on the position of the elevated service tanks. The 

cost is the maximum when it is located at one corner and is the minimum when 

it is placed at the center of the network. In the problem considered in his study, 

the total cost of the system is found to be (4.22) times more when the reservoir 

position is at one corner of the network than when it is at the center.  

1.3: Researches on pipes materials and behavior of            
buried pipes 

   1.4 : Location of tanks 
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  While Steel [44] suggested the locations of tanks at distribution systems.  

He stated that location of tanks at the opposite side of pumping station would 

reduce cost. During a high consumption a certain region will be feeded from the 

two sides and the head losses in the main pipes will reduce approximately to the 

quarter. When the tanks lie near pumping station they cause a weak hydraulic 

grade line and low pressure at the remote regions. 

 

 

 

  Su et. al. in (7511) [42] evaluated reliability using “minimum cut set”. A 

minimum cut set is a set of system components which, when failed, causes failur 

of the system. They present the basic framework for a model that can be used to 

determine the optimal (least-cost) design of a water distribution system subject 

to continuity, conservation of energy, nodal head bounds, and reliability 

constraints. The overall model includes three models that are linked: a steady-

state simulation model, a reliability model, and an optimization model. The 

simulation model is used to implicity solves the continuity and energy 

constraints and is used in the reliability model to define minimum cut sets. The 

reliability model, which is based on a minimum cut set method, determines the 

values of the system and nodal reliability. The optimization model is based on a 

generalized reduced-gradient method. 

Fujiwara in (7553) [42] analyzed the reliability of water supply systems 

consisting of water source, water treatment plant, storage, pumping station, and 

a lumped demand node in series. The random fluctuation of the water quality of 

the source water, the limited water-processing rate of the treatment plant, 

random pump failure and repair and random demand variation are considered 

for the assessment of the system reliability. Expected demand shortage is 

employed as a measurement of system reliability. The decision to be made is the 

optimal water-processing rate at the treatment plant at each period so that the 

   1.5: Reliability analysis 
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total expected shortage over a finite time horizon is minimized. Dynamic 

programming is employed to formulate the model. 

  Gupta in (7554) [44] showed that the traditional network analysis 

(Hardy Cross, Newton-Raphson) presumes that the nodal demands are always 

satisfied in a water-distribution system and determines the available heads- 

however, when a pump fails or pipe breaks, the water-distribution system may 

be unable to supply all nodal demands at required heads. Thus, the traditional 

network analysis does not correctly describe the partially failed water-

distribution system. In reliability analysis of water-distribution system, however, 

the nodal flows that would be available under deficient conditions should be 

evaluated and used. Therefore, an approach termed node flow analysis that 

determines the available nodal flows under deficient conditions by considering 

the nodal demands and heads, simultaneously, is presented for determining 

water-distribution system reliability. The reliability is based on a node-reliability 

factor, volume-reliability factor, and network-reliability factor. Even though 

water-distribution system reliability depends on several parameters, only the 

pipe break and pump failure conditions are considered. However, several 

loading patterns, including fire flow requirements, can be considered as 

illustrated by a hypothetical example. 

  Kim (7554) [11] introduced a new methodology that can select the pipes 

to be rehabilitated and / or replaced in an existing water-distribution system. 

Also, determined the increase in pumping capacities so that the water demand 

and pressure requirement at all demand nodes are satisfied while the total 

rehabilitation and energy cost is minimized. Four cost functions are considered: 

pipe replacement cost, pipe rehabilitation cost, pipe repair cost and pumping 

cost. The methodology considers the trade-off among decisions regarding each 

pipe: replace pipes, reline pipes, or leave as it is.  

  In (7551) Al-Shaibani [3] from his research work on reliability of 

networks, reported two aspects, first, is to determine the degree of reliability of 
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networks under different states, which in this work considered the daily pattern 

flow, the demand excess, and the break pipes. Then determined the reliability 

factors. Second aspect, is to improve the network by using different alternatives 

based on modification the head at nodal demands by various methods such as 

increasing diameters, friction coefficient CHW, booster pumps, increase fixed 

head nodes, or any method of improvement to the head at nodal demands with 

small different in cost considering the original network is conserved. Then select 

the best alternate with least cost.   

 

 

 

  Myers (7555) [24] mentioned that the copper tubing in potable water 

systems is highly resistant to corrosion. However, pitting attack will occur in 

tubing carrying cold water with an aggressive chemistry (typically, pH of 7.2 to 

7.7 and dissolved carbon dioxide of at least 14 mg / ℓ). The most cost – 

effective method for preventing this pitting is altering the water chemistry by 

raising the pH and reducing carbon dioxide content.  

  The relative efficiencies of slow sand filtration and rapid gravity filtration 

system were discussed by Lambert (7555) [12]. Relative efficiencies were 

about the removal of pesticides, organic colour and nutrients, as well as their 

abilities to deal with pollution incidents and their relative costs. In general, slow 

sand filtration systems were found to be poorer than coagulant-assisted rapid 

gravity filtration systems for the removal of organic colour, but more efficient 

for the removal of several commonly occurring pesticides. Slow sand filtration 

was also process for the production of biologically stable finished waters and, 

for small to medium-sized plants, appeared to incur no greater capital costs than 

comparable rapid sand filtration plants. 

  Mechi in (2..7) [24] studied the evaluation of water quality in Najaf city 

in two sides, first related with the study of supplied water quality in the net for 

   1.7: Water quality analysis 
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the parameters (turbidity, pH, electrical conductivity, calcium, magnesium, 

chloride, total hardness, alkalinity, T.D.S, and T.S.S)  by taking samples from 

the terminal places of the net and testing them, in Najaf city water services 

center lab, the results were compared with standard specification and conditions. 

Second, is the studding of the data information for the period from January to 

December (1224) about the results of raw water test and drinking water test in 

the treatment plant for the same group of that maintained properties and 

sketching the relations. Also, he studied the quantity of water, which arrived to 

inhibition places. From the test results has been found that the quantity of water 

is in the required level, although there is some needes in some places in the city. 

  Holton Purification Plant (2..2) report [42], has given a study about 

reasons which make water sometimes ” Cloudy “ looking in the winter. Plant’s 

experience has shown that the cloudiness is simply the result of excess air in the 

water. Under certain conditions, water is capable of becoming supersaturated 

with dissolved air. This is a common occurrence during the winter months of the 

year and is due to the ability of cold water to retain large quantities of dissolved 

air, which is kept in solution mainly by temperature and pressure. As the water 

temperature is increased and the pressure released (as in opening the faucet ) the 

dissolved air rapidly comes out of solution, imparting a temporary, cloudy 

appearance to the water. The “Cloudy “ appearance is due to the sudden 

formation of tiny air bubbles, which slowly rise to the top. This condition 

usually lasts a minute or two, and then it will be clear. Although it is not a health 

hazared, entrapped air can impart an aesthetically unpleasant appearance to the 

water. If the consumer finds this appearance too unappetizing, a simple remedy 

is to fill a container with cold water and place it on the counter or in the 

refrigerator. Under normal pressure conditions, the air will quickly dissipate in a 

few minutes and the water may then be used for drinking and cooking purposes. 

Also this plant produced a study about using hot water from the tap for cooking, 

in the same year (1221). The study shows that the using hot water directly from 
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the tap for cooking is generally not recommended. Hot water is more likely to 

contain dissolved metals such as iron, copper, and lead, picked up from the 

household plumbing and hot water tank. A better idea is to allow the cold water 

to run for a few minutes until good and cold, and then use this water for cooking 

and other consumption purposes. Allowing the water to run its coldest insures 

adequate flusing of the home’s water service line and the interior household 

plumbing, which have both been identified as sources of copper and lead 

contamination in drinking water.   

  In (2..3) Hashim [45] drew a conclusion when he used Niku et. al 

method, that the dependability study of Al – Kerkh wastewater treatment plant 

showed that the performance of this plant before the war of 4224 was in an 

excellent state and within the Iraqi standards. Where the treatment process was 

stable during that period and the overall reliability was 25.52 % for effluent 

BOD4 and 22.54 % for effluent S.S. But after the war of 4224, the plant became 

unstable and the overall reliability dropped to 41.42 % for effluent BOD4 and to 

54.22 % for effluent S.S. 
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Chapter Three 

Basic Equations and Methods of Analysis 

 
 

 

 
Water distribution system are needed to convey the water drawn from the 

source, through treatment and storage facilities, to the points where it is 

delivered to the users. Pipe network consists of pipes, which connected with 

each other to establish nodes (draw off nodes or supply nodes) and loops in 

pipes distribution system. 

       There are two types of piped distribution systems: 

5- Branched systems are those that convey water from a distribution main to 

different consumption points, following a tree like pattern, all their branches 

finish in dead ends. Their design is straightforward but has a main disadvantage 

in the fact that it causes stagnant water pockets in all dead ends. If repairs are 

necessary, large areas must be cut off from service. Head losses, due to heavy 

local demands-or during a fire- may be excessive unless the pipes are quite 

large. 

2- Looped network systems usually have ring mains to which secondary pipes 

may be connected. Their design is much more complicated, with them the 

possibility of stagnant water is reduced. If part of the pipeline needs cleaning or 

repair, it may be isolated from the rest of the system (with appropriate valves); 

all watering points outside of it may continue to be supplied.  

 

 

 

 

 

 

 

   1.3: Introduction 

  1.3: Analysis methods of pipe networks 
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Some of the analysis methods of pipe networks- that generally discussed in 

the previous chapter- are: 

 

5- Hardy Cross method.  

2- Finite-Element method. 

3- Newton-Raphson method. 

4- Section method. 

5- Equivalent pipe length method. 

6- Matrix form method. 

 

 

 

 

 

       The equations to analyze a network of pipe in a water distribution system 

are derived from conservation of mass and conservation of energy as formed 

below. The mass conservation is [22]: 

 

       


 


 Nd

1i
i

ttt M
t

MM
                                                                             … (3-5) 

 

Where: 

 

M t:  mass of the flow (F T
2
/L). 

M t+∆ t:  mass of flow after (∆t) time (F T
2
/L). 

Nd:  number of pipes, which connected with a certain node. 

Mi: mass flow rate (F T/L). 

     For steady state, incompressible flow in a pipe, the conservation of mass 

equation becomes the continuity equation, and the left hand side of the equation 

(3-5) becomes zero. This implies that the total mass flow rate into a node is 

equal to the total mass flow rate out of the node, which means ∑Q = 0. 

  1.1: General equations for network analysis 
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       Under the same assumptions, plus assuming there are no pumps or turbines 

in the system, the conservation of energy equation says that for any primary 

loops Σ hf  = 0. Also the flow-head loss relationship (such as Darcy-Weisbach or 

Hazen-Williams) must be satisfied for each pipe. When the discharge flowing 

through the pipe, there are two types of losses; major losses are due to friction 

between the moving fluid and the inside walls of the pipe; and minor losses are 

due to fittings such as valves and elbows. The minor losses can be neglected 

when the ratio between the length and the diameter is large [25]. 

      There are many equations to calculate the major losses. From these 

equations are: 

 

 

 

 

 

 
The equation of Darcy-Weisbach for head losses is: [26]. 

            

         
g

V

D

L
fh f

2

2

                                                    … (3-2) 

 

Where: 

hf:  head losses in pipe (L) 

ƒ:  Moody friction factor (dimensionless) 

L:  length of pipe (L) 

D: pipe diameter (L) 

V: average velocity of flow in pipe (L/T) 

g: acceleration due to gravity = 321514 ft/s
2 
 = 312066 m/s

2 

 

In order to solve problems by the equation (3-2), it is necessary to have a 

mathematical formulation for the friction factor, ƒ, in terms of Reynolds 

number, Re=VD/υ, and relative roughness, e/D. To calculate friction factor, ƒ, 

  1.1.3: Darcy-Weisbach equation 
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there are three main formulas depend on Reynolds number and relative 

roughness [26]. 

 

     If laminar flow {Re<4000 and any e/D} then: 

 

   
eR

f
64

                 … (3-3) 

 
       If turbulent flow {4000 < Re< 50

2
 and 0 < e/D < 0105} then Colebrook 

equation is applicable: 

 

)
51.2

7.3

/
log(0.2

1

fR

De

f e

                     … (3- 4a)  

   
      Equation (3-4a) is transcendental, so iteration is needed to evaluate ƒ. Miller 

suggested that a single iteration would produce a result within 5 percent if the 

initial estimation were calculated from the following equation: [55]. 

     

2

9.00 )]
74.5

7.3

/
[log(25.0 

eR

De
f               … (3- 4b) 

 
     If fully turbulent flow (Re > 50

2
 and 0 < e/D < 0105), then: 

  

                     ƒ = [5154-01263 Ln (e/D)] 
–2

.                             … (3-5) 

 
Roughness, e, is obtained from table (3-5) as follows:  

 

 

 

 

Table (3-1): Roughness for pipes of common engineering materials [55]. 
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Pipe Roughness (mm) 

Riveted Steel 0.3-3 

Concrete 013-3 

Wood Stave 012-013 

Cast Iron 0126 

Galvanized Iron 0155 

Asphalted Cast Iron 0152 

Commercial Steel or Wrought 

Iron 

01046 

Drawn Tubing 010055 

     

       Also, the friction factor, ƒ, can be calculated from Moody diagram. All of 

(e) values given in table (3-5) are for new pipes, in relatively good condition. 

Over long periods of service, corrosion takes place and, particularly in hard 

water areas, lime deposits and rust scale form on pipes walls. Corrosion can 

weaken pipes, eventually leading to failure. Deposit formation increases wall 

roughness appreciably and also decreases the effective diameter. These factors 

combine to cause (e/D) to increase by factors of 5 to 50 for old pipes [55]. 

Typical multipliers to be applied to friction factor for considering the aging of 

pipes were shown in the following table. 

 

 

 

 

 

 

 

 

 

 

 

Table (3-2): Typical multipliers to be applied to friction factor [55]. 
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Pipes Age   

(Years) 

Small Pipes (111-

251) Diameter (mm) 

Large Pipes (311-

1511) Diameter (mm) 

New 5100 5100 

50 2120 5160 

20 5100 2100 

30 1125 2120 

40 2115 2140 

50 3160 2126 

60 5010 3110 

10 5015 4110 

 

 

 

 

 
        Equation of Hazen-Williams [21] can be also used to calculate the head 

losses in pipes. The well-known form is: 

 

         V = K  C  R
0163 

 S
0154.                                                                                                                    

…
 
(3-

6) 

 
Where:  

S: slope of energy line (hf /L), dimensionless.  

K: unite conversion factor (K = 51352 for English units, K = 0125 for SI units). 

R: hydraulic radius = D/4 for circular pipe (L). 

V: average velocity of flow in pipe (L/T). 

C: Hazen-Williams coefficient (dimensionless). Its values may be obtained from 

table (3-3). 

 

 

 

Table (3-3): Hazen-Williams coefficient [25]. 

  1.1.3: Hazen-Williams equation 
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Material C Material C 

Asbestos Cement 540 Copper 530-540 

Brass 530-540 Galvanized Iron 520 

Brick Sewer 500 Glass 540 

Cast Iron:  Lead 530-540 

New, unlined 530 Plastic 540-550 

50 Years old 501-553 Steel:  

20 Years old 23-500 Coal-Tar enamel 

lined 

545-550 

30 Years old 15-30 New unlined 540-550 

40 Years old 64-23 Riveted 550 

Concrete/Concrete 

lined: 

   

Steel Forms 540 Tin 530 

Wooden Forms 520 Vitrify Clay  

(good condition) 

550-540 

 

     A comparison between Darcy-Weisbach equation and Hazen-Williams 

equation indicate that, Darcy-Weisbach equation is generally considered more 

accurate than Hazen-Williams equation. Additionally, Darcy-Weisbach equation 

is valid for any liquid or gas; Hazen-Williams equation is valid only for water at 

ordinary temperatures (40 to 15 F
o
; 4-25 C

o
) [25]. Hazen-Williams equation is 

very popular, especially among civil engineering, since its friction coefficient 

(C) is not a function of velocity or pipe diameters. Hazen-Williams equation is 

simpler than Darcy-Weisbach equation for calculating flow rate, velocity, or 

diameter of pipes.  
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     To solve pipe network (finding head loss and discharge in each pipes), a 

group of nonlinear equations must be solved, since the relation between head 

loss and discharge is nonlinear.  

     In the present research, both Darcy-Weisbach and Hazen-Williams equations 

are used to find head losses.  

 

 

 

 

      Hardy Cross method may be considered as a very popular method with its 

two types described below. This method also known as a single path adjustment 

method and it is a relaxation method.  

 

 

 

        This method is also called the loop method. It can be summarized by 

assuming an initial discharge in each pipe keeping in mind the continuity 

equation must be satisfied in each node ( ∑ Q = 0). The initial assumed 

discharge could be corrected by adding the correction (ΔQ) derived below until 

the corrections reached the allowable errors to satisfy the energy equation. 

       The general relationship between head loss and discharge is (hf = K Q
n
). The 

correction (ΔQ) can be derived by differentiate the previous relationship [52]. 

        dhf = n K Q 
n-5

 dQ.                                                                               …(3-1) 

 
Then substituting for (K = hf /Q

n
) in equation (3-1) to get: 

         

                      h
Q

dQ
ndh f              ... (3-2) 

 

1.3: Hardy Cross methods to analyze pipe networks 

  1.3.3: Head balance method  
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     So, the error in (hf) due to an error in (Q) has already been established as: 

 

                          i

i

i
i h

Q

dQ
ndh        …(3-3) 

 
         Similar expressions for the other pipes in a loop, the total error round the 

loop is therefore: 

 

         ∆hf = dhf5 + dhf2 + dhf3 + ….  +  dhfi.                                                ... (3-50) 
 

By substituting for dhi then: 

      

              dQ
Q

nh

Q

nh

Q

nh

Q

nh
h

i

iffff

f ]...
3

3

2

2

1

1
[      …(3-55) 

 

 
Where (dQ), correction in each pipe in the loop assumed equal, That is: 

 

              






i

i

f

Q

h
n

h
dQ       … (3-52) 

Equation (3-52) can be rewritten in other way since Δh equals to the summation 

of head losses in loop: 

 

              








NPL

i

NPL

i

Qi

hfi
n

hfi

Q

1

1           …(3-53) 

 

NPL: Number of pipes in the loop. 

 

The error (ΔQ) that is be corrected by applying a balancing discharge of the 

same magnitude but opposite in sign. 
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     This method can be also called nodal method. It can be summarized by 

assuming an initial head in each node keeping in mind the energy equation must 

be satisfied in each loop (∑hf = 0). Then by the correction item that derived in 

equation (3-2) the assumed head in each node can be corrected.  

      Equation (3-2) can be rewritten as: 

 

               







NPj

i

i

nhfi

Q

Q
h

1

          …(3-54) 

 
     Equation (3-54) can be used when there is no supply or drawn off at node. 

But if there is supply or drawn off at node equation (3-54) can be rewritten as: 

 

                  












NPj

i

i

NPj

i

Ti

nhfi

Q

QQ

h

1

1           …(3-55) 

 

Where: 

Npj: number of pipes connected with node. 

QT: supply or drawn off water at node, in case of supply (QT) take the negative 

sign, and in case of draw off, QT, take the positive sign.  

     The error (Δh) that is be corrected by applying a balancing head of the same 

magnitude but opposite in sign. Then by repeating adding the correction to all 

pipes connected with node until the corrections reach the allowable errors. This 

involves all nodes.  

 

 

 

  1.3.3: Quantity balance method 
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     In loop method, the number of equations are equal to the number of pipes in 

the network, while nodal method has a number of equations equal to the number 

of nodes in the network, that means that the number of equations in nodal 

method are less than the equations in loops method. 

        In loop method any additional loop leads to repeat assuming the initial 

discharge in all pipes, but in nodal method must be satisfied energy equation in 

additional loop only.  

        Dillingham and Cleasby [2] pointed out that when using loop method, a 

pipe or pipes with high resistance to flow compared with others in the network 

can result in calculated flow corrections larger and in the opposite direction to 

the currently assumed flow. This will often cause a divergence in the 

computations, and no solution can be obtained. When the nodal method is used, 

Dillingham and Cleasby pointed out that if a large pipe of short length, and 

relatively low flow exists, much iteration are necessary before an appreciable 

change in piezometric head is obtained if the values of the assumed piezometric 

head is incorrect.   

1.3: Comparison between two methods of Hardy Cross 
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Chapter Four 

Data Collection and Hydraulic Analysis of Water Scheme for Hilla City 
 

 

 

 The water demand depends on the resident populations and type of 

industry served. With rising standard of living the trend of the domestic 

consumption is usually increased. 

 In this Chapter the population, water consumptions, pumping stations, 

pipe network and other related activeties of water scheme for Hilla city has been 

analyzed.   

 

 

 

 

Hilla city populations as based on the census of the years (7891) and 

(7881) were (671816) and (698988) respectively [94], [99]. Making use of 

these numbers and by using eq. (9-7) [99], the average yearly increasing rate 

can be calculated, which is found equal to (7.8 %).  

 

           Pt = Po a t + Po.                                                                                                                             …… (9-7) 

 

Where: 

Pt: population after (t) years (person). 

Po: current population (person). 

a: average yearly increasing rate ( % ). 

 Table (9-7) shows the expected population in Hilla city for the year 

(6116) and the actual number of population for the year (7881). 

   1.4: Introduction 

1.4: Expected population of Hilla city and some 

villages around 
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 Some villages that lie around Hilla city fed with water from pumping 

station at Hilla city. These villages is within the territory of Babylon 

governorate, but not belongs to Hilla city, so the average yearly increasing rate 

of its populations is considered the same as the average yearly increasing rate of 

Babylon governorate except Hilla city. The total number of populations in 

Babylon governorate at years (7891) and (7881) were (981911) and (7797197) 

respectively [94], [99]. By using eq. (9-7), the average yearly increasing rate for 

these villages can be calculated. 

 Po (7891) = 981911 - 671816 = 218819 

         Pt (7881) = 7797197 - 698988 = 866696 

 The average yearly increasing rate for these villages is (4.2 %). Table (9-

6) shows the expected populations in Hilla city. 

Table (4-1): Expected population in Hilla city for the year (6116). 

Quarter 

Name 

Actual 

population 

(1991) 

Expected 

population 

(2002) 

Quarter   

Name 

Actual 

population 

(1991) 

Expected 

population 

(2002) 

Kreta’a 6449 6991 Jubaween 6949 6211 

Theila 6941 4188 Ta’aees 6992 4772 

Galage 7989 7242 Krade 6961 6291 

Wardia 7718 7687 Tayara 9891 9927 

Khisirwia 6198 6699 Naseege 1199 1169 

Babel 7667 7441 Iskan 2829 1262 

Jaza’ir 6496 6919 Jema’aia 9948 2129 

Bakarly 1692 1849 Murtadha 9771 9917 

J.M.Bakarly 8611 71799 Hussein 4219 4899 

Nadir4 2298 1686 Makhazin 719 789 

Quarter 

Name 

Actual 

population 

Expected 

population 

Quarter   

Name 

Actual 

population 

Expected 

population 
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(1991) (2002) (1991) (2002) 

M.Sulaiman 9976 9862 Faza’a&Mane’a 6942 6111 

Nadir7 4429 4299 Dhu.in Wessia 8979 71197 

Nadir6 8989 71919 Hamza Dally 7119 7922 

Zahraa 7496 7991 Akrameen 1999 9249 

Shawy 2949 1792 Shubar 9199 9914 

Judeida 2994 1919 Kadhia 6979 4192 

Jumhury 979 986 Karama 8692 71729 

Mashta 7116 7181 Hukam 7196 7796 

Ibrahimia 6279 6924 Imam 1197 9912 

Mustafa R. 9929 9116 Dhu.in Mekruy 4799 4999 

Ameer 7989 7191 Shuhedaa in 

Mekruy 

4219 9161 

Jama’ein 4928 9641 Askery in 

Mekruy 

9481 9871 

Take 4417 4279 Muharbeen 9991 9812 

Jubran 988 292 Asatetha 2719 2126 

Mehdia 9141 9967 Shuhedaa 71199 77194 

Nuwab Dh. 9142 9188 Muhendseen 1199 9986 

Nuwab 

Dh.6 

4287 9196 Jelaween 819 887 

Thawra 79996 79869 71-Tamuze 9999 9161 

Marana 6822 4699 Afrah 6884 4611 

Tineia 7411 7919 Dur-Babil 991 984 

Total populations in (7881) = 698988 Total populations in  (6116) = 699792 

Note:  Number of population for the year (7881) was taken from reference [99].  
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Table (4-2): Expected populations in some villages around Hilla city for the 

year (6116). 

Village 

Name 

Actual 

population 

(1991) 

Expected 

population 

(2002) 

Village 

Name 

Actual 

population 

(1991) 

Expected 

population 

(2002) 

Tuhmazia 9989 2821 Buhamyar 6772 6981 

Luba 146 929 Wardia 

Kharege 

6121 6948 

Jimijma 6291 4761 Abu-Ajaje 7849 6691 

Abu-Ilayan 7914 7119 Seife Sa’ad 7999 6712 

Banasha 817 7124 Efar 876 7112 

Rashedia 869 7181 Mua’mera 7129 6194 

Obed 

Radam 

7699 7929 Ataije 4119 9999 

Abu-

Gharak 

98496 11169 Anana 6916 6871 

Sinjar 6999 6981 Kura 

Muhezim 

4197 4211 

Mia’dan 978 822    

 

Note:  Number of populations for the year (7881) was taken from reference 

[99].  

 

 There are (79) projects of water supply work in Babylon governorate; 

some of these projects are perhaps old and need to maintenance, of which are 

the Methatia and Hilla Al- Kadeem projects, which had already repaired in the 

year (7888) [99]. Also, some of these projects were put out of work such as 

Kadessia project [98].  
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Hilla city has three water treatment plants: Hilla AL-Kadeem, Tayara AL-

Kadeem, and Hilla AL-Jadeed (Abu-Khistawy). Besides, it has four pumping 

stations: Tayara AL-Jadeed, Tayara AL-Kadeem, Muhezim, and Tuhmazia.  

 

 

 

 Table (9-4) shows the water treatment plants and the hydraulic properties 

of the pumps used in each plant. 

Table (4-3): Pumps properties of the Hilla city water treatment plants [91]. 

Plant Pumps 

type 

Total 

pumps 

Working 

pumps 

Capacity of 

pump 

(m
3
/hr) 

Head (m) Working 

time (hr) 

Total 

capacity 

(m
3
/day) 

Hilla Al-

Kadeem 

Low lift 9 9 911 76 69 49919 

496 61 

491 41 

911 76 

High lift 9 4 497 41 69 61946 

Tayara Al- 

Kadeem 

Low lift 9 4 191 41 69 99111 

High lift 9 9 911 41 69 69911*
 

8211**
 

Hilla Al-

Jadeed 

Low lift 2 2 7249 74 69 649991 

High lift 4 6 169 78 69 796911 

 4 6 7791 72 69 

4 6 7791 71 69 

4 6 791 21 69 

*: Serving Hilla city 

**: Serving Abu- Gharak regions (Abu-Gharak, Sinjar, Kura Muhazim, and 

Anana) 

1.4: Water treatment plants and pumping stations 

in Hilla city 

   1.4.4: Water treatment plants 
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 Hilla Al- Kadeem water treatment plant is the oldest one among the three 

water treatment plants in Hilla city and it had many technical problems upon 

which it has subjected to necessary maintinance in (7888) [99]. Before this 

maintenance, it was serving Tayara AL-Jadeed pumping station and the 

network. After this maintenance, this plant started serving Tayara AL-Jadeed 

pumping station only. 

The capacities which reach to Tayara AL-Jadeed, Muhezim, Tuhmazia 

pumping stations, and Abu-Garak regions from Hilla Al- Jadeed water treatment 

plant are: (49911, 99611, 99611, 1611) m
4
/day respectively so the total 

capacity of this plant is (796911) m
4
/day. 

 

 

 

 There are three pumping stations in Hilla city; there is also Tayara AL-

Kadeem pumping station in Tayara AL-Kadeem water treatment plant. Table (9-

9) shows some properties of the mentioned stations. 

Table (4-4): Pumping stations in Hilla city [91]. 

Station Total pumps Working 

pumps 

Capacity 

(m
3
/hr) 

Head         

(m) 

Working 

time          

(hr) 

Total 

capacity 

(m
3
/day) 

Tayara Al- 

Jadeed 

 4&
 

7 211 42 66 74611 

 4&& 7 7611 49 66 62911 

Tuhmazia 2 7 7611 41 69 69911 

Muhazim 2 7.9 7611 99 69 94611 

Tayara Al- 

Kadeem 

9 9 911 41 69 69911*
 

8211**
 

&: Serving Marjan area. 

&&: Serving Jibal area. 

*: Serving Hilla city 

**: Serving Abu- Gharak regions (Abu-Gharak, Sinjar, Kura Muhazim, and 

Anana). 

   1.4.4: Pumping stations in Hilla city 
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The total capacity for the four pumping stations is (791111) m
4
/day, 

which equals (7.142 m
4
/s), if the Abu- Gharak regions are excluded then the 

remaining capacity shall be equal (791911) m
4
/day, equivalent to (7.269) m

4
/s. 

 

 

 

 

 Babylon university lies out of Hilla city, and fed with potable water from 

Hilla city by one single pipe of diameter (791 mm). So it becomes necessary to 

know how much water the university needs in order to know the required 

conveyance capacity and pipe characteristic. Table (9-9) shows the estimated 

amount of water that can be  applied to the university needs as recommended by 

Steel [97]. 

 

Table (4-5): Water consumption for various purposes [97]. 

Type of consumption Demand ℓ/c.d 

Industrial 721 

Public 21 

Losses 91 

 

 Service office at Babylon University has estimated the amount of water 

which is needed for gardens and cooling as (77.1) ℓ/s [44]. Table (9-2) gives the 

number of water users and the working time in this university. 

 

 

 

 

 

 

 

1.1: Analysis of water consumption in Babylon 

University 
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Table (4-6): Type and number of water users in Babylon University [44]. 

Type of users No. of users 

(capita) 

Working time     

(hr) 

Students 74211 1 

Public services 7497 2 

Lecturers 969 2 

Industrial services 69 8 

Guests 61 2 

 

From the information in table (9-2), the water consumption for users at 

university can be calculated. For example, the water consumption for industrial 

services may be computed as: 

amount of water   = 69 * 721 * 
24

9
 = 7291 ℓ/day. 

losses = 69 * 91 * 
24

9
 = 969 ℓ/day. 

 

 So, the total water consumption for industrial services will equal to the 

amount of used water plus losses; i.e. (6619 ℓ/day). The matter is the same for 

each other users. From calculating water demand for all users and the estimated 

water demand for cooling and gardens; i.e. (77.1 ℓ/s), it can be shown  that the 

total water consumption for Babylon university, is equal to (7914761 ℓ/d) ; i.e, 

(1.17119 m
4
/s). 
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 Some villages around Hilla city such as: Abu-Gharak, Anana, Sinjar and 

Kura Muhezim (Abu Gharak regions) fed with water from Hilla city by two 

indivedual pipes, one is from Hilla AL-Jadeed water treatment plant, and the 

other is from Tayara AL-Kadeem pumping station. Except these above villages, 

the populations of all villages mentioned in table (9-6) must be added to the 

populations of Hilla city, the expected populations in these villages except Abu-

Gharak regions equals (49469) capita for year (6116). 

 Approximatly half of the area of Thawra and 71-Tamuze quarter fed with 

water from one of the two pipes that feed Abu-Gharak regions. This (91 %) ratio  

of water supply is based on that four pipes which feeds Thawra and 71- 

Tamuze quarters. So, (91 %) ratio of populations of these quarters, which equals 

(71916) capita, must be excluded from the populations of Hilla city.  

 The total number of populations except Abu-Gharak regions and half of 

Thawra and 71- Tamuze quarters, which fed with potable water from Hilla city 

projects is: 699792 – 71916+49469 = 419118 capita, so the amount of water 

for each person in Hilla city and some villages around, except Abu-Gharak 

regions and Babylon University, can be estimated as follows: 

 Total consumption of water = 451
308009

1000*3600*24*)01705.0625.1(



 ℓ/c.d. 

 The analysis of water demand according to type of consumption can be 

discussed as follows: 

 

 

 

 

1.4: Analysis of water consumption in Hilla city 

and some villages around 
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The amount of water according to this title is the largest among the other 

types of water consumptions. Water office in Hilla city estimates this amount, 

which equal to (411 ℓ/c.d) [91].  

 

 

 

 

 The amount of water for public consumption depends on the water 

consumption of public buildings such as schools and companies. Water office in 

Hilla city estimates this consumption for Hilla city as (61 ℓ/c.d) [91]. 

 

 

 
 

 The amount of water under this title depends on the water consumption of 

industrial and trading buildings such as factories, resturants, and trading shopes. 

Water office in Hilla city estimates this  type of consumption, as (41 ℓ/c.d) [91]. 

 

 

 
 

 The losses and waste in supplied water can be obtained from slippage of 

pumps, illegal connections of pipes and the leakage in pipes due to cracks. The 

network of Hilla city suffers from leakage due to aging of a large number of 

pipes specially under large pressure or load. So, water office in Hilla city 

estimates the losses and waste of water as ( 41 %) of the total summation of the 

amount of consumptions [91].  

 

   1.4.4: Domestic consumption 

   1.4.4: Public consumption 

   1.4.4: Trade and industrial consumption 

   1.4.1: Losses and waste 
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Table (4-1): Estimation of water consumption in Hilla city [91]. 

Type of consumption Amount of consumption 

(ℓ/c.d) 

House consumption 411 

Public consumption 61 

Trade and Industrial 

consumption 

41 

Summation  491 

Losses and waste (413) 719 

Net summation 999 

 

From table (9-1), it can be seen that the computed demand per capita 

(997ℓ/c.d ) is acceptable compared with the standard estimation (999 ℓ/c.d ) 

from table (9-1), that is, a (88.76 % ) efficiency of water production is satisfied 

in Hilla city. 

 

 

 

 

 

 

 In general, potable water supplied to the users by three ways, i.e, three 

distribution systems.  

7- Gravity distribution. 

6- Indirect distribution. 

4- Direct distribution. 

 

1.4: General notes on existing water scheme of  

Hilla city 
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Direct distribution is not preferred among the other types because any 

problem occurs in the source will lead to stop pumping. This type of distribution 

is in fact applied in Hilla city water supply projects. 

Inside pipeline systems in many quarters, the branched system that follows a 

tree like pattern is used. 

Many pipes in Hilla city water supply network suffer from cracks and 

leakage due to aging of pipes. Moreover, there is no pipeline layout for Hilla 

city exists before this study. A map was prepared by the author depending on 

reference [92] and the experience of staff and engineers at water office. 

Hilla city ground level vary between (69.947-41.726) m above sea level 

[49]. The difference in elevation will normally effect the pressure distribution, 

so a contour map for Hilla city is needed in this study for more accurate results. 

 

 

 

 

In analyzing or designing pipe network, the topography of land is very 

often a controlling factor. The scale of the available contour map is (7091111) at 

interval between contour lines of (1.7 m). Table (9-9) shows some points of 

known elevations, these points are shown in Fig. (A-7) in Appendix A. 

 

 

 

 

 

 

 

 

 

 1.4: Hilla city contour map  
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Table (4-8): Ground elevation and spot levels of some points of Hilla city  [49]. 

Point No. Ground elevation (m) No.of point Ground elevation (m) 

7 69.814 64 62.218 

6 69.294 69 62.999 

4 69.897 69 61.669 

9 69.199 62 69.749 

9 62.899 61 69.69 

2 61.162 69 69.644 

1 69.798 68 41.726 

9 69.889 41 68.692 

8 68.111 47 69.241 

71 69.146 46 69.911 

77 69.792 44 61.887 

76 69.969 49 61.114 

74 41.717 49 61.818 

79 68.228 42 62.821 

79 62.449 41 62.266 

72 68.771 49 62.179 

71 69.861 48 69.996 

79 69.841 91 69.947 

78 69.641 97 69.199 

61 69.118 96 61.987 

67 61.991 94 69.412 

66 61.168   
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 The contour lines may be drawn mechanically or by using spacing 

contour method [4]. Figure (A- 9) in Appendix A shows the elevation of nodes 

for Hilla city pipe network. In this work (Surfer program) was used to draw the 

contour map for Hilla city, Fig. (A-6) in Appendix A shows the contour map for 

this city.  

 

 

 

 

 Analysis of flow means, finding the amount and direction of water 

discharge in each pipe, keeping in mind that the laws of mass conservation and 

energy conservation must be satisfied. 

 In the field of pipe network analysis the oldest and common method is the 

well known Hardy Cross method including two procedures, i.e., (Nodal method 

and Loop method). In this research, the Loop method is used to analyze Hilla 

city pipe network. This method considers the amount of water discharge as 

major unknowns, this implies assuming an initial amount of water discharge in 

each pipe, and then correct these discharges by a correction factor. 

 In this work Darcy –Weisbach equation is used to calculate head losses in 

each pipe at the analysis of pipe network, this equation is more accurate than 

Hazen-Williams equation, since that equation implies variable friction factors as 

was discussed in Chapter Three. 

 

 

 

 

 In estimating water demand at nodes of any pipe network the following 

data should be followed: 

 

 1.4: Analysis of flow for Hilla city pipe network 

1.4.4: Estimation of water consumption at each node 
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7. The layout of main conveyance pipe network. 

6. The total populations served by the network and the concentration (capita 

/ km
6
 ) for each subarea. 

4. The design water demand per capita including all types of consumption    

( industrial, puplic, waste, …. etc.).  

By multiply the number of populations served by each loop by water 

consumption for each person (997 ℓ/c.d), the water consumption in each loop 

can be obtained. Dividing this amount of water by the number of draw off nodes 

in each loop to obtain the amount of water consumption in each node. Figure 

(A-4) in Appendix A shows pipe network layout, Fig. (A- 9) and Fig. (A- 9) in 

Appendix A, show the layout and analysis data for Hilla city pipe network. 

 

 

 

 

 Hardy Cross method (Loop Method) implies estimate an initial disharge 

in each pipe. For steady state must be noticed that the total amount of water in 

all supply nodes must equal the total amount of water in all draw off nodes, the 

steady state case is considered when the flow rate in the supply may be from 

reservoirs, and /or pumps or specified inflow or outflow at some points in the 

network [2]. Figure (A-2) and Fig. (A- 1) in Appendix A show the initial 

estimation for discharges in pipe network for Hilla city. 

 

 

 

 Table (9-8) shows the known heads for supply nodes which is also shown 

in  Fig.(A-71) in Appendix A.  

By using Bernoulli’s equation making useful from the ground elevations 

obtained from the contour map for Hilla city the head of each node can be  

   1.4.4: An initial estimation for flow in each 

pipe 

  1.4.4: Heads calculation at supply nodes  



Chapter Four: …………………………………….. Data Collection and Hydraulic Analysis   

 97 
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calculated. Figure (A- 8) and Fig. (A- 71) in Appendix A show the 

existing head at each node. For calculating the pressures at nodes, a datum 

elevation of (69.9 m) was considered in this study. 

 

 

 A computer program was written with (Fortran power station) language to 

analyze the pipe network. Both Darcy–Weisbach or Hazen-Williams equations 

can be used within this program to estimate head losses.  

 The program deals with common pipe between two or more than two 

loops, in other meaning there are more than two loops connect with one pipe.  

 The program also deals with reservoirs (system with multiple fixed-

pressure – head levels). Pseudo loops are created to account for the unknown 

outflows and inflows at the reservoirs and to satisfy continuity conditions during 

balancing [96].  


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1                                                                                           …(9-6) 

Percentage method [79] was used to estimate the flow at pipes no. (98I, 

98II, 19J, 19JJ) as shown in Fig. (A-79) in Appendix A, and then converted to 

equivalent pipes that carries the same flow and have the same head losses. 

The allowable error in this study is taken as  (1.11117) m
4
/s. A flow chart 

of this program is shown in Fig. (C-7) in Appendix C. 

 

 

 

 After using the computer program, final discharges and head losses are 

obtained. Figure (A- 9) and Fig. (A- 8) in Appendix A show the final discharge 

in each pipe.  

 

1.4.1: Computer program for analyzing pipe network 

 1.4.4: Results of analysis for Hilla city pipe 

network 
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Chapter Five 

Optimum Design and Rehabilitation of Hilla City Pipe Network 

 

 

 

 

The purpose of optimization is to find the best possible solution among 

the many potential solutions satisfying the chosen criteria. Designers often based 

their designs on the minimum cost as an objective, safety and serviceability .  

 A general mathematical model of the optimization problem can be 

represented in the following form: 

 A certain function (Z), called the objective function,  

 

 Z = f  {Xi}     I =1, 2, … , n                                                             … (5-1) 

 

 Which is usually the expected benefit (or the involved cost), involves (n) 

design variable {X}. Such function is to be maximized (or minimized ) subject 

to certain equality or inequality constraints in their general forms:  

 

 gi {Xi} = bi        i=1, 2 ,  ………,  I                                                  …(5-2) 

 qi {Xj}>= bj        j =1, 2, ………., J                                                  …(5-3) 

 The constrain reflects the design and functional requirements. The vector 

{X} of the design variables will have optimum values when the objective 

function reaches its optimum value. In this chapter, the pipe network for Hilla 

city is rehabilitated and designed considering the optimum case as a feasible 

solution to avoid the deficit in heads at some nodes. 

 

 

 

   1.5: Introduction 

   1.5: The objectives function 



Chapter Five: ………………………………………….Optimum Design and Rehabilitation   

 44 

 

 The objective function (Z) of the present research involves the cost of 

transportation, cuting, connecting, filling and repairing road. The following 

equations are estimated by (STATISTICA) program with a regression 

coefficient of ( R = 10111). There is a difference in cost of carrying out between 

the paved and unpaved road. So, the objective function of Hilla city pipe 

network for unpaved road is:  

 

Z = 11111 . D  + 1111                                                                       ... (5-

4) 

and for paved road is: 

 Z = 11111 . D +  4511                                                                      … (5-

5) 

 

Subjected to: 

101 m ≤ D ≤ 100 m. 

The methods of optimum design and optimum rehabilitation are considered 

subjected to the following constraints:  

1- Pipes should be plastic. 

2- Head at each node should be ≥ 2301 m. 

3- Location of supply nodes considered constant to reduce the required cost. 

4- Elevated storage tanks locations should be neglected since the direct 

pumping process was used in the existing network.   

Where : 

 Z : final cost of construction per meter (I.D). 

 D : the commercial diameter of pipe (m). 

Figures (5-1) and (5-2) show the relation between the cost of carrying out 

the unpaved road and diameters and the relation between cost of carrying out the 

paved road and diameters respectively.    
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Model: CI=A*D**N+B*J

y=(10000)*x**(1)+(84.58351)*(11.822637)
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Fig.(5-1):Cost of carrying out pipes for unpaved road. 

 

Model: CP=S*D**L+P*U

y=(10000)*x**(1)+(-79.11809)*(-56.877004)
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Fig.(5-2):Cost of carrying out pipes for paved road. 
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The main variables affecting the optimum design and optimum 

rehabilitation are as follows: 

 

 

 

 Commercial diameters are used in this research unlike many methods that 

deal with theoretical diameters and then approximated to the commercial 

diameters. Using commercial diameters directly lead to more accurate results for 

pipe network, since heads at nodes will not change after designing or 

rehabilitation due to change the theoretical diameters to the commercial 

diameters. 

 The following commercial diameters of plastic pipes are used in this 

research depending on the availability in the water office, since these pipes are 

the cheapest among the other types. These diameters are: (111, 151 , 211, 251 , 

311 , 351 , 411 , 451 , 511 , 551 , 611, 651, 011, 051, 011) mm [51]. 

 The terms “ the next maximum commercial diameter “ and “ the next 

minimum commercial diameter “ was used in this research. These terms used to 

explain choosing a diameter greater than or less than the present diameter with 

one order. For example, if the diameter that needs to be increased is (511) mm, 

this diameter becomes (551) mm after increasing the diameter and becomes 

(451) mm after decreasing it. 

 

 

 

 

1.5: Methods for optimum design and optimum 

rehabilitation 

 1.5.5: Commercial diameters 
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 Hydraulic gradient can be defined as the ratio between the head losses and  

the length of a certain pipe. 

 The methods of optimum design and optimum rehabilitation depend on 

hydraulic gradient as a main index for increasing or decreasing the diameters of 

pipes in the network. When the hydraulic gradient for the certain pipe is large or 

small, compare with the other hydraulic gradients for other pipes, the two 

methods will increase or decrease the diameter of this pipe, respectively, to 

obtain a homogenous hydraulic gradient for pipe network. 

 Since the hydraulic gradient is important, so the two programs for 

optimum design and for optimum rehabilitation have a subroutine to arrange 

pipes according to its hydraulic gradient (from the largest one to the smallest 

one), that will simplify the procedure of increasing or dicreasing the diameters 

of pipes.  

 

 

 

 

 After analyzing the pipe network applying Hardy Cross method or any 

other method, the head at each node becomes known. If the minimum head in 

the pipe network is less than the design head, some pipes must be increasing to 

avoid this unacceptable case. The increasing be to the following maximum 

commercial diameter depending on the largest hydraulic gradient, and vice 

versa. In this study, the design head considered (2301) m (the average value of 

(15031-31061 m /151-311 kpa)) [51], for optimum design and optimum 

rehabilitation. 

 

 1.5.5: Hydraulic gradient 

 

   1.5.5: Design head 
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 Al - Ani in (1805) [2], suggested using standard deviation and coefficient 

of variation as an index for pressure distribution in pipe network since the 

standard deviation considered a good measure for variance of data about the 

arithmetic mean. 

 The data that used to find the standard deviation is the head at each node 

in the network. So the unit of standard deviation is the same as the unit of head 

at node. The coefficient of variation is dimensionless since it is equal to the ratio 

of the standard deviation to the arithmetic mean. For that reason, the coefficient 

of variation considered in this study as the index for variation of heads at nodes. 

Thus [2]:  

 S.D = 
NN

xxi  2)(
                                                                            …(5-6) 

Where : 

              S.D: standard deviation. 

    xi : values of head at node. 

    X : average of heads at nodes. 

    NN : number of nodes. 

     

While the coefficient of variation (C.V) is [2]:  

    C.V= 
x

DS.
                                                                                      … (5-0) 

When the coefficient of variation converge to zero that means that the 

heads distribution is more constant and vice versa. So, these two variables 

considered in the optimum design and in the optimum rehabilitation. 

 

 

 1.5: Standard deviation and coefficient of 

variation 
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 An optimum pipe network design for Hilla city was conducted up to the 

year (2125) depending on the following items:  

 

 

 

 

 

 Making use of eq. (4-1) and the number of populations at the year (1880) 

in table (4-1) and table (4-2), the populations at the year (2125) with the same 

yearly average increasing in Hilla city and for some villages around can be 

estimated. Table (5-1) and table (5-2) show the estimated number of populations 

at the year (2125).  

 

 Table (5-1): Expected population for Hilla city at year (2125).  

Quarter 

Name 

Actual 

populations 

(1991) 

Expected 

populations    

(2225) 

Quarter 

Name 

Actual 

populations 

(1991) 

Expected 

populations 

(2225) 

Kreta’a 2335 3500 Jubaween 2430 3035 

Theila 2031 4336 Ta’aees 2046 4361 

Galage 1484 2208 Krade 2421 3010 

Wardia 1108 1016 Tayara 4800 0641 

Khisirwia 2158 3154 Naseege 0155 11010 

Babel 1221 1001 Iskan 6864 11668 

Jaza’ir 2352 3613 Jema’aia 5538 0406 

Bakarly 0246 11111 Murtadha 4111 6286 

 1.1 : Optimum design 

 

1.1.5: Estimated population of Hilla city and some 

villages around 
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J.M. 

Bakarly 

8200 14212 Hussein 3615 5523 

Quarter 

Name 

Actual 

populations 

(1991) 

Expected 

populations    

(2225) 

Quarter 

Name 

Actual 

populations 

(1991) 

Expected 

populations 

(2225) 

Nadir 3 6658 11212 Makhazin 100 203 

M. 

Sulaiman 

5412 0281 Faza’a& 

Mane’a 

2536 3005 

Nadir 1 3364 5154 Dh in Wessia 8010 15141 

Nadir 2 8584 14680 Hamza Dally 1014 2611 

Zahraa 1352 2101 Akrameen 0005 12101 

Shawy 6535 11112 Shubar 4105 6250 

Judeida 6053 11488 Kadhia 2010 4310 

Jumhury 015 1248 Karama 8206 14226 

Mashta 1112 1535 Hukam 1152 1612 

Ibrahimia 2615 4116 Imam 0041 11058 

Mustafa 

R. 

4560 6880 Dhu. in 

Mekruy 

3155 4033 

Ameer 1585 2444 Shuhadaa in 

Mekruy 

3600 5635 

Jama’ein 3068 5820 Askary in 

Mekruy 

5380 0260 

Tak 3311 5150 Muharbeen 4401 6063 

Jubran 588 810 Asatetha 6105 8461 

Mehdia 4130 6105 Shuhadaa 11105 15451 

Nuwab 

Dh. 

0136 12311 Muhendseen 0055 11001 

Nuwb Dh. 

2 

3681 5655 Jelaween 815 1306 
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Thawra 14542 22200 10-Tamuze 4504 0123 

Marana 2866 4544 Afrah 2883 4505 

Tineia 1300 2111 Dur-Babel 451 608 

 

Table (5-2): Expected population for some villages around Hilla city at year 

(2125). 

Village 

Name 

Estimated 

population 

(91) 

Expected 

populations (2225) 

Village Name Estimated 

population 

(91) 

Expected 

populations 

(2225) 

Tuhmazia 5080 11043 Buhamyar 2116 4248 

Luba 032 1401 Wardia Kharege 2160 4151 

Jimijma 2651 5321 Abu-Ajaje 1830 3082 

Abu-

Ilayan 

1513 3110 Seife Sa’ad 1044 3013 

Benesha 811 1018 Efar 812 1031 

Rashedia 824 1055 Mua’mera 1065 3544 

Obed 

Radam 

1244 2480 Ataije 3005 0501 

Anana 2402 4864 

Abu-

Gharak 

58342 118158 Kura Muhezim 3151 6126 

Sinjar 2455 4831 Mia’dan 018 1645 

 

The total consumption of water can be considered (511) ℓ/c.d at the year 

(2125) according to the reference [40]. By applying the previous method for 

estimating discharge at each node that used in the analysis of the existing 

network, the discharge at each node can be estimated for optimum design for 

Hilla city. Figure (A-11) shows the plan of the suggested pipeline system, Fig. 

(A-12) shows the information of these pipeline, and Fig.(A-13) in Appendix A 

shows the estimated discharge at each node for Hilla city pipe network. 
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 Pipe network may be designed to involve all dimensions of  certain cities 

with probability of expansion, which is expected to occur at the city. 

 The designer may use one of the following methods for designing pipe 

network with expansions [2]: 

1- Designing a complete pipe network such as in future with it two parts (the 

present and the future) as one unit. 

2- Designing the present pipe network keeping in mind the additional 

discharges at some nodes for future expansions, and the future pipe 

network will be designed then.  

In the first method, the designer will design the original and the future pipe 

network as one unit. While in the second method, must specify the draw off 

nodes in the original pipe network, which will feed the future network by trial 

and error. 

 Final cost for designing the original and future pipe network when using 

the first method is less than the final cost of designing when using the second 

method. So, the first method is used at designing Hilla city pipe network in this 

study [2].  

 

 

 

 

 1.1.5: Expected future expansions 
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 Unexpected future expansion leads to the decreasing in pressure 

distribution at nodes and shortage in water. Booster pumps, increasing head at 

pumping station, increasing diameters of pipes or using pipe with large diameter 

from pumping station to the region directly may be need to avoid this deficit. 

The important thing, that must specify the connected points between the original 

and future pipe network with more accurate, to reduce the effect of future 

network on the pressure distribution of original network. Al - Ani in (1805) [2] 

suggested using the standard deviation and coefficient of variation as an index 

for homogenous pressure distribution. For example [2], if a certain existing pipe 

network consists of (111) nodes, and three unexpected future expansions occur 

at nodes (1, 2, 3) for certain region, and these three nodes can feed this region 

with water. These unexpected expansion were (11 %), (21 %), (31 %) from the 

total consumption of the existing network as presented in table (5-3). If the 

expansion was (31 %) from the total consumption of water, the node, which 

preferred for feeding the region, is (1) only, since this node has the least value of 

coefficient of variation. The matter was the same for other expansions (111) and 

(21 %) . 

 

 

 

 

 1.1.5: Unexpected future expansions 
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Table (5-3): Values for coefficient of variation for discharge of different 

consumption for unexpected expansions [2]. 

Expansion 

(%) 

Nodes S.D (m) C.V (%) 

1 2 3 

Percentage ratio for expansion (%) 

12 ------------ ------------ 11 1044 5015 

------------ 11 ------------ 1008 200 

11 ------------ ------------ 1068 2045 

22 ------------ 11 11 1050 500 

11 ------------ 11 1040 4011 

11 11 ------------ 1000 2000 

------------ ------------ 21 3021 11003 

------------ 21 ------------ 1086 304 

21 ------------ ------------ 100 2051 

32 11 11 11 1050 5004 

------------ 11 21 3035 12048 

11 ------------ 21 302 11006 

11 21 ------------ 10860 3040 

------------ 21 11 1005 6008 

21 ------------ 11 1045 5025 

21 11 ------------ 10038 301 

------------ ------------ 31 5002 22.0 
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------------ 31 ------------ 1025 4052 

31 ------------ ------------ 1001 2050 

 

 

 

 

 

 

 

 From the advantages of this method, it deals with any initial assumption 

for diameters of pipes. Also, one value for all diameters of pipes in the network 

can be initially considered. This property leads to decrease the number of data 

that the program needs. When using this method, the cost of designing pipe 

network is less than the cost of designing it by using other methods with ratio (4 

%-1605 %) [2]. 

 After assuming the initial diameters for pipes, pipe network will be 

analyzed by applying Hardy Cross method or any other method. Then all pipes 

are arranged according to its hydraulic gradient from the largest to the lower 

value. The minimum head in the pipe network is found to compare it with 

design head. If the minimum head is less than the design head, some diameters 

of pipes that have the largest hydraulic gradients must be increased to the next 

maximum commercial diameters and repeating the procedure of analysis again. 

The procedure of increasing the diameters of pipes will repeat until the 

minimum head in the pipe network becomes greater than the design head. So, 

the trials for decreasing diameters of pipes to the next minimum commercial 

diameters that have the smallest value of hydraulic gradient will begin. These 

trials of decreasing pipes will be repeated until the minimum head in the pipe 

network becomes less than the design head. 

 1.1.5: Optimum design method 
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 The diameters resulting from trials of increasing and decreasing can be 

considered in the design, but the cost of the network must be ensured is less as 

possible. To satisfy that, all diameters of pipes must be inserted the procedure of 

design. Otherwise, new next minimum commercial diameters are assumed. 

Repeating the decreasing and the increasing procedure until all pipes inserted 

the procedure of the design. In each trial of increasing and decreasing, it will 

change number of pipes proportion with the volume of network for reaching the 

final results quickly. When choosing a small number of these pipes, the results 

will be more accurate since the network in some cases does not need to change a 

large number of pipes for reaching the optimum results. So, in the optimum 

design and the optimum rehabilitation for Hilla city pipe network, the number of 

pipes in each trial is taken as one pipe for more accurate. 

 

 

 

 The program was developed with (Fortran power station) language. 

Subroutine programs are used in the main program to continuate the tasks of the 

program. There are (16) subroutine programs, the first four subroutine programs 

are used to read data and print it.  

Appendix (C-2) shows the flow chart for this program and Appendix (B-1) 

shows the results of the new optimum design for Hilla city pipe network. Figure 

(A-14) shows the optimum design for Hilla city pipe network. 

 

 

 

 The principles of the method for optimum design as mentioned in section 

(50504) are considered the same for the rehabilitation method. This method deals 

with existing pipe network (existing pipes and its properties, and existing head 

at nodes). After analyzing the existing pipe network, the method will find the 

  1.1.1: Program for optimum design 
 

 1.5: Optimum rehabilitation method 
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minimum head in the network and compare it with design head. The procedure 

of increasing and decreasing diameters of pipes to the next maximum 

commercial diameters or to the next minimum commercial diameters was also 

according to its hydraulic gradient. Then the method will find the cost of the 

network, if the last cost of network becomes greater than the previous cost, the 

method will decrease the diameters of rehabilitated pipes only to the next 

minimum commercial diameters and returns to analyze the network again. 

Otherwise the method will print the results. 

 

 

 

 This program was developed with (Fortran power station) language. The 

program has(10) subroutine programs, the first four are used to read data and 

print it. The program will put the variable (MMM) equal to (1) and put the 

coefficient of Hazen – Williams equal to the value (14501) for all rehabilitated 

pipes since this value is for plastic pipes according to table (3-3). So any pipe 

that have the value of (MMM) equal to (1) that means this pipe was 

rehabilitated. Any pipe that has the value of (MMM) equal to zero that means, 

this pipe was not rehabilitated. Appendix (C-3) shows the flow chart of this 

program, and Appendix (B-2) shows the results of optimum rehabilitation. 

Figure (A-15) in Appendix A shows the optimum rehabilitated pipe network for 

Hilla city. 

 

 

 

 The total estimated cost for optimum rehabilitation of Hilla city pipe 

network found (425022611) I.D, while the total estimated cost for the new 

optimum design of Hilla city pipe network was (656561111) I.D. From this 

result, it can be noticed that the total cost for optimum rehabilitation is less than 

  1.5.5: Program for optimum rehabilitation 
 

 1.5: Discussion of the results 
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the total cost for optimum design of pipe network with percent (35026 %). In 

general, when the engineers rehabititate some pipes in the network it may cost 

less than the new design for the pipe network. This was what occurred in this 

study. 

 Some branches pipes were existing under unpaved road, eq. (5-4) can be 

used for this case such as the following pipes. Table (5-4) shows the cost of 

optimum rehabilitation for branches pipes and table (5-5) shows the cost of 

optimum design for branches pipes. 

Table (5- 4): Costs of optimum rehabilitation for branches pipes. 

Pipe No. Optimum 

rehabilitation for 

diameter (mm) 

Length (m) Cost (I.D) 

156 21101 1311 3811111 

101 21101 2411 0211111 

152+153 31101 4211 16011111 

 

Table (5- 5): Cost for optimum design of branches pipes. 

Pipe No. Optimum design 

for diameter 

(mm) 

Length (m) Cost (I.D) 

140 21101 001 2611111 

140 21101 1511 45111111 

146 15101 511 1251111 

144 15101 1641 4111111 

143 25101 5111 10511111 

142 35101 2411 11011111 

145 25101 1551 5425111 
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Optimum diameters of branch pipes for optimum design and optimum 

rehabilitation in the above tables can be calculated by putting minimum head 

(15031) m at the end point of pipe and the head at the beginning point is known 

from the results in table (B - 1) and table (B – 2) in Appendix B, then by using 

Hazen – Williams equation for head losses, the theoretical diameters of these 

pipes can be calculated and approximated to the commercial diameters.  
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Chapter Six 

Reliability of Water Distribution 

Network  
 

 

 

 

 Nothing in this world is 011 % reliable, and, as water engineers are 

painfully aware, urban water supply systems has no exception. Streams dry up 

or become contaminated, pumps break down, pipes rupture, treatment systems 

fail, and demands overshoot system capacity. The consequences of such failures 

are often severe. 

 Economic losses are large and even public health endangered. Water 

engineers, of course, have long worried about reliability, although they have 

historically focused mostly on stream flow dependability.  

 Engineers are, however, becoming increasingly concerned about the many 

other possible sources of reliability problems and are trying to account for them 

in the planning process.  

 How well a water distribution system can supply water in the required 

quantities at desired residual heads throughout its design period? This goal can 

be determined from water supply reliability. Reliability is defined as the 

probability that the system performs within specified limits for a given period of 

time. In reliability analysis of pipe network for Hilla city, heads of nodes that 

would be available should be evaluated and used in this chapter, since there is a 

deficit in head in this pipe network as summarized in Chapter Four. 

 Three reliability factors: node-reliability factor, head reliability factor, and 

network – reliability factor are used to describe the performance of pipe network 

for Hilla city. 

 

   6.6: Introduction 
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 The node – reliability factor (Rn) is defined as the ratio of the total 

available outflow volume at a node to the desired outflow volume at that node 

for all states during the period of analysis. Thus, for node j [4]: 

 










S

req
js

S

avl
js

S

req
js

S

avl
js

nj
ts.Q

ts.Q

V

V

R     , For all nodes j                                          ...(6-0) 

Where: 

avlV  : available volume, ( 3L ) 

reqV  : required volume, ( 3L ) 

avlQ  : available discharge rate, ( TL /3 ) 

reqQ  : required discharge rate, ( TL /3 ) 

ts  : time duration of state (same for all nodes), (T) 

j : subscript denoting demand node . 

s: subscript denoting state. 

A time interval during which the nodal demands and condition of the 

network remain constant is termed a “state”.  

In this work the parameter that was considered is head at each node. There 

is one state in this study, since the demand on the required head is considered 

constant during the time, and the variables in eq. (6-0) become as in eq. (6-2). 

 

 

req

avl

Hj

Hj
Rnj      , For all nodes j.                                                                  … (6-2) 

 

   6.2 :  Node - Reliability factor 
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 The volume- reliability factor (RV) is defined as the ratio of the total 

available outflow volume to the required outflow volume for the entire network 

for all states during the period of analysis. Thus [4]: 
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3) 

 In this work, as mentioned before, the considered parameters are heads at 

nodes. So, other factor can be called head – reliability factor is considered 

instead of volume – reliability factor, which is an equal to the average of node 

reliability factor of the network. Thus: 

reqNN
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R
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
                                                                                 …(6-

4) 

Where:  

NN: number of nodes in the network. 

 

 

 

 The node –reliability factor and the volume – reliability factors describe 

the performance of a distribution network considering the total volume 

availability at individual nodes and for the whole entire network, respectively. 

However, these factors do not completely describe the reliability of the network.  

   6.3: Volume – Reliability factor 

   6.4: Network – Reliability factor 
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 For example, consider the following three situations for a network in 

which all-nodal demands are identical [4] (quoted in [Gupta and Bhave: 0994]). 

0. 91: of demands are satisfied of 011 % of time at 011 % nodes, i.e. there 

is a uniform shortfall of 01 % supply at each node during the entire period 

of analysis. This situation though not desirable, is tolerable. 

2. 011 % of demand is satisfied for 91 % of time at 011 % nodes, i.e. there 

are no supply at all the nodes during 01 % of time of the period of 

analysis. If this time duration is not concentrated but is distributed 

throughout the period of analysis, this situation is also tolerable, though 

less acceptable than situation 0. 

3. 011 % of demand is satisfied for 011 % of time at 91 % of nodes, i.e. 

there is no supply at all at 01 % of nodes during the entire period of 

analysis. This situation is the worst and is unacceptable. 

For all three situations, RV = 1.9. For situations 0 and 2 Rn = 1.9 at all 

nodes, while for situation 3, Rn = 0 for 91 % nodes and Rn= 1 for 01 % 

nodes. The RV and Rn values are the same for situations 0 and 2 even though 

their performances are not the same. The value of RV is also the same for 

situation 3. However, it is preferable to have a single reliability factor that 

can describe situation 3 and can also properly distinguish between situations 

0 and 2. It is therefore useful to consider network reliability factor (Rnw) 

defined as [4]:  

Rnw = RV.  Ft.  Fn.                                                                                   … (6-5) 

Where: 

Ft: time factor  

Fn: node factor  

 In this work the above equation becomes: 

      Rnw = Rh.  Ft.  Fn.                                                                                     … (6-6) 

The time factor is defined as: 
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Tp.NN
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F S J
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7) 

 

Where: 

Tp: period of analysis (ts ), (T) 

The previous equation becomes in this study: 

NN

a

F
j
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t



                                                                                                   …(6-8) 

ajs : a dummy variable taking value 0 or 1 , which ajs = 0 , if the head ratio, 

reqHavlH jj
/  at a node for a particular state is equal to or more than an 

acceptable value , and ajs = 1 , otherwise. 

 The node factor is the geometric mean of the node – reliability factors. 

Thus [4]: 
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
                                                                                      ... (6-9) 

 If the network is unacceptable when the head available at the node and 

therefore, Rnj is less than a particular value, this Rnj is set to zero in eq. (6-9). As 

a result Fn and therefore Rnw would be zero and the network would be 

unacceptable. 

 The values of (RV, Ft), Fn (assuming acceptable Rnj > = 1.9) and Rnw for 

three situations described earlier are shown in table (6-0). Herein, Rnw values can 

properly depict the reliability for the three situations. Situation 3, which is 

unacceptable, has zero network reliability factors. 

 

Table (6-1): Reliability factors for different situations [4] [quoted in (Gupta            

and Bhave: 0994)]. 
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Case RV Ft Fn Rnw 

0 1.9111 0.1111 1.9111 1.8011 

2 1.9111 1.9111 1.9111 1.7291 

3 1.9111 1.9111 1.1111 1.1111 

 

 

 

 

A computer program was written with (Fortran power station) language to 

evaluate reliability factors for water distribution system. A flow chart of this 

program was shown in Fig. (C- 4) in Appendix C. 

 

 

 

 

 The program of reliability analysis was applied for existing, optimum 

design, and optimum rehabilitation of Hilla city pipe network, by preparing the 

required data from the results of analysis, rehabilitation, and design, which was 

obtained in Chapter Four and Chapter Five.  

 The pressure that considered in this work is (225) kpa for optimum 

design, optimum rehabilitation, and reliability analysis that is equals to (23.1 m) 

as head approximately [50] and the acceptable (Rnj ratio) is considered (66.57 

%) i.e (05.30/ 23.1), in this study. 

 The values of Rn, Ft, Fn, and Rnw for three situations described earlier are 

shown in table (6-2). 

Table (6-2): Reliability factors for the three cases of Hilla city pipe Networks. 

Description of 

pipe network 

Rh Ft Fn Rnw 

   6.5: Computer program for reliability analysis 

6.6: Application the program of reliability for 

Hilla       city pipe network 
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Existing 0.10951 1.89677 1.11111 1.11111 

Optimum 

rehabilitation 

0.20650 0.11111 0.09949 0.45909 

Optimum 

Design 

0.27815 0.11111 0.26835 0.62010 

 

 

 

 

 The two main values to evaluate the pipe network are: (Ft) and (Rnw). (Ft) 

in practical mean, means the reliability of network and (Rnw) means the index for 

the best network if the two networks have the same value of (Ft). So, for the 

existing pipe network for Hilla city, (Ft) for it is the less value among the values 

of (Ft) for the three pipe networks. That means the existing pipe network is the 

worst and unacceptable among them since its value of (Rnw) equals to zero. The 

best pipe network is the new optimum design among the three pipe networks 

since it has the large value of (Rnw). But, in general, the optimum rehabilitation 

of pipe network is preferred than the optimum design, since the last one has cost 

greater than the first as mentioned in Chapter Five. 

 6.6: Discussion of the results  
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Chapter Eight 

Conclusions and Recommendations 
 

 In this research, an analysis of existing pipe network in Hilla city, a new 

optimum design, optimum rehabilitation, reliability analysis and evaluation of 

water quality have been investigated. The following conclusions and 

recommendations can be withdrawn on the basis of the results obtained. 

 

 

A- Water quantity 

1. Enough amount of water consumption, within an average of (541 ℓ/c.d), 

and water production efficiency of (33.19 %) could be achieved and 

pumped through the Hilla city pumping stations. 

9. A deficit of head, at some nodes in the existing network, due to leakage 

and aging of pipes is recognized.  

3. A rehabilitation of Hilla city pipe network has cost less than the cost of 

designing a new one with ratio (94.93 %).  

4. Reliability of head at nodes was found to be (83.38 %), (111 %), (111 

%) for: existing, optimum rehabilitation, and for new optimum design 

respectively. 

B- Water quality 

1. All parameters, which were studied in this study, are acceptable according 

to standard values, except turbidity and hardness during the year (9119). 

9. Reliability of Hilla Al-Kadeem water treatment plant was found to be 

(53.34 %) for potable water turbidity and (5.53 %) for raw water 

turbidity. 

   1.8: Conclusions 
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9. Reliability of Hilla Al-Kadeem water treatment plant was found to be 

(41.159 %) for potable water hardness and (55.5 %) for raw water 

hardness. 

 

 

 

 The following recommendations are suggested for Hilla city water office: 

1. Old pipeline inside different quarters should be replaced since these 

pipelines suffer from cracks, corrosions, and leakage due to its age such 

as Bakarly quarter.  

9. Elevated storage tanks in the city should subject to suitable repairs to 

convert the direct pumping to an indirect pumping process in order to 

obtain a convenient balance in water consumption during the different 

seasons since there is no control of pumping. 

9. It is recommended to specify all the new pipelines on the related layout 

map of Hilla city pipe network through maintenance and repair 

processes. 

5. Carrying out the optimum rehabilitation for pipe network to avoid the 

deficit in head at nodes.  

           

For further research topics the following recommendations are suggested 

for Hilla city pipe network: 

1. Analysis and evaluation of the quality of water at draw off nodes are to 

be studied. 

9. Further studies needs to be done on the contingency analysis considering 

failure of several pipes and several demand excess. 

  

   1.8: Recommendations 
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Chapter Seven 

Water Quality Evaluation  

and Reliability of Hilla City Water Treatment Plants 
 

 

 

 In this Chapter, the quality of treated water in the treatment plant 

concentrated on the more important parameters and reliability for water 

treatment plants in Hilla city. 

 

 

 Hilla city is provided as mentioned before with three water treatment 

plants. Data available is for two plants only, during the year (2002). These two 

plants are: Hilla Al-Jadeed and Hilla Al- Kadeem. The physical and chemical 

parameters that were considered in this research are: Turbidity, PH, Electrical 

Conductivity, Alkalinity, Hardness, Calcium, Magnesium, Chloride, Total 

Suspended Solids and Total Dissolved Solids for raw and potable water. Data of 

each parameter is obtained from the water office at Hilla city. Sketching and its 

discussion for each parameter as below, table (B- 4) shows the maximum 

allowable limits for these parameters according to Iraqi specifications. 

 

 

 

 Physical parameters that were considered in this study were: Turbidity, 

Electrical Conductivity, Total Suspended Solids and Total Dissolved Solids for 

raw and potable water as follows: 

 

 

   1.7: Introduction 

   1.7: Water quality evaluation 

   1.7.7: Physical parameters 

   A : Turbidity 
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 Turbidity is a measure of the extent to which light is either absorbed or 

scattered by suspended materials in water. Because absorption and scattering are 

influenced by both size and surface characteristics of the suspended material, 

turbidity is not a direct quantitative measurement of suspended solids. For 

example, one small pebble in a glass of water would produce virtually no 

turbidity. If this pebble were crushed into thousand of particles of colloidal size, 

a measurable turbidity would result, even though the mass of solids had not 

changed  [33]. 

 Figures (6-1) and (6-2) represent turbidity of potable and raw water at 

Hilla Al- Jadeed and Hilla Al-Kadeem water treatment plants, respectively. 

These Figures show an increasing in turbidity starting from February during 

year (2002) for raw water, and some increasing in turbidity for potable water. 

Most turbidity in surface waters results from the erosion of colloidal material 

such as clay, silt, rock fragments, and metal oxides from the soil. Household and 

industrial wastewaters may contain a wide variety of turbidity-producing 

material. So, these sources may be the reason for increasing of turbidity in raw 

water, and the later affect on potable water. Turbidity was measured with unit 

(Nephelometric Turbidity Unit) (NTU). 
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Fig. (7-1): Turbidity of potable and raw water at (HJWTP) during year (2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7-2): Turbidity of potable and raw water at (HKWTP) during year (2002). 

 

 

 
   B : Electrical conductivity (EC) 
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 Electrical Conductivity (EC) for water can be defined as a numerical 

value refers to the ability of water to carry the electrical current. This value 

depends on the concentration of dissolved ions in water, and temperature of 

water during the measurement, because it affects directly on the movement and 

direction of ions. So, (EC) increases (22) as temperature increases one 

percentage degree  [1].   

 Usually, most of acids, alkaline and inorganic dissolved salts carry the 

electrical current with good matter. While the organic salts and acids carry the 

current with bad matter. The unit for measuring (EC) is (mhos = 1/ohms) [1]. 

Figures (6-3) and (6-4) represent (EC) of potable and raw water for the two 

plants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7-3): (EC) of potable and raw water at (HJWTP) during year (2002). 
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Fig. (7-4): (EC) of potable and raw water at (HKWTP) during year (2002). 

 

These two figures show that (EC) at the two plants are less than the 

maximum allowable limit, accordingly  drinking water is safe with respect  to 

this parameter.   

 

 

 

 Solids suspended in water may consist of inorganic or organic particles or 

of immiscible liquids. Inorganic solids such as clay, silts, and other soil 

constituents are common in surface water. Organic material such as plant fibers 

and biological solids (algal cells, bacteria, etc.) are also common constituents of 

surface waters. These materials are often natural contaminants resulting from the 

erosive action of water flowing over surfaces [36]. 

 Other suspended material may results from human use of the water. 

Domestic wastewater usually contains large quantities of suspended solids that 
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are mostly organic in nature. Industrial use of water may result in a wide variety 

of suspended impurities of either organic or inorganic nature.  

 Figure (6-5) represents total suspended solids concentration of raw and 

potable water at Hilla Al-Kadeem water treatment plant (HKWTS), 

unfortunately, data for Hilla Al-Jadeed water treatment plant (HJWTP) is not 

available at Hilla city water office.  

 Although there is no standard value for this parameter, but if there is large 

amount of this parameter in water leads to uneconomic filtration for basins and 

tanks. 

  

 

 

 

            

 

 

 

 

 

 

 

 

Fig. (7-5): Suspended Solids concentration of potable and raw water at 

(HKWTP) during year (2002). 

 

 

 

 

 

 Feb     Mar    Apr      May    Jun     July      Aug     Sep     Oct    Nov    Dec 

0

10

20

30

40

50

60

70

80

90

100

T
.S

.S
 (

m
g

/l
)

Raw water

Potable water



Chapter Seven :  …….Water Quality Evaluation and Reliability of Water Treatment plants  

 62 

 

 

 

 The remaining suspended materials in water after the filtration is usually 

considered as dissolved materials. Figure (6-6) represents the total dissolved 

solids of raw and potable water for (HKWTS). No data available for this 

parameter at (HJWTP).  

 From figure (6-6), it can be noticed that the raw and potable water has a 

concentration of (T.D.S) less than the maximum allowable limit shown in table 

(B-4) in Appendix B. So, the water is considered safe for drinking with regard to 

this parameter. 

 

 

          

 

 

 

 

 

 

 

 

 

  Fig. (7-6): Total dissolved solids concentration of potable and raw water at 

(HKWTP) during year (2002). 
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 The chemical parameters considered in this study are as follows: 

 

 

 

 pH-value represents the activity of hydrogen ions in water. This value 

vary between (0-14) for solutions, if the value of it is less than (6); the solution 

was from acids, and if this value is greater than (6) the solution considered from 

alkaline, otherwise the solution considered from salts. 

 Figures (6-6) and (6-3) show the pH-values of raw and potable water at 

the two plants. These figures show that the values of (pH) are within the 

allowable limits.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7-7): pH value of potable water at (HJWTP) during year (2002). 

 

 

   1.7.7: Chemical parameters 
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Fig. (7-8): pH value of potable and raw water at (HKWTP) during 

year (2002). 

 

 

 

 Alkalinity is defined as the quantity of ions in water that will react to 

neutralize hydrogen ions. Alkalinity is thus a measure of the ability of water to 

neutralize acids [36]. Figures (6-6) and (6-10) represent alkalinity of potable 

and raw water, respectively, at the two water treatment plants. These figures 

show that the water may be considered safe for drinking. 

 

 

 

 

 

 

  B : Alkalinity 
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Fig. (7-9): Alkalinity concentration of potable and raw water at (HJWTP) 

during year (2002). 

 

 

          

 

 

 

 

 

 

 

 

 

  Fig. (7-11): Alkalinity concentration of potable and raw water at (HKWTP) 

during year (2002). 
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 Hardness is defined as the concentration of multivalent metallic cations in 

solution. At supersaturated conditions, the hardness cations will react with 

anions in the water to form a solid precipitate. Hardness is classified as 

carbonate hardness and noncarbonate hardness, depending upon the anion with 

which it associates. The hardness that is equivalent to the alkalinity is termed 

carbonate hardness, with any remaining hardness being called noncarbonate 

hardness [36].  

 From Figs. (6-11) and (6-12), it can be noticed that the hardness of two 

types of water at the two plants is unacceptable. The concentration is above the 

maximum allowable limit (500 mg/l) [31]. The increasing of hardness may be 

occurred due to the increasing of calcium and magnesium ions in soil, especially 

during the summer months (May – October), due to the increasing in calcium 

and magnesium ions during the same period as shown in Figs. (6-13) and (6-

14). 
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           Fig. (7-11): Hardness concentration of potable and raw water at 

(HJWTP) during year (2002). 

 

 

         

 

 

 

 

 

 

 

 

 

   Fig. (7-12): Hardness concentration of potable and raw water at (HKWTP) 

during year (2002). 

 

 

 

 Calcium is widely available in natural water due to the dissolution of the 

calcium component that is available in soil. Calcium considered as the main 

cause of hardness, as well as, it improves the permeability of the soil and 

decreases the side effects of sodium. Figure (6-13) and Fig. (6-14) show the 

availability of calcium in the two types of water at the two plants. Generally, 

calcium concentration in water can be considered less than the allowable limit. 

So, the water can be considered safe for drinking according to calcium 

concentration. 

 Magnesium is available in natural water, sea water, and metal water. 

Magnesium also considered as the main cause of hardness. Figures (6-15) and 
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(6-16) represent the concentration of magnesium in the two types of water at the 

two plants. Accordingly, water can be considered safe for drinking with regard 

to the previous mentioned parameters.  

 

 

 

 

 

 

 

 

 

 

 

         

   Fig. (7-13): Calcium concentration of potable and raw water at (HJWTP) 

during year (2002). 
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Fig. (7-14): Calcium concentration of potable and raw water at (HKWTP) 

during year (2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7-15): Magnesium concentration of potable and raw water at (HJWTP) 

during year (2002). 
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  Fig. (7-16): Magnesium concentration of potable and raw water at (HKWTP) 

during year (2002). 

 

 

 

 Chloride is considered as the most important negative ion that is available 

in natural water. It causes a salt taste for water, especially when it formed with 

sodium ion to form (Nacl) [31]. This ion cannot cause the salt taste when 

formed with calcium and magnesium. The large concentration of it in water 

causes the erosion for pipes and metal structures.       

 Figures (6-16) and (6-13) represent the concentrations of chloride for the 

two types of water at the two plants. From these figures, it can be clearly seen 

that the concentration of it is less than the maximum allowable limit.  

Water can be considered safe for drinking according to all parameters 

except turbidity and hardness. So, the following reliability analysis was done for 

these two parameters for the last (16) years. 
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    Fig. (7-17): Chloride concentration of potable and raw water at (HJWTP) 

during year (2002). 

 

 

 

 

           

 

 

 

 

 

 

 

 

 Fig. (7-18): Chloride concentration of raw and potable water at (HKWTP) 

during year (2002). 

 

 

 

 The parameters that usually considered for reliability analysis of water as 

previously mentioned are Turbidity and Hardness of the two types of water, 

since these two parameters were considered unacceptable, and reliability 

analysis has to be done with regard to these two parameters. Data  obtained was 

only for (HKWTS). To determine reliability of the turbidity and hardness for 

water, Behavior method and Niku et al. method  were considered in this study. 

Behavior method has less accuracy than other methods [32]. The two methods 

can be explained as follows: 

 

   1.7: Reliability of water treatment plants 
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 The probability of reliability can be calculated by dividing the acceptable 

numbers from the recorded data by the total number of recorded data. However, 

the reliability is found as [32]: 

Rel =Ai / nn.                                                                                      … (6-

1) 

 

Where: 

Ai: acceptable numbers from the recorded data. 

nn: total number of the recorded data. 

 For example, if there are (100) numbers of recorded data and (60) 

numbers of them are acceptable, then, (10) numbers will be considered an 

unacceptable, in this case the reliability is (602). To find reliability of turbidity 

and hardness for the two types of water for the last (16) years a reliability 

analysis program based on Behavior method as mentioned in Chapter Six has 

been used. Results of the analysis is presented in Table (6-1). 

 

 

Table (7-1): Reliability analysis for turbidity and hardness using Behavior                                   

method for the last (16) years. 

 

 Turbidity of 

raw water 

Turbidity of 

potable 

Hardness of 

raw water 

Hardness 

of potable 

   1.7.7: Behavior method 
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water water 

Reliability (%) 61313 321313 461366 511042 

 

 

 

 

 

 

 Before explaining this method, it is essential to mentione the condition for 

using this method. The condition for using this method that the data must follow 

the lognormal distribution [33]. So, the data must be examined before using this 

method.  

 

 

 

 

 

Turbidity and hardness variabilities can be shown and analyzed by 

determining the histogram and probability density function (p.d.f) of the data.  

Selecting the type of distribution is of vital importance as well as the test. 

In the two following paragraghs the tests used in the present study are 

introduced. 

 

 

 

 Kolmogorov-Smirnov test is one of the most commonly used tests for 

selecting the suitable type of distribution for a given histogram. This test 

involves the examination of random sample from an unknown continuous 

distribution to test the hypothesis that the unknown distribution function is the 

   1.7.7: Niku et al. method 

 

A : Turbidity and hardness concentration 

distribution 
 

  I : Kolmogorov-Smirnov test 
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specified known continuous distribution function. The conventional null 

hypothesis (Ho) is that the distribution functions are identical. The test is based 

on the difference between the observed cumulative density function (C.D.F) 

(observed cumulative histogram) and the expected cumulative density function 

at each data point. The largest of these differences, Dmax, is used with sample 

size to test the hypothesis (Ho) [36]. 

Then (Dmax) will be compared with critical valued (Dα) from Table (B-5) in 

Appendix B to take decision about the rejection or acceptance of the null 

hypothesis. 

 

If DD max  accept Ho. 

If D max > Dα reject Ho. 

 

 

 

 Chi-square test is another test, which can be used to help in using or 

rejecting a certain distribution toward which it have a certain prediction. This 

test is based on the difference between actual frequencies, fi, and the expected 

frequencies, if̂ , of a known distribution function at mid-interval of each 

category. 

 Chi-square statistics for a goodness-of-fit test is given by the following 

model [16]. 

 





if

iffi

ˆ

ˆ 2

2                                                                               …(6-2)     

Where; 

 fi: actual frequency value at mid-interval of each category. 

if̂  : expected frequency value at mid-interval of each category. 

i : class interval. 

  II : Chi-Square test (7) 
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 2  Value will be compared with critical value ( 2
 ) from table (B-6) in 

Appendix B to take decision about rejection or acceptance of the proposed 

distribution (null hypothesis, Ho). 

 If 22
   accept Ho. 

 If 22
   reject Ho. 

 

 

 

 The lognormal probability law is commonly used in civil engineering 

practice and seems to adopt originally to produce a better fit to skewed data by 

using this simple transformation of the familiar normal distribution [6]. 

 The lognormal distribution has the following probability density function. 

[33]. 

   0ln.
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
 x

xm

x

xxx
xf x


               …(6-3) 

Where; 

x: represents effluent variable concentration. 

xln  : standard deviation of the logarithm of x.  

xm  : median of x. 

 

 

 Figures (6-16), (6-20), (6-21), and (6-22) show the histogram of turbidity 

and hardness for the two types of water for the last (16) years at Hilla Al- 

Kadeem water treatment plants (HKWTS). 

 

  B : Lognormal distribution 
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Fig. (7-19): Turbidity histogram of raw water at (HKWTP) in Hilla city. 
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Fig. (7-21): Turbidity histogram of potable water at (HKWTP) in Hilla city. 
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Fig. (7-21): Hardness histogram of potable water at (HKWTP) in Hilla city. 
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Fig. (7-22): Hardness histogram of raw water at (HKWTP) in Hilla city. 
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Based on histograms shown in Figs.(6-16), (6-20), (6-21), and (6-22) 

tables (6-2), (6-3), (6-4), and (6-5) have been introduced to show the results for 

examination. From these tables, it can be noticed that turbidity is following the 

lognormal distribution while hardness does not.  

 

 

 

 

 

Table (7-2): Turbidity examination of raw water at (HKWTP). 

Kolmogorov-Smirnov d = .0343300, p = n.s. 

Chi-Square: 31003323, df = 3, p = .3610506 (df adjusted) 

 

Observed 

Freq-cy 

Cumulatv 

Observed 

Percent 

Observed 

Cumul. % 

Observed 

Expected 

Freq-cy 

Cumulatv 

Expected 

Percent 

Expected 

Cumul. % 

Expected 

Observd- 

Expected 

<=900001 91 91 5019.1 5019.1 99010.11 99010.11 10911109 10911109 5001591 

.000010 11 15 51019115 150..195 590.5.11 15095159 550900.1 150.1111 -50.5.11 

5000050 11 911 55011195 55001551 110.5555 91901011 50051011 55011051 105.1111 

1000010 .5 951 91001.1 19091111 .1011191 911011.1 91011155 11019599 -9011191 

1000010 90 911 10.01555 11051191 9.0515.5 91.05109 1011119. 11015109 -.0515.5 

1000010 1 911 .0015555 1101551 1059051 91501101 .05111.5 15055115 -9059051 

5000050 . 919 90019115 11015191 .05.0101 91101191 90.01101 11011111 -005.019 

10000.0 0 919 0 11015191 9001111 91900.51 00111059 11011515 -9001111 

1000090 9 91. 001.0155 900 00111901 91901911 00.11..9 11051511 00199111 

Infinity 0 91. 0 900 00111015 91. 00.1.901 900 -0011101 
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Table (7-3): Turbidity examination of potable water at (HKWTP). 

Kolmogorov-Smirnov d = .0522664, p = n.s. 

Chi-Square: 6.633112, df = 5, p = .0331622 (df adjusted) 

 

Observed 

Freq-cy 

Cumulatv 

Observed 

Percent 

Observed 

Cumul. % 

Observed 

Expected 

Freq-cy 

Cumulatv 

Expected 

Percent 

Expected 

Cumul. % 

Expected 

Observd- 

Expected 

<=.00015 5 5 9011.1 9011.1 90910515 90910515 00111911 00111911 90111.55 

1000115 50 55 9101.1 9509151 .1051011 .1011959 95091119 95051.11 1011101 

1000511 1. 11 .5001555 110.5015 100.1155 51055001 .1095905 51011511 905191.1 

1000591 55 9.. 910.5015 15011915 11055.1. 9.9011.1 .50.1195 150.1959 -5055.1. 

90.0011 55 911 910.5015 1.019.1 .10101.9 9190.115 9101.505 51051151 50911519 

9.00015 .0 951 90019115 150..191 95011111 911011.5 10.91155 110009.. .0501515 

9100010 1 911 509.1 11051191 90005591 95101111 10..511. 150..11 -1005591 

9100015 1 911 .0015555 1101551 10199119 91101999 .01..55 11091915 -9019911 

9100051 9 910 001.0155 11011151 50951111 91505105 90151.0. 15051115 -.095111 

.0000.1 0 910 0 11011151 90559951 91101.91 001..111 1105015 -9055991 

..000.9 9 919 001.0155 11015191 90099.15 91001559 001.159. 110.5109 -00099.1 

.100091 0 919 0 11015191 00111115 91909911 00501119 11011011 -0011111 

.100005 9 91. 001.0155 900 00515151 919011.1 00951951 1105.001 0011101. 

Infinity 0 91. 0 900 0015515. 91. 00.5119. 900 -0015515 
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Table (7-4): Hardness examination of potable water at (HKWTP). 

Kolmogorov-Smirnov d = .0536635, p = n.s. 

Chi-Square: 16142123, df = 4, p = .0006510 (df adjusted) 

 

Observed 

Freq-cy 

Cumulatv 

Observed 

Percent 

Observed 

Cumul. % 

Observed 

Expected 

Freq-cy 

Cumulatv 

Expected 

Percent 

Expected 

Cumul. % 

Expected 

Observd- 

Expected 

<= .90 0 0 0 0 9011.11 9011.11 001.1.1. 001.1.1. -9011.11 

5.0. 51 51 91051 91051 .509591 .1059115 9.001511 9.015.91 9.01119 

150. 19 55 .9051195 10090195 1.05..59 55015111 .5011111 10055911 -9905..5 

110. 1. 991 .9.151 19015195 19095119 9.101911 .1011101 11011551 -1095119 

110. 10 911 .0015555 1.019.1 5.05159. 91905511 95001195 11001911 50.51155 

510. .1 911 95011915 11051191 910151.1 95105951 101911.. 1.015951 10011511 

150. 5 911 9011.1 15019111 5019111 91109.15 1.05051 11011.11 -1019111 

110. . 910 90019115 11011151 50511955 91101.11 90550101 11059.11 -9051191 

9010. . 91. 90019115 900 90151001 91001111 005151. 11011011 00115111 

Infinity 0 91. 0 900 90051915 91. 00151951 900 -9005191 

 

 

Table (7-5): Hardness examination of raw water at (HKWTP). 

Kolmogorov-Smirnov d = .0614556, p < .10 

Chi-Square: 31126603, df = 4, p = .0000026 (df adjusted) 

 

Observed 

Freq-cy 

Cumulatv 

Observed 

Percent 

Observed 

Cumul. % 

Observed 

Expected 

Freq-cy 

Cumulatv 

Expected 

Percent 

Expected 

Cumul. % 

Expected 

Observd- 

Expected 

<=.11011 9 9 001.0155 001.0155 1055..11 1055..11 .011111 .011111 -5055..1 

5110019 19 1. .1011.1 .5001555 .10111.1 5101101 91011..9 95015551 .9055951 

1150151 .5 51 99015195 51001.1 10015051 110059.1 .1055091 11050511 -.501501 

111091. 15 9.. .1015195 15011915 1101111 95001.1. .5011.51 11091059 909119 

15.05.5 51 915 910..195 19055011 .1011151 91001..1 910159.5 15051911 10905.51 

5550.55 .1 91. 9500.015 11051911 910.1591 95509.09 10111901 1.0.1001 1050.151 

1190191 1 911 509.1 15019111 10055.5 91109151 10911051 11015195 -.0055.5 

1110511 5 919 9011.1 11015191 505111.1 91101011 9011.501 11051111 -0051115 

9010019 0 919 0 11015191 90111119 910010.1 0011511 110.5..1 -9011111 

9911011 9 91. 001.0155 900 00515515 91905101 00511151 11011111 00.1..95 

Infinity 0 91. 0 900 00151119 91. 0055501. 900 -0015111 
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The coefficient of reliability may be introduced which relates the mean 

constituent values (that is, the design values) to the standard that must be 

achieved on probability basis. The mean constituent value, mx, is then obtained 

from the following equation; [33]. 

 

   sXCORmx *                                                                              …(6-4) 

 

Where: 

Xs: a fixed standard. 

COR: coefficient of reliability. 

 Two statistical parameters are used in reliability determinations: 

** The first parameter is the coefficient of variation, Vx, which is the ratio of 

the standard deviation, x, and the mean value, mx [33]. 

 
mx

Vx x
                                                                                           …(6-5) 

** The second parameter is the percentiles Z1-, of the standard normal 

distribution; that is the number of standard deviations by which X differs 

from the mean. That is [33]. 

 2/12

2/12

1
)]1([

])1([











x

x

s

VLn

V
X

mx
Ln

Z                                                     …(6-6) 

In table (B-6) in Appendix B, the fractional reliability for effluent 

concentrations is presented as a function of Vx and COR.  

 

 

  C : Development of the reliability model 
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 Table (B-6) in Appendix B, may be used to estimate the reliability of a 

treatment plant under operation if the mean and standard deviation for the plant 

are known. For example, there is (36 %) reliability in a plant operating with 

COR = 016 and a Vx = 016  [33].  

 Using eq. (6-6) to obtain Z1-α and from table (B-3) in Appendix B, for 

normal distribution, the reliability of hardness and turbidity can be chosen. 

Table (6-6) shows the variables and results of the reliability analysis for 

turbidity of the two types of water with confidence interval (652) [54]. It is 

found that hardness parameter does not follows the lognormal distribution. 

 

Table (7-6): Reliability analysis for turbidity of water 

by using Niku et al. model for the last (16) years at (HKWTP). 

 VX mx /Xs Z1-α Reliability (%) 

Turbidity of 

potable water 

0146 0166 0134 66165 

Turbidity of      

raw water 

01461 2145 -116 4146 

 

  D : Reliability model applications 

 



 

 

 

 

 

 

شَزًا فجََعلَهَُ وسََباً  وَهُىَ الَّذِي خَلكََ مِهْ الْمَاءِ بَ

كَانَ رَبُّكَ لدَِيزًا  وَصِهْزًا وَ
 

 

 

 

 

                                                      

 صدق الله العظيم
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Appendix B : 

 B-1 

Table (B-1) : Program results for optimum design of Hilla city pipe network 

(0205). 

 

PIPE Q [M3/S] HF [M] D [MM] 
LENGTH 

[M] 
SLOPE *11**-3 

VELOCITY 

[M/S] 

1 -0603060 46214 250 1400 46243565 -066240 

2 0603042 16502 200 650 26310360 162645 

3 060530 16002 250 400 4606542 160001 

4 0603064 56421 150 1200 46235340 164341 

5 0604160 16402 300 600 26035064 16014 

6 0613402 4614 350 060 4631206 164013 

4 -0600603 46442 300 1200 36046404 -162141 

0 0605436 4640 300 1050 46561015 060115 

0 0600302 26341 100 050 26454112 064006 

10 -0600300 46003 100 1400 2640446 -064040 

11 -0600003 06430 150 250 16454204 -065056 

12 0600405 06404 100 430 16132406 060001 

13 060242 06656 150 240 264354 163604 

14 0600154 06405 100 1400 06503430 061006 

15 0603101 26165 200 500 46330002 060042 

16 0600304 26324 100 1350 16421266 063046 

14 0600302 06465 100 450 16600014 06305 

10 0601442 26343 150 550 46250003 060163 

10 0600304 06042 100 550 16413540 063064 

20 0600226 06432 300 200 36660240 161630 

21 -0600204 16040 100 650 16613133 -063443 

22 0604604 06624 250 200 36134222 060541 

23 0602502 06424 200 250 26000531 064064 

24 -0600644 06100 100 100 16041063 -060506 

25 0600200 16055 100 600 16551263 063665 

26 0602001 16511 200 400 36444265 060160 

24 -0604405 06400 250 150 36260443 -060444 

20 0602034 06264 200 200 16320453 060340 

20 0600201 16353 100 1400 0640604 062556 

30 0603601 06002 250 400 26006035 064400 

31 0605031 56330 250 1100 46052402 162002 

32 0600421 16305 300 320 46040010 162334 

33 -0600461 16005 350 200 5602400 -1.0145 

34 -0623605 16002 450 500 36603434 -164000 

35 -0601046 16011 150 610 16656004 -160446 

36 -0600346 16602 100 630 26542135 -064405 

34 -0600103 16500 100 2140 06442004 -062461 

30 -0600102 06264 100 400 06664262 -062324 

30 0602600 16302 200 440 36141030 0603 

40 0605055 06003 250 250 36610245 160200 

41 0600016 16001 100 000 16034246 161663 

42 -0612330 26635 350 420 36650443 -162024 

43 -0630310 06661 550 200 36303032 -166120 
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PIPE Q [M3/S] HF [M] D [MM] 
LENGTH 

[M] 
SLOPE *11**-3 

VELOCITY 

[M/S] 

44 0623066 16004 450 320 36420504 164503 

45 0613345 06465 350 100 4624053 163001 

46 0611004 06605 350 200 36424002 162343 

44 0604663 16412 300 440 36200044 160042 

40 -0604130 16445 250 400 26403100 -060432 

40 0600101 06134 100 600 06222050 061205 

50 0600101 06245 100 1100 06223106 061206 

51 0604000 46130 250 1220 36303011 060050 

52 -0600601 06001 350 200 46054313 -160042 

53 -0600350 26436 100 1050 26310441 -064554 

54 -0605200 46400 250 1200 36024530 -160443 

55 -0600341 16066 100 450 26400032 -064420 

56 -0611405 06643 350 200 36364033 -162250 

54 -0614102 36201 350 400 46604644 -164650 

50 -0602622 26205 200 420 36143604 -060344 

50 -060024 06414 100 520 16343001 -063432 

60 -0601145 16311 150 450 26012314 -066644 

61 0601154 36002 100 1060 2603224 1.4433 

62 -0600133 06140 100 400 06340440 -061601 

63 0600100 06626 100 010 06442300 062515 

64 0604403 06560 250 100 36150024 060502 

65 0611002 06506 350 150 36340010 162264 

66 -0604550 26415 250 010 26001414 -060204 

64 0601130 06004 150 330 26440064 0.6442 

60 0604004 16200 250 300 36300600 060055 

60 0605430 46003 250 000 4613445 161001 

40 -0620041 06000 500 240 36324235 -165240 

41 -062212 06635 450 200 36142440 -163000 

42 0610043 16035 400 430 46266426 165154 

43 0611040 16401 350 500 26002430 161403 

44 -0616006 16554 400 450 36452615 -163514 

45 0600035 06021 100 650 06031402 060440 

46 -0600216 062 100 220 06011000 -062440 

44 -0602556 16241 200 420 36026244 -060135 

40 -0600260 16001 100 430 16340662 -063420 

40 0600044 06514 100 250 26060044 1.2435 

00 0600514 16426 100 300 46543140 066544 

01 060014 06423 100 420 06504503 062160 

02 -0602644 16152 150 350 36201440 -165133 

03 0602434 06553 200 200 26465003 064440 

04 -0600364 16002 100 450 26424406 -064664 

05 0600003 0606 100 450 26133013 162642 

06 0600060 06024 100 250 06104520 060064 

04 0600426 26403 100 450 36204304 065422 

00 0600354 16045 150 000 26306521 062010 

00 0603203 66444 250 1400 46030310 066400 

00 0610004 26146 350 460 26063663 161233 
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PIPE Q [M3/S] HF [M] D [MM] 
LENGTH 

[M] 
SLOPE *11**-3 

VELOCITY 

[M/S] 

01 -0605066 46323 250 1540 46455115 -16105 

02 0600160 06431 100 450 06544232 062143 

03 -0600316 16000 100 1030 16043223 -064022 

04 0601433 36000 150 050 46200504 060111 

05 -0600226 16100 100 1200 06000636 -062046 

06 0600261 26400 100 1060 16205040 063324 

04 0601521 56630 200 1200 46600216 064041 

00 0600431 36244 150 1000 36244444 062430 

00 -063053 26404 550 410 36400003 -166630 

100 -061612 36444 400 1100 36133016 -162020 

101 060450 36623 250 1200 36010001 06035 

102 -0.10015 16340 450 300 46502425 -162450 

103 -0606232 36000 300 450 56310240 -060016 

104 0602525 16620 250 550 26050066 065144 

105 0600206 16200 100 1550 06034200 062626 

106 -060400 46432 300 1400 36300205 -161140 

104 -0611554 16164 350 360 36242524 -162012 

100 0604665 36111 250 1000 36110651 060503 

100 0602640 16001 200 600 36302045 060524 

110 -0604214 16200 250 500 26544015 -060504 

111 -0605246 26124 250 550 36066303 -160604 

112 -0600501 06000 100 210 46326502 -066346 

113 0601035 16404 150 650 26302604 065056 

114 -0605600 46260 250 050 46402403 -161500 

115 -060043 46006 300 1050 36030032 -161026 

116 -0600504 46116 100 040 46340646 -066410 

114 -064505 06601 550 130 46623354 -160341 

110 0600126 26210 300 500 4643605 162011 

110 0600332 16316 100 650 26025334 064232 

120 -0600330 16100 100 540 2600420 -064200 

121 -0600114 06112 100 400 06201230 -061454 

122 -0600146 06445 100 1200 06621231 -062236 

123 -0602210 1621 200 520 26326003 -064050 

124 0600060 06055 100 500 0611031 060040 

125 0605104 1.545 250 420 36640305 160405 

126 0600424 16060 100 500 36222003 065430 

124 -0612404 46150 350 1110 36445054 -162006 

120 -0600140 06460 100 1030 06454200 -061000 

120 0604262 06001 300 310 260052 160243 

130 -0635001 1625 500 200 46464026 -164042 

131 -0.04005 06440 300 220 36300441 -161103 

132 -0602643 26254 200 400 36220155 -060412 

133 -0600463 46643 100 1250 36430053 -065002 

134 0614240 26404 400 400 36552246 163426 

135 -0600305 16212 100 400 16431003 -063000 

136 -0600355 26055 100 1250 2620300 -0.4516 

134 0613506 36020 350 400 46324005 164030 
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PIPE Q [M3/S] HF [M] D [MM] 
LENGTH 

[M] 
SLOPE *11**-3 

VELOCITY 

[M/S] 

130 0600001 06141 100 050 06140260 061031 

130 -0605025 46500 300 1550 4604350 -060302 

140 0602626 1645 200 550 36101524 060350 

141 -0.00244 26142 100 1530 16410540 -063403 

NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

1 206466 06041 

2 216552 0604 

3 236054 06010 

4 256046 06034 

5 306460 06032 

6 346600 06016 

4 206036 06021 

0 206300 06012 

0 256305 06034 

10 246561 06022 

11 206005 06014 

12 306542 0.004 

13 266161 06011 

14 206504 06065 

15 206234 06026 

16 206100 06036 

14 206016 06014 

10 206420 06021 

10 206404 06025 

20 316205 06021 

21 306006 0 

22 206406 06015 

23 206104 0 

24 266606 06013 

25 24606 06035 

26 206462 06023 

24 3461 06020 

20 356405 0601 

20 246020 06020 

30 206404 0 

31 20631 0 

32 306422 06042 

33 316404 06015 

34 326142 0 

35 336260 06012 

36 20601 06025 

34 206636 06035 

30 306205 06022 

30 306411 06024 

40 206206 0604 

41 306142 06034 
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NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

42 326545 06026 

43 326202 06040 

44 306420 06034 

45 206450 06021 

46 206250 06002 

44 206450 06011 

40 206040 06021 

40 306404 06021 

50 316261 06010 

51 30614 06013 

52 31613 06015 

53 266006 06025 

54 206000 06012 

55 266662 06042 

56 266406 0 

54 246041 06044 

50 316101 06044 

50 206315 06066 

60 246606 06054 

61 236414 06021 

62 266602 06011 

63 32633 06033 

64 346430 06044 

65 246414 06046 

66 366016 06056 

64 356053 06036 

60 356530 0602 

60 346343 06016 

40 326240 0601 

41 306061 0601 

42 306054 06015 

43 206064 06005 

44 206024 06020 

45 30644 06026 

46 316341 06015 

44 336500 06014 

40 206023 06004 

40 316551 06024 

00 31622 06042 

01 246104 06004 

02 246033 06020 

03 266603 06034 

04 266023 06131 

05 206053 06033 

06 326330 06040 

04 206102 06044 

00 246415 0.025 
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NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

00 246434 06053 

00 25610 06020 

01 236060 06004 

02 36641 0 

03 33603 0 

04 33610 0 

05 3064 0 

06 34610 0 

 

        TOTAL COST OF THIS STAGE =  6113051113111  I.D 

 

        NO.OF CYCLES = 11461 

 

 

        STANDARD DIVEATION =  135551 

        COEFF.OF VARIATION =  1315.0 

 

 

Table (B-1): Program results for optimum improvement of Hilla city pipe 

network. 

 

PIPE Q [M3/S] HF [M] D [MM] LENGTH[M] 

SLOPE *11**-

3 VELOCITY[M/S] C.H.W. MMM 

1 -0600500 06642 300 2100 36064113 -16215 145 1 

2 -0601440 36515 200 560 662466 -065661 145 1 

3 0601012 16164 150 660 16464041 160010 145 1 

4 0601012 06041 150 40 16460404 16002 145 1 

5 0601010 06142 150 00 16440100 160056 145 1 

6 0603062 16446 200 420 46220442 060446 145 1 

4 0603544 06410 200 1540 56553556 161201 145 1 

0 -0600344 0620 350 60 46661623 -060443 145 1 

0 -06001 06224 100 1030 06220124 -061244 145 1 

10 060145 06301 150 40 4620040 060204 145 0 

11 0601104 16565 150 600 2660466 066262 145 0 

12 0602504 16026 250 430 46440620 065104 64 0 

13 0602426 06230 200 40 36411344 060640 145 1 

14 -0600304 16041 100 600 26013141 -065054 145 1 

15 0600555 06004 100 120 06425026 064063 145 1 

16 0600300 36142 100 1160 26400045 064052 145 1 

14 0603354 16202 200 240 56004164 160644 145 1 

10 0600344 16004 100 000 26155506 064344 145 1 

10 0602004 06332 200 160 26043654 066633 145 1 

20 0602004 06220 200 110 26043026 066633 145 1 

21 060022 06400 100 530 0603060 062405 145 1 

22 -060022 06536 100 540 06040015 -062406 145 1 

23 0600446 06064 150 220 36043000 062605 145 1 

24 0600446 46603 150 1100 36043434 062606 145 1 
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25 0603556 46105 250 450 56500053 064245 145 1 

PIPE Q [M3/S] HF [M] D [MM] LENGTH[M] 

SLOPE *11**-

3 VELOCITY[M/S] C.H.W. MMM 

26 0604406 06004 250 30 26004003 060130 145 1 

24 0605154 16006 300 200 36445404 064205 145 1 

20 -0605024 26442 300 520 46606201 -060243 145 1 

20 0603043 06416 250 100 26311315 060004 145 1 

30 -0600555 36102 100 610 56233250 -064066 145 1 

31 -0600555 36204 100 630 56233100 -064066 145 1 

32 0600204 16400 100 2140 06040303 062632 145 1 

33 0603000 06644 200 150 46205400 060020 145 1 

34 -0603000 36304 200 400 46205460 -060020 145 0 

35 -0613463 16045 350 250 46301400 -163003 145 1 

36 -0600445 26436 300 630 36064304 -161000 145 0 

34 0601024 26005 200 010 36561130 066126 100 0 

30 -0600146 06234 100 530 06440601 -061054 145 1 

30 -0601554 36521 150 420 46000022 -060405 145 1 

40 -0603203 06305 200 00 46011502 -16045 145 1 

41 0605210 06544 250 150 36020406 160632 145 1 

42 0602614 26403 200 000 36162064 06033 145 1 

43 0600212 06004 100 1120 06040660 062606 145 0 

44 0603300 26344 200 460 56102054 160404 145 1 

45 0606110 26054 250 400 56141516 162465 145 1 

46 0600060 16100 400 400 2604324 064134 03 0 

44 -0610563 26004 450 520 56546041 -161641 00 0 

40 -0600502 26300 400 420 36330051 -066466 44 0 

40 -0600550 46406 100 1400 56200144 -064100 145 1 

50 -0600250 06506 100 440 16260063 -063200 145 1 

51 0600140 06213 100 440 06453434 061004 145 1 

52 0600420 36063 300 450 46004400 162340 145 1 

53 0610144 06400 300 00 56425020 164303 145 1 

54 -0600503 46136 300 050 46065420 -163542 145 1 

55 -0600313 06015 150 450 16010410 -061441 145 1 

56 0601224 56520 150 1460 36141054 066025 145 0 

54 0600504 56024 100 1030 56454444 064430 145 1 

50 -0603544 26444 250 500 56554241 -064224 145 1 

50 -0603544 16300 250 250 56553360 -064226 145 1 

60 0601305 16343 200 340 36040025 064400 145 1 

61 0603045 46433 250 400 6646123 060036 145 1 

62 -0605102 0634 300 00 36440420 -064331 145 1 

63 0611324 36044 450 1530 26000164 06412 05 0 

64 -0620540 36400 450 410 46012106 -16202 145 1 

65 -0612441 06523 350 140 36433000 -162062 145 1 

66 -0602040 26516 200 600 36600001 -060060 145 0 

64 -0601400 36000 150 460 46046401 -064041 145 1 

60 0600031 06041 100 010 06051000 0604 100 0 

60 -060220 06143 200 40 26460400 -06420 145 1 

40 -0600520 06053 150 1440 06661410 -062006 145 0 

41 -0601233 06310 100 100 36104141 -165403 145 1 
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42 -0603462 56542 250 000 66101554 -064663 145 1 

43 0600210 06362 300 00 46510440 163042 145 1 

PIPE Q [M3/S] HF [M] D [MM] LENGTH[M] 

SLOPE *11**-

3 VELOCITY[M/S] C.H.W. MMM 

44 0606423 06562 300 100 56624000 060004 145 1 

45 0603663 46100 250 1044 26121450 064462 140 0 

46 0600450 2604 100 000 36645264 065030 145 1 

44 0600444 36153 100 010 36464620 065655 145 1 

40 -0.04016 36660 250 1040 364206 -160015 145 1 

40 -0611504 16064 350 240 66013204 -162054 145 1 

00 0603300 26204 250 450 56104612 066005 145 1 

01 -0600121 06140 100 440 06313004 -061544 145 1 

02 0605242 06504 250 130 36002420 160441 145 1 

03 0606141 16004 250 300 56222206 162541 145 1 

04 -0604405 06440 300 60 46405441 -160603 145 1 

05 -0600154 06226 100 450 06502505 -061004 145 1 

06 -0600504 26211 150 305 5644213 -063302 145 1 

04 -0600543 26056 100 340 56554442 -064200 145 1 

00 0600404 16364 100 320 4.261432 066325 145 1 

00 0601564 06645 150 130 46064300 060066 145 1 

00 0604644 06061 250 200 46304514 060520 122 0 

01 0604640 06201 250 00 36124434 06053 145 1 

02 -0602061 0602 200 220 36420650 -060106 145 1 

03 -0602050 06445 200 200 364254 -060102 145 1 

04 -0601460 36212 150 430 46400222 -060304 145 1 

05 -0600440 46221 100 1200 3651413 -065402 145 1 

06 0601502 56260 200 1030 56114466 065060 145 1 

04 -0603023 46505 200 1110 46130000 -060624 145 1 

00 -0602103 16001 200 400 26240044 -066001 145 1 

00 -0600153 06413 100 1400 06440645 -061042 145 1 

100 -0602444 06205 200 100 26040203 -064044 145 1 

101 0600135 06203 100 440 06301043 061414 145 1 

102 060024 0601 100 430 16100410 063050 145 1 

103 0600340 06542 100 210 26501440 064025 145 1 

104 0604400 06001 250 350 26002456 060003 145 1 

105 -0604046 06404 300 60 66420062 -16001 145 1 

106 -0600001 16314 150 620 26123420 -065605 145 1 

104 -0600204 16603 100 1040 16541405 -063652 145 1 

100 -0601644 26343 200 430 56444042 -065244 145 1 

100 -0602404 2.055 200 000 36560460 -060003 145 1 

110 0600105 06450 100 540 06004040 062403 140 0 

111 -060034 16054 100 400 26443061 -064415 145 0 

112 0600125 0635 100 000 06353642 061502 140 0 

113 0611404 16155 350 140 66402000 16104 145 1 

114 -061241 16454 400 330 46415046 -160114 05 0 

115 -0610030 06154 400 40 36050040 -164354 145 1 

116 -0620151 06521 400 110 46434054 -166036 145 1 

114 -0600144 06060 100 1420 06611544 -062214 145 1 

110 -062033 06626 400 130 46015401 -166140 145 1 
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110 -0603163 46264 200 050 4.402045 -160060 145 0 

120 0600144 06445 100 1000 06445440 061060 145 1 

121 -0605064 36601 300 450 46004455 -060442 145 1 

PIPE Q [M3/S] HF [M] D [MM] LENGTH[M] 

SLOPE *11**-

3 VELOCITY[M/S] C.H.W. MMM 

122 -0604004 36045 300 450 66466400 -16004 145 1 

123 -0600224 26306 300 630 36660441 -161630 145 1 

124 0601404 2656 150 540 46401660 0604 145 1 

125 0600616 0622 100 250 06000050 064042 145 1 

126 0602446 2634 200 020 26053643 064001 145 0 

124 060024 26044 100 040 26200416 063050 100 0 

120 -060162 46246 150 010 5624030 -060166 145 0 

120 -060000 46103 300 050 46403211 -162050 145 1 

130 -0606160 56242 250 1010 56210556 -162564 145 1 

131 0605010 26243 250 630 36561065 160223 145 1 

132 0602002 06343 200 100 2606050 066626 145 1 

133 060151 06324 150 40 46634364 060543 145 1 

134 0600410 06605 100 220 36115116 06534 145 1 

135 -0601404 26416 150 430 66316056 -160000 145 1 

136 0600064 0604 100 430 06005202 060012 145 1 

134 -0601656 26062 200 520 56502004 -065243 145 1 

130 -0604144 26506 250 350 46416543 -0.0440 145 1 

130 -0605200 16024 250 260 36030660 -160404 145 1 

140 -0605200 26521 250 640 36030501 -160406 145 1 

141 -0602045 36006 200 1500 26054206 -066604 145 0 

142 0600605 36002 150 620 66132000 063421 145 1 

143 -0601105 56240 150 1640 36160600 -066400 140 0 

 

 

NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

1 36631 0 

2 246660 06060 

3 246154 06034 

4 256321 0 

5 256302 0 

6 256535 0601 

4 246311 0601 

0 36603 0 

0 256300 06015 

10 25661 0 

11 246145 06014 

12 2061 0 

13 206330 06002 

14 246300 06002 

15 306541 06002 

16 246504 06014 

14 246030 0 

10 206064 06004 
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10 206565 0 

20 22664 06033 

21 236534 0 

22 20623 06031 

NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

23 326415 06000 

24 326502 06004 

25 336500 06004 

26 306054 06004 

24 246465 0 

20 246460 06006 

20 256453 06006 

30 2460 06024 

31 206054 06020 

32 316046 0 

33 33603 0 

34 316532 0 

35 316144 06012 

36 236441 06003 

34 236145 06016 

30 236350 06006 

30 266422 06020 

40 266011 0 

41 326030 0602 

42 306062 0 

43 206644 0602 

44 246050 06025 

45 246626 06014 

46 246465 06026 

44 326400 0 

40 306444 06065 

40 33610 0 

50 326105 06020 

51 206411 0 

52 266011 06011 

53 246345 06011 

54 20602 06031 

55 206002 0 

56 206163 06005 

54 206016 06004 

50 316314 06033 

50 206641 06004 

60 316656 06004 

61 206445 06004 

62 246646 0602 

63 3060 06020 

64 346000 06020 

65 356551 0 
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66 356013 0 

64 3064 06010 

60 306044 06050 

60 366361 06014 

NODE 
HEAD 

[M] 

Q-OUT 

[M3/S] 

40 336264 06014 

41 336305 06014 

42 336133 06010 

43 32610 06010 

44 346004 06011 

45 346040 06011 

46 206023 06033 

44 34.10 0 

40 336564 0 

40 326606 06013 

00 306354 0601 

01 266331 0601 

02 246041 06003 

03 206401 06003 

04 206452 06003 

05 206206 0604 

06 306240 0 

04 206045 06010 

00 206045 0602 

00 246363 06026 

00 206104 0 

01 246452 06014 

02 246241 0601 

03 206021 0.02 

04 25620 06010 

05 256046 06011 

06 266302 06006 

04 266645 06012 

00 206010 06012 

00 336043 0 

100 32600 0 

101 316433 0 

102 306360 0 

103 206345 06012 

104 26645 06025 

105 236000 06014 

106 23606 06014 

104 266155 06010 

100 206050 06015 

100 306004 06045 

110 256431 06010 

111 246000 06010 

112 206020 06010 
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113 306360 06010 

    

 

 

 

        NO.OF CYCLES = 15111 

 

        STANDARD DIVEATION =  336136 

 

        COEFF.OF VARIATION =      1 .1134 

 

        FINAL COST OF THIS NETWORK =  3.36406113111  I.D 

 

 

 

 

 

Table (B-3): Program results for optimum rehabilitation of Imam quarter pipe 

network. 
PIPE Q [M3/S] HF [M] D [MM] LENGTH[M] SLOPE *01**-3 VELOCITY[M/S] C.H.W. MMM 

1 -0603101 06220 200 50 46563041 -160156 145 1 

2 -0600436 36440 100 1130 36343454 -0.5540 145 0 

3 -060134 06241 150 40 36060465 -06445 145 0 

4 0600342 16451 100 400 26500015 064443 145 1 

5 -0603233 26525 200 540 46645061 -16020 145 1 

6 -0601044 16026 200 620 16654340 -065041 145 1 

4 -0601044 26453 150 410 66413016 -160436 145 1 

 

 

NODE HEAD [M] 
Q-OUT 
[M3/S] 

1 21644 06011 

2 216512 06000 

3 206406 0 

4 146435 06000 

5 146464 06014 

6 106215 06020 

 

 

        NO.OF CYCLES = 055 

 

        STANDARD DIVEATION = 136511 

 

        COEFF.OF VARIATION=       .1.55 

 

        FINAL COST OF THIS NETWORK =  141051113111 I3D   
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Table (B-4): Standard limits [31]. 

 

Parameters Max.Limit 

Turbidity (NTU) 12 

PH 6.5-8.5 

Electrical Conductivity 

(Umhos/cm) 

0222 

Alkalinity (mg/l) 022 

Calcium (mg/l) 022 

Magnesium (mg/l) 152 

Chloride (mg/l) 622 

Hardness (mg/l) 522 

Total Dissolved Solid (mg/l) 1522 
 

 

 

 

 

 

Table (B-5): Critical statistics for the Kolmogorov-Smirnov test [32]. 
 

Sample size α = 131 α= 1315 α= 1311 
5 2.51 2.56 2.67 

12 2.37 2.41 2.49 

15 2.32 2.34 2.42 

02 2.06 2.09 2.35 

05 2.04 2.06 2.30 

32 2.00 2.04 2.09 

42 2.19 2.01 2.05 

Large n 1.00/ n  1.36/ n  1.63/ n  

 

 

 

 

 

 

Table (B-6): Critical statistics for the Chi-square test [17]. 
 

α 135 135 135 135 135 131 131 131 131 131 131
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55 5 05 5 1 1 1 5 15 1 15 

ν  
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Table (B-.): The normal distribution (Normal Table) [04]. 

Z F (z) Z F (z) Z F (z) 
-3311 2.22134992 -1351 2.18426213 1311 2.888493233 

-1315 2.22186581 -13.1 2.01185542 1331 2.92319950 

-13.1 2.22055513 -1301 2.04196365 1341 2.91904334 

-1301 2.22346697 -1361 2.07405310 1351 2.93319082 

-1361 2.22466119 -1351 2.32853754 1361 2.94502271 

-1351 2.22602967 -1341 2.34457806 1301 2.95543454 

-1341 2.22819754 -1331 2.38028858 13.1 2.96426968 
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-1331 2.21270411 -1311 2.40274209 1351 2.97108344 

-1311 2.21392345 -1311 2.46217016 1311 2.97704987 

-1311 2.21786440 1311 2.52222222 1311 2.98013558 

-1311 2.20075213 1311 2.53980784 1311 2.98629655 

-1351 2.20871656 1311 2.57905971 1331 2.98907589 

-13.1 2.23593230 1331 2.61791140 1341 2.99182046 

-1301 2.24456546 1341 2.65540174 1351 2.99379233 

-1361 2.25479909 1351 2.69146046 1361 2.99533881 

-1351 2.26682702 1361 2.70574688 1301 2.99653323 

-1341 2.28275666 1301 2.75823635 13.1 2.99744487 

-1331 2.29682248 13.1 2.78814462 1351 2.99813419 

-1311 2.11526967 1351 2.80593987 3311 2.99865212 

-1311 2.13566626 1311 2.84134475   

-1311 2.15865505 1311 2.86433394   
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Appendix C 
(C-1): Flow chart of computer program for analysis of pipe network. 
 

START 

Read Nc, Np, II 

If 

II=1 

You choose Darcy- Weisbach 

eq. For head losses 

You choose Hazen- Williams 

eq. For head losses 

Read NC(I), PIP(I,J),Q(I,J) 

e(I,J), L1(I,J), D(I,J), EL(I,J) 

Read NC(I), PIP(I,J), 

Q(I,J),C(I,J), L1(I,J), D(I,J), 

EL(I,J) 

If 

j>NP 

If 

j>NP 

If 

I>NC 

If 

I>NC 

J=J+1 J=J+1 

I=I+1 I=I+1 

N=0 

N=N+1 

A1 

If 

II=1 

I=1 

J=1 

I=1 

J=1 

If Q(I,J)=0 

AND 

PIP(I,J)=0  

1 

J=J+1 J=J+1 

I=1 

J=1 

I=1 

J=1 

If Q(I,J)=0 

AND 

PIP(I,J)=0  

2 

3 4 

Yes Yes 

Yes 

Yes 

Yes 

Yes 

Yes No 

No 

No 

No 

No No 

Yes 

No 

No 
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If 

Q(I,J)=0 
 

2 

HF 

(I,J)=0 

Calculate  

HF (I, J) 

A=HF (I, J)/Q(I,J) 

sumA=sumA+A 

sum=sum+HF(I,J)+ EL(I,J) 

Calculate  

DQ (I, N) 

If 

I>NC 

 

I=I+1 

4 

If 

Q(I,J)=0 
 

1 

HF 

(I,J)=0 

sum=sum+HF(I,J)+EL(I,J) 

Calculate  

DQ (I, N) 

If 

I>NC 

 

Calculate  

HF (I, J) 

A=HF (I, J)/Q(I,J) 

sumA=sumA+A 

I=I+1 

Yes Yes 

I=1 

If 

X<00000

1
 

 

3 

X=ABS(DQ(I,N))  

If 

I>NC 

 

I=I+1 Yes No 

mm=1 

m=1 

If 

Q(mm,m)=0 

 

Yes 
m=m+1 

7 

6 

Q(mm,m)=Q(mm,m)+ 

DQ(mm,n)  

5 

No 

No 

آ

NO 

 YESآ

آ

NO 

 YESآ

Yes 

13

43 

5 

If 

m>NP

C 
 

If 

mm>NC

pC 
 

m=m+1 
No 

 

6 

Yes 

 

mm=mm+

1 

No 

 

7 

Yes 

 
AA=1 

AB=PIP (AA, B) 

12 

B=1 

11 
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 (C-2): Flow chart of program for optimum design  

 

 

 

 

 

 

 

 

10 

If 

B>NP

C 
 

If 

AA>NC 
 

B=B+1 

No 

 

Yes 

 

AA=AA+1 
No 

 

11 

AL 

12 

13 

I=1 

J=1 

If 

Q(I,J)=0 
 

No 

 
PRINT PIP(I,J) 

Q(I,J),HF(I,J) 

J=J+1 
Yes 

 

If 

J>NP 

If 

I>NC 
 

J=J+1 

END 

Yes 

 

Yes 

 

No 

 

I=I+1 
No 

 

START 

SET KC=0, NC=0,XN=101511 

C2=100E10,PI=3014153 

CALL 

NPNNIP 
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CALL 

HEADMIN 

CALL 

SLOP 

H1-H3 

 

H1<H3 

 

CALL 

MIN GOTO 70 

KA-2 

 

KA<2 

 

CALL 

MAX 
GOTO 70 

CALL 

COST 

KA>2 

 

CALL 

MAX GOTO 70 

KF-1 

 

CALL 

CHECK 

KC-1 

 

CALL 

ANAL 

KA=2 

 

KF<1 

 

CALL 

DMIN 

GOTO 20 KC>1 

 

KC<1 

 

270 

200 
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270 

CALL 

WQDV 

CALL 

WHQT 

CALL 

COST 

CALL 

HEADMIN 

WRITE 

NC 

CALL 

STAN 

STOP 

END 
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(C-3): Flow chart of program for optimum rehabilitation  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONTINUE 

 

START 

SET KC=0,NC=0 

C2=100E10,PI=3014 I53 

XN=101511 

CALL 

NPNNIP 

DO I=1,IP 

MMM (I)=0 

CALL 

NMLDKF 

CALL 

DIAMCOST 

CALL 

HEADQT 

20 

DO I=1,IP 

D (I)=DF (I) 

KA=0 

70 

CALL 

ANAL 

KN=1 
 

Yes 

 270 200 

No 

 

CONTINUE 
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GOTO 70 

GOTO 70 GOTO 70 

200 

CALL 

SLOP 

CALL 

HEADMIN 

H1-H3 
 

H1<H3 

 

CALL MIN  

(include setting 

CC(I)=(14500 & 

mmm(I)=1 

KA-2 
 

KA<2 

 

CALL MAX  

(include setting 

CC(I)=14500 & 

mmm(I)=1) 

KA>2 

 

CALL MAX1  

(include setting 

CC(I)= 14500 & 

mmm(I)=1) 

CALL 

COST 

KF-1 
 

CALL 

CHECK 

(minimize the 

improved pipe 

only)  

KC-1 
 

CALL 

ANAL 

270 

KF<1 CALL 

DMIN 

GOTO 20 
KC>1 

KC<1 

KA=2 
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270 

CALL 

WQDV 

CALL 

WHQT 

CALL 

COST 

CALL 

HEADMIN 

WRITE 

NC 

CALL 

STAN 

STOP 

END 

CALL 

FINALCOST 
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(C-4): Flow chart of computer program for Reliability Analysis  

START 

No. of nodal demand (NN),minimum 

required head at nodes , acceptable node- 

reliability factor (ARN)  

Check 

Rnj>Rnj min 

Calculate time factor & 

node factor  

Reed head at each node, H (I).  

Calculate node-reliability factor for 

each node & head reliability factor, 

aJS for each nodal demand   

Rnj=0 

Yes 

Calculate network -

reliability factor  

Print the results 

END 

No 
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List of Symbols 
 

 

 
Symbol Description Dimension 

a Average yearly increasing % 

Ai Acceptable numbers from the recorded data. - 

Arn Acceptable node reliability factor - 

C Hazen-Williams coefficient  - 

C.V Coefficient of variation   - 

COR Coefficient of reliability - 

CYC Cycle or loop in pipe network. - 

D Pipe diameter  L 

D α Critical value of kolmogorov – Smirnov test - 

Dmax The largest difference cumulative distribution function - 

DQ Change in discharge L
3
/T 

e Roughness hight. L 

EL Difference in elevation of the reservoirs  L 

F Number of fixed grade nodes. - 

ƒ Moody friction factor  - 

fi Actual frequency value at mid – interval of each category  - 

Fn Node factor - 

Ft Time factor  - 

fx(x) Cumulative distribution function - 

if̂  Expected frequency value at mid – interval of each 

category  

- 

g Acceleration due to gravity. L/T
2 

H1 Design head L 

HA Allowable residual head L 

hf Head loss in pipe  L 

Ho Null hypothesis  - 

HJWTP Hilla Al- Jadeed water treatment plant - 

HKWTP Hilla Al- Kadeem water treatment plant - 

II Dummy variable   - 

IP Number of pipes in the network - 

J Number of junctions or nodes - 

j Subscript denoting demand node - 

K Unite conversion factor  - 

L Number of primary loops - 

L1 Length of pipe. L 

M t Mass of the flow  FT
2
/L 

M t+∆ t Mass of flow after (∆t) time . FT
2
/L 

 mx Mean of x - 
Symbol Description Dimension 
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N Number of corrections in loops - 

NC Number of loops - 

Nd Number of pipes, which connected with a certain node - 

NN Number of nodes - 

nn Total number of the recorded data - 

NP Number of pipes in the loop, which have the maximum 

no. of pipes. 

- 

Npj Number of pipes connected with node - 

NPL Number of pipes in the loop - 

P Number of pipes in the system, which means there are (P) 

unknowns 

- 

p.d.f Probability density function  - 

PIP Pipe in the loop - 

Po Current population person 

Pt Population after (t) years person 

QA Allowable residual discharge  L
3
/T 

QT Supply or drawn off water at node  L
3
/T 

avlQ  Available discharge L
3
/T 

reqQ  Required discharge L
3
/T 

R Hydraulic radius  L 

Re Reynolds number - 

Rel Reliability - 

Rh Head - reliability factor - 

Rnj Node - reliability factor  - 

Rnw Network - reliability factor  - 

Rv Volume - reliability factor  - 

S Slope of energy line  - 

s Subscript denoting state - 

S.D Standard deviation  L 

ts Time duration of state T 
avlV  Available volume L

3 

reqV  Required volume L
3 

V Velocity of flow in pipe  L/T 

X  Average of heads at nodes L 

xi Values of head at node L 

Xs A fixed standard  - 


2 Chi – square test value - 

Z Final cost of construction per meter  I.D 

Z1-α Percentile of normal distribution  - 
xln  Standard deviation of the natural logarithm of x - 
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Table (B-7): Reliability as a function of normalized mean, and VX of effluent concentration [83]. 

COR 1.0 1.0 1.0 1.0 1.0 1.0 1.7 1.0 1.0 0.1 0.00 0.0 0.1 

VX  

1.0 990000 990000 990000 990000 990080 990990 990980 993990 990080 990038 9..0003 999938 999980 

1.0 990000 990000 990000 990009 990909 990808 993039 999900 990908 990908 998099 999009 999000 

1.0 990000 990000 990098 990300 990009 990900 993809 999099 990999 990080 990900 990000 999990 

1.0 990000 990008 990003 990980 990800 993300 993090 999090 990903 990900 990090 998009 999009 

1.7 990000 990090 990300 990099 990090 993090 993999 999038 990308 990080 990309 998909 990999 

1.0 990000 990000 990390 990090 990939 993000 993909 999030 990009 990898 990989 990999 990080 

1.0 990000 990080 990908 9.0080 990990 993099 993993 999080 990000 990000 990839 990080 998988 

0.1 990008 990090 990033 990808 993009 993030 993990 999089 999900 990090 990030 990993 998803 

0.0 990030 990309 990009 990000 993309 993000 993908 999090 999099 990390 990080 990303 998009 

0.0 990009 990930 990099 990990 993390 993000 999900 999903 999830 999990 990090 990090 990009 

 



 

Table (4-9): Heads at supply nodes for Hilla city pipe network. 

Column No. 1 2 3 4 5 6 7 8 9 =1-6+7-8 

Node 

No. 

Working 

pumps 

Head of 

pump 

(m) 

Diameter 

(m) 

Length 

(m) 

CH.W  

(-) 

Q 

(m
3
/s) 

hf 

(m) 

*E 

(m) 

**E 

(m) 

Head at 

node (m) 

1 1 0.63 36. 01.3 110 361.0 1.03 +36.. 063 00601 

00 0 0363 36. 33 03 36000 361. +3610 363 03631 

30 1 0.63 360 0.33 110 3603. 1633 -360. 363 00601 

.0 16.^ .063 160 0313 110 36.33 36.. -360 063 ..63. 

00 1 0063 160 01.3 110 36000 3600 -363. 363 006.. 

 

*E: The difference in elevation between the beginning and the end of pipe that carrying flow from pumping station to the 

supply node. 

**E: Elevation of pump under natural ground level. 

^: Both pumps work during day hours, only one of them during night hours. 
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