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ABSTRACT 

 

The majority of the people of Dhaka City in Bangladesh are completely depending on 

supplying water from Production Tube wells (PTWs) under DWASA for household 

potable water use. Proper understanding, characterization and prediction of water quality 

behavior in the drinking water distribution system are critical to ensure to meet regulatory 

requirements and customer-oriented expectations. Water distribution systems are 

frequently designed to ensure hydraulic reliability, which includes adequate water 

quantity and pressure for domestic and industrial demand. Chlorination is usually done in 

large networks to ensure acceptable water quality throughout the network and water 

quality modeling needs to be done to predict residual chlorine concentrations in critical 

nodes. Although a hydraulic model is being applied by DWASA to ensure system 

reliability of its water distribution network, but the water quality modeling is not done 

before decommissioning or during operation. 

 

To control the quality and adapt it to the need, the water quality model should be run and 

predict the impact of the quality of the network. Although a chlorination system is 

adopted in a particular District Metered Area (DMA) of Dhaka city, it is controlled by a 

limited number of potential chlorine injection points which are typically the PTWs of 

such DMAs. The present study assesses the effectiveness of the baseline chlorination 

system adopted in a particular DMA of Dhaka city by performing residual chlorine 

measurements at selected locations within the network by predicting the concentration of 

residual chlorine over space and time under various operating conditions using EPANET. 

The residual chlorine model was calibrated and validated using time-patterns of residual 

chlorine concentration data collected at several control points within the DMA and the 

sensitivity of the residual chlorine model were done over a variety of conditions. The 

bulk residual chlorine decay rate (kb) was found to be -0.2975h-1 through laboratory 

experiments. The wall residual chlorine decay rate constant (kw) has been found to be -

0.0065 ft/s through calibration. Also, the residual chlorine modeling using EPANET is 

carried out to simulate the residual chlorine in the water distribution network of the DMA 

as well as to determine the most optimum locations of chlorine injection points. It has 

been found that more than 50% pipes do not get any chlorine under the present 

chlorination scheme. Inclusion of additional chlorine injection points has increased the 

chlorine coverage area of the network. For example, the additional three, four, five and 
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six injection points increased the chlorine coverage over 51%, 63%, 75% and 86% of the 

pipes. It needs to be noted that 100% chlorine coverage was not obtained over 24 hours, 

even with all six injection points and therefore, additional protection measures to ensure 

water quality needs to be provided in certain sections of the network.  

 

Water quality simulation for assessing the effectiveness of the current chlorination 

system for different chlorine injection patterns in a specific DMA in Dhaka City, an 

automated continuous chlorine monitoring system may be useful in better calibration and 

validation of the chlorine model. EPANET is a tool that may be used for controlling the 

concentration of residual chlorine and assessing the effectiveness of the existing 

chlorination system in the different DMAs under DWASA. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background  

Now-a-days proper understanding, characterization and prediction of water quality behavior in the 

drinking water distribution system are critical to ensure meeting regulatory requirements and 

customer-oriented expectations. Drinking-water is only one vehicle for disease transmission. 

Some agents may be transmitted primarily from person to person and for bacteria capable of 

multiplication in food, food borne transmission may be more important than transmission of 

drinking-water. The risk of acquiring a waterborne infection increases with the level of 

contamination by pathogenic microorganisms. However, the relationship is not necessarily a 

simple one and depends very much on factors such as infectious dose and host susceptibility. The 

provision of an adequate supply of safe water is one of the eight components of primary health 

care identified by the International Conference on Primary Health Care in Alma-Ata in 1978. The 

guidelines presented here are in full accord with the spirit of the Alma-Ata declaration on primary 

health care, which expanded the concept of health care to include broader notions of affordability, 

accessibility, self-reliance, inter sectoral collaboration, community participation, sustainability and 

social justice. The main objective of any water distribution system is to make water available to 

the consumer in proper quality and pressure, with acceptable quality in terms of flavor, odor, 

appearance and sanitary security. Preserving the water quality throughout the distribution system 

is therefore one of the most challenging technological issues for suppliers. This is not an easily 

attainable objective, mainly because of the distribution system’s complexity and dynamism with 

respect to building materials, element diversity and other properties variability. Drinking water 

has been disinfected since the beginning of the nineteenth century, when one discovered that 

microbiological contamination risks by water born diseases, namely cholera or typhoid fever, 

decreased drastically when disinfectants were used. Deterioration of water quality in distribution 

networks has a great impact on human health and public acceptance of tap water reaching those 

(Mostafa et al. 2013). Three following disinfection groups can be applied for disinfection:  

i.  UV radiation; 

ii. Ozone;  

iii. Chlorine.  
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The first two groups do not generate significant Disinfection By -Products (DBP’s) nor interact 

significantly with the water they are supposed to disinfect. Chlorine disinfection, on the other 

hand, presents the advantages of efficiency and durability (Castro et al. 2010). Chlorine is the 

most widely used disinfectant in drinking-water systems throughout the world due to its 

germicidal potency, economy and efficiency (Mostafa et al. 2013). Residual chlorine should be 

maintained through network pipes to prevent contamination and microbial re-growth. As chlorine 

travels through the pipes in distribution system, it can react with a variety of materials both within 

the bulk water and from the pipe wall (Rossman et al. 1994). A reaction between the bulk of the 

water and the pipe wall means that the residual concentration of chlorine decreases as water 

travels through the distribution network. In the bulk of the water, free chlorine is mainly 

consumed by reactions with natural organic matter (NOM) and other reactive substances while the 

consumption of residual chlorine at the pipe wall is mainly associated with various reactions at the 

attached bio-film and the corrosion surface of the pipe wall (Kima et al. 2014). The hydraulic 

conditions are also a critical factor governing the decay of residual chlorine within transmission 

and distribution pipes (Stoianov et al. 2014). The satisfactory maintenance of residual chlorine 

concentration at a customer’s tap is one of the most important criteria to ensure good water quality 

in distribution systems (Kima et al. 2014). Dhaka Water Supply and Sewerage Authority 

(DWASA) has divided Dhaka City into approximately 100 District Metered Areas (DMAs) to 

improve the water supply network of Dhaka City ((http://archive.thedailystar.net/newdesign/news-

details). Although there is a protocol for chlorination at the pump stations as well as a schedule for 

monitoring of residual chlorine, the adoption of these protocols has been found to be absent in 

most DMAs. Often chlorine is administered rather arbitrarily and its effectiveness in the water 

distribution system remains largely unknown. Even, the concentration of residual chlorine within 

a water distribution network may vary in accordance with the variation both for location and time. 

In this case, a water quality (residual chlorine) model may be used as a necessary tool to predict 

the spatial and temporal variation of residual chlorine concentration throughout the specified 

water distribution network. So, it is said that, a predictive tools can be used to assess the 

effectiveness of chlorination system spatially and temporally within a very short time in DWASA 

water supply system. 
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1.2 Objectives of this Study  

The objectives of the study are as follows: 

 

i) Assessment of the effectiveness of the current chlorination system adopted in a selected DMA 

of Dhaka city by making residual chlorine measurements at selected locations within the network.  

 

ii) Prediction of the concentration of residual chlorine over space and time in a selected DMA of 

the water supply distribution network in Dhaka city with available hydraulic and chlorine dosage 

data using a well-known hydraulic model for pipe network analysis.  

 

iii) Calibration and validation of the hydraulic model using time-patterns of residual chlorine 

concentration data collected at several control points within the DMA.   

  

iv) Determination of the sensitivity of the residual chlorine model over a variety of conditions 

(different chlorine dosages, pipe conditions etc.) 

1.3 Outline of the Methodology 

A DMA was selected to assess the effectiveness of chlorination system available in between 

Gulshan-1 & Gulshan-2 in Dhaka City. Then, the initial concentrations of residual chlorine were 

measured at production tube wells (PTWs) and the concentration of residual chlorine was 

measured over the study area using the HACH chlorine test kit. In order to predict, the 

concentration of residual chlorine over space and time in DMA 505, EPANET 2.0 version 

software was used as a predictive tool as well as some input data, such as existing water 

distribution network, it’s time pattern and other hydraulic data were collected from the 

commissioning report of DMA 505 DWASA. Besides those input parameters, the bulk decay rate 

constant was determined from BUET Environmental Engineering Laboratory and the wall decay 

rate constant of the residual chlorine model was calibrated and validated using data from the 

residual chlorine model and field observation. Finally, the EPANET water quality model was used 

for determining the sensitivity of the residual chlorine over a variety of conditions (different 

chlorine dosages, pipe conditions etc.) 
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1.4 Scope of this Study  

The study was conducted over DMA505 which serves part of Gulshan and Baridhara in Dhaka 

city and the outcome of the study is very specific to the network distribution of this particular 

DMA. However, the results from this study can help understand the network behavior of other 

DMAs in the city. Also due to lack of sophisticated instrumentation, field test kits were used to 

determine residual chlorine concentrations associated with the study. This limits the data 

collection in finer spatial and temporal resolution. However, it was assumed that the output of the 

model could be reliabily calibrated and validated with such sparse data. In this respect, simulation 

was run for 24 hours as data beyond that specific time period could not be manually collected.  

 

1.5 Organization of this Thesis 

Chapter 1 is the introductory chapter, which describes the background and objectives of the 

present study, and also includes the outline of methodology. Chapter 2 includes a literature review 

covering definitions of disinfection, its classification, chlorination and residual chlorine modeling 

by EPANET in water distribution network, previous studies on chlorine modeling internationally. 

Chapter 3 includes investigation and detailed survey, experimental data analysis. Chapter 4 

presents analysis of results obtained in this study and a general discussion on the main findings of 

this study. Chapter 5 identifies precious conclusions and provides a number of recommendations 

for future studies.  
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 Introduction 

Proper understanding, characterization and prediction of water quality behavior in the 

drinking water distribution system are critical to ensure meeting regulatory requirements 

and customer-oriented expectations. They are frequently designed to ensure hydraulic 

reliability, which includes adequate water quantity and pressure for domestic and 

industrial demand. To meet the goals, large amounts of storage are usually incorporated 

into system design which results in long residence times, which in turn may contribute to 

the deterioration of water quality. 

 

Hydraulic model must be well calibrated before undertaking a water quality model 

calibration. Hydraulic model determines the flow direction and velocity in each pipe at 

specific time intervals over an extended period. Within each interval, referred as 

hydraulic time step, the pipe flow velocity remains constant, the simulation of a 

constituent movement and reaction proceeds in a water quality time step. So, the 

hydraulic model is the foundation of the water quality model. Only the hydraulic model is 

well calibrated, then a acceptable water distribution quality model can be achieved. To 

control the quality and adapt it to the need, the water quality model should be run using 

all the recent parameters and foresee the impact of the quality of the network. As it 

permits a global control on the entire network, standards can be reached with more 

precision (Shihu 2011). 

 

Factors that affect water quality in distribution systems include chemical and biological 

quality of source water; effectiveness and efficiency of treatment processes; adequacy of 

the treatment facility, storage facilities, age, type, design and maintenance of the 

distribution network and quality of treated water. (Clark et al. 1993) 
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There are a number of ways of improving the quality of drinking water. The most 

common are sedimentation and filtration followed by disinfection. Disinfectants are used 

in drinking water treatment and distribution systems to perform several important 

functions. They may be used early in the treatment process as an oxidant (e.g. to oxidize 

iron, manganese and various taste and odor compounds) and to provide initial 

disinfection. Typically, disinfectant is applied in the clear well, the final stage of 

treatment. This addition must achieve an adequate inactivation of microbial organisms 

before the treated water reaches the first customer (primary disinfection) and be large 

enough to ensure an adequate residual at the periphery of the distribution system to 

inhibit microbial regrowth (secondary disinfection) (Boccelli et al. 2003). 

 

 

During disinfection for drinking waters most of the chlorine demand is exhausted by 

reactions with NOM. Chlorine also reacts with various inorganic compounds in the water 

treatment plants and distribution systems (e.g., ammonia to form chloramines, Fe2+, 

Mn2+, S2-, Br-, pipe materials, bio-films). The NOM and/or other inorganic substances in 

water react with disinfection agents such as chlorine, chloramines, chlorine dioxide and 

ozone to produce disinfection bi-products (DBPs) in drinking water during the 

disinfection process and in the water distribution system (Shakhawat et al. 2009). 

 

While the addition of a disinfectant is microbially beneficial, side reactions occur in 

which disinfection byproducts are formed; some byproducts are suspected carcinogens. 

Additionally, the disinfectant concentration must be maintained at a concentration to 

avoid consumer complaints of disinfectant taste and odor (Boccelli et al. 2003). 

 

Many techniques of disinfection are practiced include the use of chlorine, potassium 

permanganate, ultraviolet light and ozone. However, chlorine is the most commonly 

applied disinfecting agent as it is a very effective disinfectant, it is relatively easy to 

handle, the capital costs of installation are low, it is cost effective, simple to dose, 

measure and control, and it has a reasonably prolonged residual (Freese and Nozaic 2004; 

Sadiq and Rodriguez 2004; Warton et al. 2006). 
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If enough chlorine is added, there will be some left in the water after all the organisms 

have been destroyed, this is called free chlorine. Free chlorine will remain in the water 

until it is either lost to the outside world or used up destroying new contamination. 

Therefore, if there is still some free chlorine left in water, it proves that most dangerous 

organisms in the water have been removed and it is safe to drink. If the system is new or 

has been rehabilitated, then chlorine residuals should be checked daily until it is sure that 

the chlorination process is working properly. After that it has to be checked at least once 

a week. A chlorination process is available in the Dhaka Water Supply and Sewerage 

Authority (DWASA) water supply distribution network. There are 100 DMAs in 

DWASA. But, among them only a few numbers of DMAs were under the available new 

gas chlorination system. The DMA 505 was the one within which new innovated gas 

chlorination system was available. Each gas chlorination system comprised of the 

following: 

i) Chlorinator 

ii) Eject Check Valve 

iii) Booster Pump Set 

iv) Test Kit 

v) Safety Equipment 

vi) Additional Equipment 

vii)  Spare Parts 

viii) Chlorine Gas Scrubbing System 

ix)  Chlorine Gas Cylinder and Cylinder Valve 

 

There is a lot of environmental significance of residual chlorine. Chlorine residuals 

determination is used to control chlorination of domestic and industrial wastewaters. 

Active chlorine (free and combined) should be determined at each stage in the treatment 

process of drinking water and in the water mains in order to guarantee bacteriologically 

impeccable water.  While free chlorine residuals have good disinfecting powers, they are 

usually dissipated quickly in the distribution system. For this reason, final treatment with 

ammonia is often practiced to convert free chlorine residuals to longer-lasting combined 
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chlorine residuals. Chlorine determination is important to avoid bad odor and change in 

the taste of water. It is determined in the swimming pools to avoid ill effects due to 

excess chlorination. Determination of chlorine residual in water distribution is useful to 

find the source of contamination or leakage points, so as to supply wholesome water to 

the consumer (according to USEPA).  

 

2.2 Chemistry of Chlorine Equilibrium 

Disinfectant capabilities of chlorine depend on its chemical form in water, which in turn 

is dependent on pH, temperature, organic content of water and other water quality factors. 

In water treatment applications, chlorine is typically applied in the form of compressed 

gas under pressure (i.e. dissolved in water at the point of application) or as solutions of 

either sodium hypochlorite or solid calcium hypochlorite. Essentially, the three forms are 

chemically equivalent because of the rapid equilibrium that exists between dissolved 

molecular gas and the dissociation products of hypochlorite compounds (Haas 1999).  

 

The following equations (1-4) demonstrate the reactions of the three compounds in water 

which contain chlorine:  

   ClHHOClClH 22  (1) 

 

  OClNaNaOCl  (2) 

   OClCaOClCa 2)( 2
2  (3) 

   OClHHOCl  (4) 

Both, HOCl and OCl- are oxidants and effective germicides particularly against bacteria 

and viruses with some effectiveness against protozoa and endospores. HOCl is the 

stronger and more effective of the two species. (Brown et al. 2011) 

   

Chlorine combines with various reducing agents and organic compounds, thus increasing 

the chlorine demands which must be satisfied before chlorine is available to accomplish 

disinfection.  
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Fe2+, Mn2+, NO2
- and H2S are examples of inorganic reducing agents present in water 

supplies that will react with chlorine. Chlorine can react with phenols to produce mono-

chlorophenol, di-chlorophenol and tri-chlorophenols which can impart tastes and odor to 

water. Chlorine also reacts with humic substances present in water to form tri-

halomethanes (THMs, e.g. chloroform, bromoform, etc.) which are suspected human 

carcinogens (N.B: According to USEPA, maximum allowable level of THMs in drinking 

water is 100 µg/L)   

 

2.2.1 Chlorine Demand 

Chlorine Demand is the amount of chlorine in solution that is used up or inactivated 

after a period of time and therefore not available as a germicide. When chlorine is 

added to water, not all of it is available to act against future contaminates. Some is 

deactivated by sunlight. Some are consumed by reactions with other chemicals in the 

water or by out-gassing as Cl2. More commonly, it is used up directly by disinfection of 

the pathogens already present in the water or by combining with ammonia (NH3) and 

ammonium (NH4
+) (by-products of living bacteria) to form various chloramines. 

(Debordea et al. 2008)  

 

2.2.2 Total Chlorine  

When the chlorine demand of water is accounted, the remaining chlorine concentration is 

called total chlorine. Total chlorine is further divided into:  

1) Combined chlorine (the amount of chlorine that has reacted with nitrates and is 

unavailable for disinfection) 

2) Free chlorine available (the chlorine available to inactivate disease-causing organisms 

and thus a measure to determine the potability of water) 

 

2.2.2.1.   Combined Chlorine 

The term combined chlorine usually refers to residual chlorine that has combined 

with NH3 or NH4
+ to form mono-chloramine (NH2Cl), di-chloramine (NHCl2) or tri-

chloramine (NCl3). The presence and concentration of these combined forms depend 

on a number of factors including the ratio of chlorine to ammonia-nitrogen, chlorine 
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dose, temperature, pH and alkalinity. The equations (5-7) demonstrate the reactions 

of the three compounds in water which contain chlorine: 

 

 HClClNHClNH  223  (5) 

 HClNHClClClNH  222  (6) 

 HClNClClNHCl  322  (7) 

 

In addition to chlorinating ammonia, chlorine also reacts to oxidize ammonia to 

chlorine free products (e.g. Nitrogen gas and Nitrate) as shown by the equations (8-9) 

 

   ClHNNHCl 6623 232  (8) 

 
 ClHNONHCl 894 332  (9) 

 

Combined chlorine is note worthy here because chloramines are oxidizers and are 

used as germicides though they has reduction potentiality and therefore, disinfecting 

power is lower than other species of chlorine such as HOCl, OCl- or ClO2 

 

2.2.2.2. Free Available Chlorine 

Free Available Chlorine (FAC) is any residual chlorine that is available, after the chlorine 

demand is met, to react with new sources of bacteria or other contaminants. The relative 

proportion of these “free chlorine” forms is pH and temperature-dependent. Some species 

of FAC that might be present are: 

• Molecular chlorine: Cl2 

• Hypochlorous acid: HOCl 

• Hypochlorite: OCl- 

• Trichoride: Cl3
-  

A complex formed by molecular chlorine and the chloride ions (Cl-) (Debordea et al. 

2008). The whole of the chlorine addition process can be represented through the Figure 

2.1  
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Figure 2.1:  Chlorine Addition Flow Chart 

 

If completing clean water is used which does not contain any pollutants, the chlorine 

demand will be zero, and there will be no nitrates present, so no combined chlorine will 

be present. Thus, the free chlorine concentration will be equal to the concentration of 

chlorine initially added. In natural waters, especially surface water supplies such as 

rivers, organic material will exert a chlorine demand, and nitrates will form combined 

chlorine. Thus, the free chlorine concentration will be less than the concentration of 

chlorine initially added. 

 

 

 

 

 

Chlorine Added 
Initial chlorine concentration added to 
water 

 

Total Chlorine 

Remaining chlorine concentration after 
chlorine demand of water 

Chlorine Demand 

Reactions with organic material, 
metals, and other compounds present 
in water prior to disinfection 

 

Free Chlorine 

Concentration of chlorine available for 
disinfection 

Combined Chlorine 

Concentration of chlorine combined 
with nitrogen in the water and 

unavailable for disinfection 
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2.2.2.2.1  Procedure of Determining Residual Chlorine  

 

USEPA 330.5; SM 4500 – Cl G standard method was used to characterize the free 

residual chlorine concentration in the BUET environmental engineering laboratory. Now, 

the USEPA standard method is described according to following procedure: 
a) First, place 200-ml portion of the water to be chlorinated in each of seven 250-ml 

flasks. 

b) Then, add required quantity of chlorine water (stock solution of bleaching powder 

in water) in each of the flasks. The chlorine content of the chlorine water 

(determined earlier in the laboratory) would be provided by the required dilution 

factor. Calculate the chlorine dose for each of the seven flasks. 

c) Then, shake each flask gently and allow standing for 30 minutes. 

d) Finally, determine concentration of residual chlorine of water from each flask by 

the starch-iodine method as described below:  

 

Starch-Iodine Method: 

 

The starch-iodine method is based on the oxidizing power of free and combined chlorine 

residuals to convert iodide ion into free iodine at pH 8 or less, as shown below. 

 

   ClIICl 22 22  (10) 

In the starch-iodine method, the quantity of chlorine residuals is determined by 

measuring the amount of iodine in water by titration with a reducing agent sodium thio-

sulphate (Na2S2O3). The end point of titration is indicated by the disappearance of blue 

color, produced by the reaction between iodine and starch (which is added as indicator 

during the titration). 

I2 + Starch   blue color (Qualitative test for the presence of iodine/chlorine) 

The titration is carried out at pH (3 to 4), because the reaction with thiosulphate is not 

stoichiometric at neutral pH due to partial oxidation of the thiosulphate to sulphate. 

 

Determination of Iodine in Water 
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i) Place 200ml of the sample in an Erlenmeyer Flask 

ii) Add 2 ml of concentrated Acetic acid to the water. 

iii) Add 1g of potassium iodide and dissolve it by thoroughly mixing it with a string  

      rod. 

iv) Add 0.025N sodium thiosulphate drop by drop from a burette until the yellow 

color of liberated iodine almost disappears. Perform the titration quickly, since 

iodine liberate faster. 

v) Add 1ml of starch solution into the water. 

vi) The continue addition of standard sodium thiosulphate solution until the blue 

color just disappears. (In many cases residual chlorine is very low and starch 

needs to be added before starting up the titration.) 

vii) Record the quantity (in ml) of sodium thiosulphate solution used. 

 

Calculation 

 

Residual chlorine (mg/l) = (ml of 0.025N sodium thiosulphate used) × M.F.                (11) 

Where,  

M.F. = (normality of Na2S2O3 x equivalent wt. of Cl2×1000 / ml of sample taken)        (12) 

 

 

2.3 The Importance of pH 

 

pH significantly changes the relative effectiveness of chlorine as a disinfectant. Different 

species of chlorine ions are more prevalent at different pH levels. Under typical water 

treatment conditions in the pH range 6–9, HOCl and OCl- are the main chlorine species.  

 

Figure 2.2 shows that chlorine hydrolysis into HOCl is almost complete at pH ≤ 4. 

Dissociation of HOCl into OCl- begins around 5.5 pH and increases dramatically. 
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Figure 2.2: Distribution of Free Chlorine Species in Aqueous Solutions (Debordea et al. 

2008) 

 

This is important because HOCl and OCl- do not have the same effectivity as 

disinfectants. HOCl can be 80-100% more effective as a disinfectant than OCl-. 

Optimum disinfection occurs at pH 5 to 6.5 where HOCl is the prevailing species of 

free chlorine present. As pH rises above that level, the ratio shifts towards being 

primarily OCl-. At pH 7.5 the ratio is about even. When the pH value rises to 8 or 

higher, OCl- is the dominant species. Therefore, assuming the concentration of Cl2 

species is constant, the higher the pH of the solution rises above 5.5, the lower the 

oxidation capability and disinfecting power of the FAC. (Debordea et al. 2008) 

 

 

 

2.4 Mechanisms of Chlorine Decay 

 
As chlorine is a strong oxidizing agent, it may also react with the material in the pipe 

walls in distribution systems, as well as the attached biofilm and miscellaneous 

accumulated sediment. The consumption of chlorine within the bulk aqueous phase is 

often referred to as the bulk decay of chlorine, while that due to biofilms and at the 

distribution pipe wall are known as the wall decay. This is illustrated in Figure 2.3. In this 
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example free chlorine (HOCl) is shown reacting with natural organic matter (NOM) in 

the bulk phase and is also transported through a boundary layer at the pipe wall to oxidize 

iron (Fe) released from pipe wall corrosion. Bulk fluid reactions can also occur within 

tanks. (Vasconcelos et al. 1997) 

 

 
Figure 2.3: Reaction Zones within a Pipe 

 

So, the loss of chlorine residual concentration along the water distribution system is 

processed in three separated mechanisms: 

 Chlorine reactions in bulk fluid; 

 Chlorine reactions with pipe and other system element’s walls. 

 Natural evaporation. 

The impact of flow velocity on the loss of chlorine residual in unlined metallic pipes 

could be significant demonstrated that in old unlined metal pipes the loss of chlorine 

residual increases with velocity (Stoianov et al 2014). 

 

If, ideally, the chlorinated water was pure and the material of the pipes was inert, the only 

mechanism leading to the decay would be that of natural evaporation, especially in 

particular areas of the distribution system, namely reservoirs and other free surface flow. 

(Castro et al. 2010)  

 

../../../../USER/Downloads/Predicting-chlorine-decay.doc#page20
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2.5 Mathematical Modeling of Chlorine Decay 

 

Mathematical modeling of chlorine decay along the water supply system is a problem 

whose solution is not yet absolutely mastered (Pedro et al. 2010). The data should be 

associated with hydraulic study such as flow rate, flow pattern, networking, contour, pipe 

sizing, and retention time, age of the system, and the distances as well. The reaction 

pathways of chlorine are still relatively unknown due to the site specific and 

heterogeneous nature of the natural organic matter (NOM). The decay rate of chlorine is 

typically rapid immediately after the dose and relatively slower after some time period 

has elapsed. The rapid and slow decay rates are likely due to different competing 

reactants, such as the oxidation of inorganic compounds (rapid) and substitution reactions 

with NOM (relatively slow). The multi-objective nature of disinfection, resulting from the 

tradeoff of disinfection and treatment benefits with its side effects, has provided greater 

motivation to describe chlorine decay and by-product formation through mathematical 

models (Boccelli et al. 2003).  

 

A number of assumptions are considered for developing a mathematical model. 

i) The disappearance of chlorine flowing through a pipe is governed by first-order 

kinetics. 

ii) This disappearance is due to reactions both within the bulk flow and at sites along the 

pipe wall (or in close proximity to the wall).  

iii) These rates of reactions can be different, with the overall rate of the wall reaction also 

being affected by the rate at which chlorine can be transported from the bulk flow to 

the pipe wall. 

iv) An alternative mechanism of wall related reaction, namely the transport of reactive 

species off of the wall into the bulk flow, is not considered here as it demands 

significantly more information from which to build a model (Rossman et al. 1993). 

 

Decay simulation conducted within EPANET takes into consideration the phenomena of 

chlorine reaction with chemical species at bulk fluid and with pipe walls. The 

contribution of bulk fluid is introduced into the software by means of a first order kinetics 
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constant kb. The contribution of wall reactions is introduced into the software through 

another constant kw whose meaning is more complex. To assure the correct use of the 

water quality simulator incorporated in the EPANET, one must conduct a model 

calibration process. This consists of attributing the correct values to kb and kw 

coefficients. In most cases, model calibration is conducted a posteriori, altering parameter 

values in order to obtain, in the model, values that match real ones. Nevertheless, ideal 

calibration must be conducted by taking samples of water and by studying pipelines 

nature. These samples allow predicting the real kb and kw values. In the study, it has 

conducted a laboratory determination of the kb value of the water supplied to the southern 

Lousada municipality and a network supplied by the Lodares water storage tank. The 

value of kw was determined based on local free residual chlorine measurements (Pedro et 

al. 2010).  

 

2.5.1 Bulk Chlorine Decay  

 

The EPANET software models the chlorine decay through a first order kinetic law. This 

kinetic law takes the form of an equation which allows calculating the concentration of 

residual chlorine in the water C throughout the transportation time t. In order to calculate 

this residual chlorine concentration it needs to know the chlorine concentration at the 

beginning of the transportation, Co. The value of kb can be determined by adjusting the 

chlorine concentration curve over time to Equation (13) by recurring to the least squares 

method. 

 )exp(. tkCC bo   (13) 

The adjustment coefficient, kb, is calculated based on laboratory results of analysis 

conducted in batch reactors. It is possible for us to observe how chlorine decays over time 

by means of sealed container analyses of a particular water sample.  

 

Several other first-order models (shown in table 2.1) were investigated to describe 

chlorine decay: 
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i) First-order decay (with respect to chlorine)—where the rate of reaction is proportional 

to the concentration of the reactant, the constant of proportionality being the decay 

constant (kb). 

ii) Limited first-order decay—where it is assumed that a fraction of the initial chlorine 

concentration C0 remains unchanged and only the remainder decays exponentially 

according to a first order law. 

iii) Parallel first-order decay—assumes two components to the reaction, each decaying 

according to a first order law but with different decay rate constants. 

 

Table 2.1: Bulk chlorine decay first-order kinetic models (Haas and Karra 1984) 

First-order decay (with respect to chlorine) )exp(. tkCC bo   

Limited first order )exp().( ** tkCCC bo   

Parallel first order ).exp().1().exp(.. tkzCtkzC bslowobfasto   

 

It was found that the parallel first-order decay model yielded the most accurate results 

due to the presence of slow and fast reacting components in the water. However, the 

applicability of the results to potable water is questionable and the initial chlorine dose 

was up to 10 mg/L. Furthermore, there appears to be some inconsistency in the approach 

with references to both free and combined chlorine and all results are based on single 

measurements (not duplicates or triplicates) on different samples. (Haas et al. 1984) 

 

In another short-term chlorine consumption model (experimented over 5-min.), it was 

described that chlorine decay was the sum of two first order equations. In this model, the 

amount of chlorine consumed in the initial fast process varied relatively little among 

different chlorine concentrations for a particular carbon concentration except for cases 

where the amount of chlorine added was low and was almost exhausted in the initial 

period but in the second stage was nearly linear and approximately parallel for different 

initial concentrated. So, chlorine decay was divided into two phases. The first 4 h period 

was termed the ‘initial chlorine demand’ characterized by fast reactions between easily 
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oxidizable compounds and chlorine. The second, slower consumption phase after the first 

4h was defined as the ‘long-term demand” (Qualls et al. 1983). 

 

There has been a study of the chlorine decay modeling in sand filtered water (prior to 

contact tank chlorination but after pre-chlorination) at the Macao water treatment plant in 

south China. It has been found that chlorine decay can be split into two phases: an initial 

consumption during the first hour (representing the time spent in the contact tank and the 

remainder of the WTW) and long-term chlorine consumption after 1-h in the distribution 

system. (Zhang et al. 1992; Brown et al. 2010) 

 

Decaying of a substance while moving through a pipe can be generally described as an nth 

power function of concentration as shown in Equation (14): 

 

 r = kb Cn (14) 

Where r is the rate of reaction (mass/volume/time) (Nagwan et al. 2013), kb is the 

reaction constant (concentration raised to the power of [1-n] divided by time), C is the 

reactant concentration (mass/volume) and n is the reaction order. Chlorine decay is 

adequately modeled by a simple first-order reaction (n = 1, kb < 0), according to the 

program help manuals and hence the equation becomes: 

 r = kb C  (15) 

 

The USEPA Water Treatment Plant model described chlorine decay by dividing the time 

into three stages: an initial rapid reaction period (t < 5 min); a second-order reaction (5 

min < t < 5 h) and a third period defined by a first-order reaction (t = 5 h). Later, bulk 

decay has been represented through a two-stage approach at the WTW and a standard 

linear model in distribution systems. (Harrington et al. 1992 and Clark and Sivaganesan 

2002) 

 

2.5.2 Wall Chlorine Decay 
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Aside from bulk decay, chlorine also decays due to interactions with pipe and tank walls 

and fittings. This ‘wall decay’, which includes corrosive reactions with the wall material 

itself, with adhering biofilms and with accumulated sediments, is primarily a function of 

the mass transfer of chlorine from the bulk water to the pipe walls, pipe material, 

diameter, age, inner coating and the presence of attached biofilms (Vieira et al. 2004; 

Warton et al. 2006; Al- Jasser 2007). 

 

The value of wall reaction rate constant, kw (mass/area/time) is influenced by the factor of 

mass transfer between the bulk of flow and the wall interface and the amount of wall area 

available for reaction. The factor is represented by a mass transfer coefficient (kf) 

(length/time) which depends on the molecular diffusivity of the traced substance. 

Chlorine diffusivity is equal to 1.44×10-5 cm2/s in water at 25°C (Awwarf 1996). For a 

particular chemical species, kf is a function of pipe diameter, flow velocity and 

temperature (Edwards et al. 1976). 

 

The EPANET is automatically adjusting to account for mass transfer between the bulk 

flow and the wall basing on the molecular diffusivity of reactant under study and the 

Reynolds number of the flow. In case of zero-order kinetics, which is recommended by 

the EPANET program manuals, the wall reaction rate cannot be greater than the mass 

transfer rate resulting in Equation (16): 

 r = Min  (kw× kf ×C) × (2/R)   (16) 

Where r is the rate of reaction (mass/volume/time) and R is the pipe radius (length) 

(Nagwan et al. 2013).  

 

The value of kf can be determined using the Equation (17-21). 

 

 
d
DShk f   

(17) 

 ;023.0 33.083.0 ScRSh  for R > 2300 (18) 
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Where, Sh = Sherwood number, R = Reynolds number, Sc = Schmidt Number, D = 

molecular diffusivity of chlorine in water, u = flow velocity in the pipe, υ = kinematic 

viscosity of water, d = pipe diameter and L = pipe length (Edwards et al. 1976). 

 

2.5.3 Mass-Conservation Equation for Chlorine Decay 

 

The one-dimensional conservation-of-mass equation for a dilute concentration of total 

free chlorine in water flowing through a section of a pipe is 
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(22) 

Where c = chlorine concentration in the bulk flow, t = time, x = distance along pipe, = 

hydraulic radius of pipe (one half the pipe radius) and = chlorine concentration at the 

pipe wall (Rossman et al. 1993). 

 

The term on the left side of (22) represents the rate of change of chlorine concentration 

within a different section of pipe. The first term on the right side of the equation accounts 

for the advective flux of chlorine through the section. The second term represents 

chlorine decay within the bulk flow and the third term accounts for transport of chlorine 

from the bulk flow to the pipe wall and the subsequent reaction. The inverse of the 

hydraulic radius represents the specific surface area available for reaction (i.e. the pipe-

wall area per unit of pipe volume) (Rossman et al. 1993). 
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Assuming that the reaction of chlorine at the pipe wall is first-order with respect to the 

wall concentration cw and that it proceeds at the same rate as chlorine is transported to the 

wall results in the following mass balance for chlorine at the wall: 

 wwwf ckcck *)(   (23) 

Solving Equation (23) for wc  and substituting it into (22) gives the following equation 

which describes the time variation of chlorine along a single pipe. 
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(24) 

 

For a drinking water distribution system, the mass-conservation equation for the i
th pipe 

can be expressed as 

 
ii

i ck
x
cu

t
c *








  
(25) 

Where the subscript ‘i’ indicates the ith pipe in the network and  ki = an overall decay 

constant that contains the bulk decay constant, the hydraulic radius, the mass-transfer 

coefficient. 

The overall decay constant is as follows: 
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(26) 

 

For known hydraulics system (which may change over time) can be solved with a known 

initial condition for chlorine throughout the network at time 0 and a boundary condition 

at the head end junction of each pipe i where xi = 0. Assuming that complete and 

instantaneous mixing occurs at pipe junctions, this boundary condition can be expressed 

with the following conservation-of-mass equation: 
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(27) 

 

The summation is made over all the pipes p that have flow pq  into the head junction of 

pipe ‘i’; M = any external mass flow of chlorine introduced at the head of pipe ‘i’ and Si = 

any external flow of water introduced at the head of pipe ‘i’. To solve for the chlorine 
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concentration within the pipe ‘i’, one has to know what the concentrations are in all pipes 

flowing into pipe ‘i’. 

 

Storage tanks can be modeled as completely mixed, variable-volume reactors. Equation 

(24) to (25) represent, coupled set of differential/algebraic equations over all pipes in the 

network. Under a set of known time-varying hydraulic conditions, they can be solved 

using an explicit discretization technique called the Discrete Volume Element Method 

(DVEM) (Rossman et al. 1993). 

 

Within each time period, when hydraulic conditions are constant, DVEM divides each 

pipe into a number of segments. After reactions are completed for all pipes, the resulting 

mixture concentration at each junction node is computed and then released into the head 

end segments of pipes with flow leaving the node. This sequence of steps is repeated until 

the time when a new hydraulic condition occurs. This method has been incorporated into 

a general-purpose distribution-system simulation computer code called EPANET. 

Residual chlorine levels in the different distribution network have been simulated with 

the help of EPANET. 

 

2.6 Previous Study about Residual Chlorine Decay in Water 

Distribution System  

 

According to case study of chlorine decay in water distribution systems at lousada 

network it is found that the study was supported by the 2.0 version of the EPANET 

simulator so as to illustrate the process of calibrating and using the water quality model. 

Concentration tie-lines of chlorine throughout the system were carried out for 12 hours. 

Samples were taken at nearby, intermediate and distant locations, in relation to the 

reservoir. It is also found from that case study that the chlorine decay at bulk fluid was 

carried out using laboratory method adjusting first-order equation and the value of kb was 

fixed in an amount -0.0143 h-1. It is also found that the pipe wall decay coefficient 

calibration was carried out by trial-error method and the values were used as an amount 

of 0.002 ft s-1 and 0.007 ft s-1 (Pedro et al. 2010). 
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From the study of modeling chlorine residuals in drinking-water distribution systems it is 

found that the Cherry Hill/Brushy Plains Service Area of the South Central Connecticut 

Regional Water Authority (SCCRWA) was undertaken as a sampling study area. The 

service area which covers approximately 5.2 km2 (2 sq.mile) is entirely residential. The 

average flow rate of water during the sampling period was 20.2 l/s. Sampling was 

conducted at the pump station and eight different locations throughout the service area 

over 53 hours. The value of bulk decay constant kb was assigned as -0.0239 h-1 for all 

pipes and tank based on laboratory beaker tests of water taken from the service area and 

wk values were in between 0.0000057 ft s-1 and 0.000017 ft s-1 (Rossman et al. 1993). 

 

From the previous study of the application of EPANET for the determination of chlorine 

dose and prediction of trihalomethanes (THMs) in a water distribution system, it is found 

that chlorine decay test for the finished water of the water treatment plant (WTP) were 

performed on a monthly basis for one year. As a result, a simple equation for the target 

chlorine concentration in the finished water was derived by a multiple regression method 

in relation to initial chlorine concentrations, temperatures, total organic carbon and 

chlorine decay coefficients. It is apparent that the chlorine concentration of the finished 

water be maintained to be flexible to keep it at over 0.1 mg L-1 throughout the system 

because chlorine consumption is different according to the season, flow and pipe 

networks. As the results of this study using a multiple regression model for chlorine 

decay and EPANET, the target chlorine concentrations of the finished water were set to 

0.5 mg L-1 in spring and fall, 0.55 mg L-1 in summer and 0.45 mg L-1 in winter (Ahn et al. 

2012) 

 

EPANET was used to test alternative kinetic models on five water distribution systems 

where field sampling studies were conducted. Hydraulic calibration has been performed 

for each site. In all cases, bulk decay coefficients have been derived from bottle tests. 

Water quality calibrations were then performed by sequentially adjusting the chlorine 

wall decay coefficients to give the best fit between predicted and observed field 

measurements. Summary of the study has been shown in the Table 2.2: 
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Table 2.2: Summary of the chlorine decay kinetics for all sites sampled (Vasconcelos et 

al. 1997) 

Site 
Temperature 

(°C) 

First Order, kb value in 

(h-1) 

First Order, kw value in 

(ft s-1) 

Bellingham 17.4 0.0345 0.000028 

Fairfield 17.9 0.0483 0.000000 

Harrisburg 16.4 0.0095 0.000010 

North Marin 

(Aqueduct) 
22.1 

0.0550 

0.000057 
North Marin 

(Stafford Lake) 
0.7375 

North Penn 

(Forest Park) 
14.7 

0.0320 

0.0000011 
North Penn 

(Keystone Tank) 
0.0033 

 

In the Sakishima water distribution plant in Osaka city chlorine decay parameters have 

been simulated with EPANET software approximately at 26 °C water temperature. The 

bulk decay coefficient has been determined as -0.0086 h-1 and the wall decay coefficient 

has been determined as wk  = - 4.0 mg/m/day (Nagatani et al. 2006). 
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CHAPTER 3 

METHODOLOGY 

 

 

3.1 Introduction 

 

The satisfactory maintenance of residual chlorine concentration of a customer’s tap is one 

of the most important criteria to ensure sufficient residual chlorine in any specified water 

distribution systems.  In this purpose, DMA 505 was selected for assessing the 

effectiveness of chlorination system available in Dhaka City. In order to satisfy the 

objectives, the initial concentrations of residual chlorine were measured at six sources 

(PTWs) then at 37 different selected points over the DMA 505 using the HACH chlorine 

test kit. The EPANET version 2.0 was used as a predictive tool to predict the residual 

chlorine in that water distribution network (WDN). In order to analyze residual chlorine 

using EPANET, the required hydraulic input parameters were collected from the 

commissioning report of DMA 505 DWASA (November, 2014) and some input 

parameters were determined from laboratory measurement as well as field calibration. 

The input parameters which were collected from the commissioning report are: hydraulic 

data, layout of the water distribution network and hydraulic demand with respect to time 

pattern. Finally, a water quality model by EPANET was used to determine the 

concentration of residual chlorine over spaces and time of the water distribution network. 

Though, there is a protocol for chlorination at the six pump stations as well as a schedule 

for monitoring of residual chlorine, the adoption of this protocol was found to be absent 

at four among the six pump stations during the experiment period. Often chlorine was 

administered rather arbitrarily and its effectiveness in the water distribution system seems 

to largely unknown.  

 

3.2 Selection and Location of the Study Area 

 
The DMA 505 water distribution network was selected to assess the effectiveness of the 

present residual chlorine system in that network. It is one of the 10 DMAs under MODS 
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Zone-5 of DWASA. The DMA area is characterized by medium population density, wide 

and planned roads and medium traffic congestion at most time of the day. The water is 

supplied from six deep production tube wells. The network is located at the north part of 

the Gulshan model town of Dhaka City Corporation and in between the geographic 

coordinates of 23°47'41.29"N & 90°24'51.34"E and 23°46'49.21"N & 90°25'0.44"E.  It 

serves the Gulshan 1 & 2 and parts of Baridhara of Dhaka city over an area of 1.47 

square kilometer. There is a part of Gulshan Lake on the east side and a part of Banani 

Lake on the west side of the DMA. There are two big parks in this area. One is located 

between the road no 62 and the road no 69. And, the other is located between the road no 

83 and the road no 86. The average ground elevation of the DMA area is between 5m to 

7m according to Survey of Bangladesh (SoB). The area surrounded by the Banani Lake 

and Gulshan Lake covers Gulshan-1 circle & Gulshan-2 circle. The Figure 3.1, 3.2 and 

3.3 denote the index map, location map and layout of water distribution network with 

PTWs of DMA 505 respectively. The DMA network is consisted with 348 junctions, 419 

pipes, 6 pumps, 6 valves and 12 reservoirs.  

 

 
Figure 3.1: Index map of DMA 505 collected from the commissioning report of DMA 

505. 
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Figure 3.2: Location map of DMA 505 with background image captured from Google 

Map. 
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Figure 3.3: Layout of water distribution network with 6 PTWs collected from the 

commissioning report. 
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3.2.1 Location of the Production Tube Wells (PTWs) of DMA 505 

 

There are six production tube wells (PTWs) over the DMA area. The PTWs are given as 

follows: 

 

1. PTW 505 Gulshan-4 

2. PTW 505 Gulshan-6 (Walder-land Pump) 

3. PTW 505 Gulshan-9 

4. PTW 505 Gulshan-10 

5. PTW 505 Gulshan-8 

6. PTW 505 Gulshan-5 

 

The PTW 505 Gulshan-4 is located beside the road no. 35 nearer to ARTISAN 

SANMAR TOWER at Gulshan-2 circle, Dhaka. 

 

The PTW 505 Gulshan-6 (Walder-land Pump) is located beside the road no. 109 adjacent 

to Gulshan youth club ground at Gulshan-2, Dhaka. 

 

The PTW 505 Gulshan-9 is located beside the road no. 41 nearer to the Banani Bridge at 

Gulshan-2, Dhaka. 

 

The PTW 505 Gulshan-10 is located beside the road no. 123 nearer to Gulshan Lake in 

between Gulshan-1 and Gulshan-2, Dhaka. 

 

The PTW 505 Gulshan-8 is located beside the road no. 28 nearer to Banani Lake and 

London College of business studies in between Gulshan-1 and Gulshan-2, Dhaka. 

 

The PTW 505 Gulshan-5 is located beside the road no. 130 nearer to Gulshan Lake at 

Gulshan-1, Dhaka. 

 

The location of the above mentioned (PTWs) was shown in Figure 3.4. 
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                      Image 3.1:  PTW 505 Gulshan-4 

 
Image 3.2 : PTW 505 Gulshan-6 (Walder-land Pump) 

 

 
Image 3.3: PTW 505 Gulshan-9 

 
 Image 3.4: PTW 505 Gulshan-10 

 

 
Image 3.5: PTW 505 Gulshan-8 

 
Image 3.6: PTW 505 Gulshan-5 

 

Figure 3.4: Location of Six PTWs under the DMA 505 

 

3.2.2 Water Quality Parameter of Production Tube Wells (PTWs) of 

DMA 505 

 

In most countries the principal risks to human health associated with the consumption of 

polluted water are microbiological in nature (although the importance of chemical 

contamination should not be underestimated). For health and environmental safety it is 
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very much essential to know about the quality of water which is being used by the city 

dwellers of Dhaka. So, the water quality parameter of six PTWs were determined from 

the BUET environmental engineering laboratory. The parameters tested were pH, 

alkalinity, hardness, colour, amonia, total coliform, feacol coliform, total organic 

constituents, carbon di-oxide, iron, arsenic, chloride ion and manganese.  

 

3.2.3 Input Parameters for Hydraulic Model and Residual Chlorine 

Model for DMA 505 Network 

 

In order to obtain satisfactory results of a residual chlorine model using EPANET, it is 

essential first to establish an exact hydraulic model. The hydraulic model is a function of 

some input parameters. The input parameters collected from the commissioning report 

were a layout of water distribution network, hydraulic base demand of each nodes with 

respect to time pattern and six hydraulic flow-head (Q-H) data for six pump curves. Other 

input parameters were determined from the laboratory experiment and field observations 

including model calibration. In order to analyze the hydraulic model as well as residual 

chlorine model of the water distribution network (WDN) with the help of EPANET the 

Q-H data are needed. The Q-H data of six PTWs are given in Table 3.1 to 3.6. Also, the 

Figure 3.5(a) to 3.5(f) denote the six pump curves for six PTWs of the described area. 

And, the Table 3.7 denotes the time period and the multiplier over the 24 hour cycles. 

EPANET assumes that all pipes are full at all times. Flow direction is from the end of the 

higher hydraulic head (internal energy per weight of water) to that at lower head. The 

principal hydraulic input parameters for nodes: elevation, base demand, demand 

categories and demand pattern  as well as for pipes: start and end nodes, diameter, length, 

roughness coefficient (for determining a head loss) and status (open, closed, or contains a 

check valve) were also collected from the commissioning report. Computed outputs for 

nodes include: actual demand, total head, pressure and residual chlorine. And Computed 

outputs for pipes include: flow rate, velocity, unit head loss, friction factor, average 

reaction rate (over the pipe length) and average residual chlorine as water quality 

parameter (over the pipe length). The hydraulic head loss by water flowing in a pipe due 

to friction with the pipe walls can be computed using one of three different formulas: 1. 
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Hazen-Williams formula 2. Darcy-Weisbach formula and 3. Chezy-Manning formula 

The Hazen-Williams formula is the most commonly used head loss formula in the US. It 

cannot be used for liquids other than water and was originally developed for turbulent 

flow only. The Darcy-Weisbach formula is the most theoretically correct. It applies over 

all flow regimes and all liquids. The Chezy-Manning formula is more commonly used for 

open channel flow. Each formula uses a different pipe roughness coefficient that must be 

determined empirically for analyzing the hydraulic model. 

 

       Table 3.1: Q-H curve testing data for PTW 505 Gulshan-4 of DMA 505  

 

Serial PTW ID & Date Time (Sec/1000 L) Q = Flow (l/s) H = Pressure (m) 

1 

PTW 505 

Gulshan-4  

(20-Oct-14) 

23.64 42.30 3.45 

2 26.54 37.68 11.26 

3 31.22 32.03 19.88 

4 41.93 23.85 33.16 

5 51.89 19.27 41.2 

6 88.34 11.32 51.47 

7 806.45 1.24 63.21 

 

  

Table 3.2: Q-H curve testing data for PTW 505 Gulshan-6 (Walder-land Pump)  

 

 

  

Serial PTW ID & Date Time (Sec/1000 l) Q = Flow (l/s) H = Pressure (m) 
1 

PTW 505 

Gulshan-6  

(20-Oct-14) 

23.24 43.03 3.45 

2 30.21 33.10 13.54 

3 35.24 28.38 19.88 

4 51.93 19.26 30.24 

5 105.24 9.50 41.2 

6 2024.51 0.49 49.54 
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Table 3.3: Q-H curve testing data for PTW 505 Gulshan-9 of DMA 505 

 

 

Table 3.4: Q-H curve testing data for PTW 505 Gulshan-10 of DMA 505 

 

 

Table 3.5: Q-H curve testing data for PTW 505 Gulshan-8 of DMA 505 

 

Table 3.6: Q-H Curve Testing for PTW 505 Gulshan-5 of DMA 505 

 

Serial PTW ID & Date Time (Sec/1000 l) Q = Flow (l/s) H = Pressure (m) 
1 

PTW 505 
Gulshan-9 

(20-Oct-14) 

30.75 32.52 3.21 
2 33.93 29.47 9.87 
3 39.74 25.16 21.45 
4 45.65 21.91 30.09 
5 58.18 17.19 40.11 
6 96.21 10.39 49.12 
7 682.68 1.46 54.32 

Serial PTW ID & Date Time (Sec/1000 l) Q = Flow (l/s) H = Pressure (m) 
1 

PTW 505 
Gulshan-10  
(20-Oct-14) 

35.065 28.52 1.24 

2 48.875 20.46 14.26 
3 66.315 15.08 21.14 
4 118.765 8.42 31.26 
5 1470.59 0.68 41.24 

Serial PTW ID & Date Time (Sec/1000 l) Q = Flow (l/s) H = Pressure (m) 
1 

PTW 505 
Gulshan-8 

(20-Oct-14) 

36.84 27.14 0.68 
2 45.93 21.77 9.87 
3 62.15 16.09 21.24 
4 83.02 12.05 30.56 
5 191.61 5.22 39.87 
6 1552.5 0.64 44.54 

Serial PTW ID & Date Time (Sec/1000 l) Q = Flow (l/s) H = Pressure (m) 
1 

PTW 505 
Gulshan-5  

(20-Oct-14) 

40.35 24.78 1.24 

2 60.13 16.63 14.21 
3 94.82 10.55 24.25 

4 183.49 5.45 36.47 

5 813.01 1.23 46.12 
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       Figure 3.5(a): Q-H curve for PTW 505 

       Gulshan-4 of DMA 505 

 

 

      Figure 3.5(b): Q-H curve for PTW 505  

      Gulshan-6   of DMA 505 

 

 

 

         Figure 3.5(c): Q-H curve for PTW 505 

         Gulshan-9 of DMA 505  

 

      Figure 3.5(d): Q-H curve for PTW 505  

      Gulshan-10 of DMA 505 

 

 

 

        Figure 3.5(e): Q-H curve for PTW 505  

       Gulshan-8 of DMA 505  

 

   Figure 3.5(f): Q-H curve for PTW 505  

   Gulshan-5 of DMA 505 
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  Table 3.7: Hourly Demand Multiplier used in the Hydraulic Model in EPANET for 

analyzing the Residual Chlorine Model of the DMA 505 

 
                         

Time Period 
(hrs) 1 2 3 4 5 6 7 8 9 10 11 12 

Multiplier 1.11 0.94 0.9 0.88 0.87 0.89 0.92 1.14 1.12 1.12 1.11 1.12 

 
 

            Time Period 
(hrs) 13 14 15 16 17 18 19 20 21 22 23 24 

Multiplier 1.14 1.12 1.14 1.14 1.15 1.12 1.14 1.15 1.13 1.15 1.14 1.13 
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3.2.4 Chlorination Scheme of DMA 505 During Study  

Period 

Chlorination was experimented through the month of July, 2017. Although, there was a 

protocol for chlorination at each pump station as well as a schedule for monitoring of 

residual chlorine for each pump station in the selected DMA, during the study period, 

chlorination was found to be present at only two PTWs: PTW 505 Gulshan - 10 and PTW 

505 Gulshan - 6. And, chlorination was found to be absent at rest of the four PTWs. It 

was also found that the residual chlorine was present at higher concentrations nearer the 

source of chlorination (i.e. Near the PTW 505 Gulshan - 10 and PTW 505 Gulshan - 6). 

The concentration of the residual chlorine was found to be medium at intermediate 

selected points and absent at the remotest selected points of the water distribution  

network.   

 

3.3 Estimation of Input Parameters for Calibrating Residual Chlorine 

Model using EPANET of DMA 505 

 
There are mainly two input parameters for the calibration of the residual chlorine model 

into the water distribution network using EPANET 2.0. The estimation of the bulk water 

decay constant, kb and wall decay constant, kw necessary to give the best fit of a residual 

chlorine model. The bulk decay coefficients, kb was derived from bottle tests in the 

BUET environmental engineering laboratory. EPANET 2.0 simulation were carried out  

to calibrate kw with the field observed data.  

 

3.3.1   Derivation of Residual Chlorine Bulk Decay Rate Constant (kb) 

 

The residual chlorine decay rate constant of bulk flow, (kb) for the calibration of the 

residual chlorine model was carried out analyzing the collected samples from six PTWs 

in the BUET environmental engineering laboratory. The samples were analyzed in the 

laboratory by placing a sample of chlorinated water in a series of non-reacting glass 
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bottles and analyzing the contents of each bottle at different points in time. USEPA 

330.5; SM 4500 – Cl G standard method was used to characterize the free residual 

chlorine concentration in the laboratory. Now, the USEPA standard method is described 

according to following procedure: 
e) First, place 200-ml portion of the water to be chlorinated in each of seven 250-ml 

flasks. 

f) Then, add required quantity of chlorine water (stock solution of bleaching powder 

in water) in each of the flasks. The chlorine content of the chlorine water 

(determined earlier in the laboratory) would be provided by the required dilution 

factor. Calculate the chlorine dose for each of the seven flasks. 

g) Then, shake each flask gently and allow standing for 30 minutes. 

Finally, the concentration of residual chlorine from each flask was determined by the 

starch-iodine method as described in section 2.2.2.2.1. After analyzing the residual 

chlorine concentration the bulk decay rate constant (kb) was determined using Equation 

(13) given in section 2.5.1. The Figure 3.6 denoted the laboratory test method used for 

deriving the value of (kb).  

 

 

 

 

 

Figure 3.6: Diagram of the laboratory test method used in determining, kb. 
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3.3.2 Estimation of Chlorine Wall Decay Constant, kw 

 

The chlorine wall decay constant, kw was derived from calibrating the residual chlorine 

model data which were obtained from the EPANET 2.0 and the data were observed in the 

area of DMA 505.In order to observe the change residual chlorine two intermediate 

points INP2/J505-161 and INP3/J505-182 were selected in between the PTW 505 

Gulshan-6 and the PTW 505 Gulshan-10 and the observed data were recorded. Then a 

trial and error method was applied to calibrate the observed data using EPANET 2.0. 

After a successful calibration the value of wall reaction rate constant, kw (mass/area/time) 

was obtained. It is influenced by the factor of mass transfer between the bulk of flow and 

the wall interface and the amount of wall area available for reaction. The factor is 

represented by a mass transfer coefficient (kf) (length/time) which depends on the 

molecular diffusivity of the traced substance. Chlorine diffusivity is equal to 0.144m2/s in 

water at 25°C (Awwarf 1996). For a particular chemical species, kf is a function of pipe 

diameter, flow velocity and temperature (Edwards et al. 1976). 

 

The EPANET is automatically adjusting to account for mass transfer between the bulk 

flow and the wall basing on the molecular diffusivity of reactant under study and the 

Reynolds number of the flow. In case of zero-order kinetics, which is recommended by 

the EPANET program manuals, the wall reaction rate cannot be greater than the mass 

transfer rate resulting in Equation (16): 

 r = Min  (kw× kf ×C) × (2/R)   (16) 

Where r is the rate of reaction (mass/volume/time) and R is the pipe radius (length) 

(Nagwan et al. 2013). The value of kf can be determined using the Equation (17-21). 

 

3.3.3 Field Observation of Residual Chlorine Using (HACH) Chlorine 

Color Disc Test Kit 

HACH Chlorine Test Kits are manufactured by HACH to ensure compliance with 

stringent quality control standards. Kit contains 100 tests. Kits can measure free and total 

../../../../USER/Downloads/Predicting-chlorine-decay.doc#page18
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chlorine levels very quickly and accurately not only in the field but also in the laboratory. 

Powder DPD (N, N-diethyl-P-phenylenediamine) also has a considerable advantage over 

orthotolidine, a hazardous substance sometimes used as a free and total chlorine test 

reagent. The total study area had been divided into a number of strips and 37 numbers of 

observation points had been selected on the distribution network. There are 37 circled 

mark points which indicated 37 locations in the study area for observing residual chlorine 

concentration on those points of the distribution network of DMA 505. The field test of 

residual chlorine levels was conducted using HACH total chlorine test kit while 

observing the residual chlorine at the mentioned 37 locations as well as six PTWs to 

satisfy the objectives of the study. DPD chlorine reagent powder pillows that reacts with 

chlorine more quickly than a tablet-form DPD was used in the field for observing  

residual chlorine levels in the study area and achieved more accurate results. DPD total 

chlorine reagent was used for the required residual chlorine test in the study area. The 

chlorine, color disc test kit and DPD chlorine reagent powder pillows are shown in Figure 

3.7. Figure 3.8 denoted the location points of observing the residual chlorine on the 

network of DMA 505. 

 

 
Image 3.7: Chlorine Test Kit 

 

Image 3.8: DPD Chlorine Reagent Powder Pillows, 5ml, 

pk/50 

 

Figure 3.7: Chlorine (Free & Total) Color Disc Test Kit, Model CN-66 and DPD 

Chlorine Reagent Powder Pillows     
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The total chlorine test procedure in the field observation using DPD test kit could be 

discussed as following ways: 

1. First of all a tube was filled to the first (5-ml) line with sample. 

2. Then the tube was inserted into the left opening of the comparator. 

3. Then, another tube was filled to the first (5-ml) line with sample. 

4. A DPD total chlorine reagent powder pillow was added to the second tube and 

swirled to mix with the sample. 

5. Then, the second tube was inserted into the right opening of the comparator. 

6. Then the comparator was hold at position sothat the daylight source would be 

directly behind the tubes. Then the color disc was rotated until the colors in the 

front window matched. 

7. Finally read out the result of total residual chlorine in mg/L in the scale window 

within three minutes. And this process was continued until the field observation 

was finished. 

Image 3.9 and Image 3.10 denote the residual chlorine test technique using DPD reagent 

pillows. 

  

 

         Image 3.9: Sample collection in field  
 

      Image 3.10: Total residual chloirine observation 

      using DPD chlorine reagent powder pillows. 
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Figure 3.8: Location of the 37 Residual Chlorine Observation Points at DMA 505. 
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CHAPTER 4  

RESULTS AND DISCUSSIONS 

 

 

4.1 Introduction 

This chapter will describe the final results of the residual chlorine model, assessment of 

the effectiveness of the current chlorination system adopted in DMA 505 of Dhaka city. 

It is also shown how, laboratory test and field observation data can be used for the 

determination of bulk decay constant kb and how calibration and validation of the 

hydraulic model using time-patterns of residual chlorine concentration can be used to 

determine the wall decay constant kw.It is also shown how,Cl2 injection strategies in the 

network can be improved by analyzing the sensitivity of the residual chlorine simulation 

over variety of conditions. 

 

4.2 Determination of Residual Chlorine Bulk Decay Rate Constant (kb): 

The determination of kb is carried out according to the methodology described in section 

3.3.1. The Figure 4.1-4.4 represents the residual chlorine decay with respect to time for 

the four selected PTWs. The value of kb have been found to be -0.350 h-1, -0.450 h-1, -

0.180 h-1 and -0.210 h-1 for PTW 505 Gulshan-8, Gulshan-5, Gulshan-9 and Gulshan-6 

respectively using the chlorine decay curves as shown in Figure 4.1-4.4. The average 

observed value of kb is -0.2975h-1 of this study area. 
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Figure 4.1: Chlorine decay at bulk fluid and 

respective first order adjustment of raw water 

sample of PTW 505 Gulshan-8 of DMA 505 

Figure 4.2: Chlorine decay at bulk fluid and 
respective first order adjustment of raw 
water sample of PTW 505 Gulshan-5 of 
DMA 505 

 

Figure 4.3: Chlorine decay at bulk fluid and 

respective first order adjustment of raw water 

sample of PTW 505 Gulshan-9 of DMA 505 

 

Figure 4.4: Chlorine decay at bulk fluid and 
respective first order adjustment of raw 
water sample of PTW 505 Gulshan-6 of 
DMA 505 

 
Rossman et al. 1993 found that the value of kb was -0.0239 h-1 for all pipes and tank 

based on laboratory beaker tests for water taken from the service area. Vasconcelos et al. 

1997 also found that the first-order kb value are -0.0345 h-1, -0.0483h-1, -0.0095h-1, -

0.0550h-1, -0.7375h-1, -0.0320h-1 and -0.0033h-1for the site Bellingham, Fairfield, 
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Harrisburg, North Marin (Aqueduct), North Marin (Stafford Lake), North Penn (Forest 

Park), North Penn (Keystone Tank) respectively. The value of kb (-0.2975 h-1)  which is 

achieved from the laboratory analysis under the current study is significantly higher than 

the value of kb obtained by Rossman et al. 1993 but it falls within the range of values 

obtained by Vasconcelos et al. 1997. This shows that the kb value can vary widely over 

several orders of magnitude depending on the type of samples. The value of kb obtained 

from the study area is significantly higher than most of the kb values in literature which 

may be  due to the presence of both significant amounts of organic and inorganic 

reducing substances in the PTWs and moderately high temperature over the DMA 505. 

Powell et al. 2000 studied the wall decay and bulk decay separately and observed a 

significant variation in the bulk decay constant (kb) with temperature, total organic carbon 

(TOC) and the initial chlorine concentration (Co). As a relatively strong oxidizing agent, 

chlorine can react with inorganic and organic compounds present in the bulk water. As 

both organic and inorganic particles are present in varying concentrations and have  

different degrees of reactivity that is indicated in Table 4.1, the loss of chlorine over time 

is a gradual process. Clark et al. 1998 shown that the reactions of chlorine with organic 

matter makes up the majority of the chlorine demand. 

 

Table 4.1: Water quality parameter of the six PTWs of DMA 505 with standards.  

Parameter Unit Bangladesh 
Standards 

WHO 
Guidelines Gulshan-6 Gulshan-4 Gulshan-5 Gulshan-9 Gulshan-10 Gulshan-8 

pH - 6.5-8.5 - 7.2 7.27 7.33 7.04 7.11 6.97 

Alk mg/l - - 128.0 48.0 151.0 105.0 79.0 96.0 

Hardness mg/l 200-500 - 90 98 104 78 84 88 

Colour Hazen Unit 15 15 2 2 4 2 2 2 

NH3 mg/l 0.5 1.5 0.00 0.00 0.00 0.00 0.00 0.00 

Total Coliform N/100ml 0 0 0 0 2 TNTC 0 0 
Feacal 

Coliform N/100ml 0 0 0 0 0 TNTC 0 0 

TOC mg/l - - 6.461 6.347 5.707 0.617 0.845 1.332 

CO2 mg/l - - 55.00 40.00 37.00 56.00 35.00 52.00 

Fe mg/l 0.3-1.0 - 0.04 0.04 0.18 0.16 0.04 0.02 

As mg/l 0.05 0.01 0.0022 0.0048 0.0010 0.0010 0.0026 0.00 

Cl- mg/l 150-600* - 11.00 3.00 8.00 18.00 23.00 28.00 

Mn mg/l 0.10 0.40 0.121 0.211 0.145 0.092 0.024 0.121 
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4.3 Calibration of Residual Chlorine Wall Decay Rate Constant (kw ) 

The estimation of kw is done according to the methodology described in section 3.3.2. 

Fixing the value of kb as, -0.2975 h-1 the predicted residual chlorine for two specific 

intermediate points INP1/J505-172 and INP2/J505-198 were determined for various 

values of kw ranging over several orders of magnitude (kw=-0. 65 ft/s-0.065 ft/s, -0.0065 

ft/s and -0.00065 ft/s). The summary of the results is given in Table 4.2-4.3. Analyzing 

the results of two tables, it is found that the observed and predicted chlorine 

concentration is nearly identical for both the intermediate points INP1/J505-172 and 

INP2/J505-198 when, the value of kw is -0.0065 ft/s.Therefore, the kw value may be 

assumed to be -0.0065 ft/s (after this calibration) for DMA 505. It is also said that the 

value of kw is a sensitive input parameter for modeling of residual chlorine in any specific 

water supply network (Pedro et al. 2003). The range of residual chlorine lies in between 

0.29 mg/l and 0.34 mg/l for the same interval of observed time.Devarakonda et al. 2010 

shown that chlorine disappears due to a combination of processes at the pipe wall. These 

processes include reactions between chlorine and biofilms attached to the distribution 

pipe wall, accumulated sediments, corrosion process, and mass transport process of 

chlorine and other reactants between the bulk flow and pipe wall. 

Table 4.2: Predicted and observed time series value of residual chlorine for node 

INP1/J505-172.  

Time of 
residual 
chlorine 

prediction 

Residual chlorine predicted for node INP1/J505-172 (in mg/l) Residual chlorine 
observed for node 
INP1/J505-172 (in 

mg/l) 
When, kb= -

0.2975 h-1 and 
kw= -0.65 ft/s 

When, kb= -0.2975 
h-1 and kw= -0.065 

ft/s 

When, kb= -0.2975 
h-1 and kw= -0.0065 

ft/s 

When, kb= -0.2975 h-1 
and kw= - 0.00065 ft/s 

2.00 Hrs 0.23 0.28 0.30 0.30 0.30 

8.00 Hrs 0.23 0.28 0.29 0.29 0.29 

14.00 Hrs 0.25 0.30 0.31 0.31 0.31 

20.00 Hrs 0.25 0.30 0.31 0.31 0.31 

26.00 Hrs 0.27 0.33 0.35 0.35 0.34 

32.00 Hrs 0.23 0.28 0.29 0.29 0.30 

38.00 Hrs 0.25 0.30 0.31 0.31 0.31 

44.00 Hrs 0.25 0.30 0.31 0.31 0.30 
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Table 4.3: Predicted and observed time series value of residual chlorine for node 

INP2/J505-198.  

Time of 
residual 
chlorine 

prediction 

Residual chlorine predicted for node INP2/J505-198 (in mg/l) Residual chlorine 
observed for node 
INP2/J505-198 (in 

mg/l) 

When, kb= -
0.2975 h-1 and 
kw= - 0.65 ft/s 

When, kb= -0.2975 
h-1 and kw= - 0.065 

ft/s 

When, kb= -0.2975 
h-1 and kw= - 0.0065 

ft/s 

When, kb= -0.2975 h-1 
and kw= - 0.00065 ft/s 

2.00 Hrs 0.22 0.28 0.30 0.30 0.29 

8.00 Hrs 0.19 0.25 0.26 0.26 0.27 

14.00 Hrs 0.23 0.29 0.31 0.31 0.30 

20.00 Hrs 0.23 0.29 0.31 0.31 0.31 

26.00 Hrs 0.24 0.32 0.34 0.34 0.35 

32.00 Hrs 0.19 0.25 0.26 0.26 0.27 

38.00 Hrs 0.23 0.29 0.31 0.31 0.30 

44.00 Hrs 0.23 0.29 0.31 0.31 0.31 

Figure 4.5 illustrates the graphical presentation of the observed and predicted residual 

chlorine in (mg/l)  vs time in (hrs) at six hour intervals of time for the intermediate point 

INP1/J505-172 when the value of kw is fixed as, -0.0065 ft/s and kb as, -0.2975 h-1. It is 

evident from the figure that the observed chlorine concentrations match very well with 

the predicted chlorine concentration for kw= -0.0065 ft/s. 

 

Figure 4.5: Time series of observed residual chlorine and predicted residual chlorine for 

intermediate point INP1/J505-172 for the value of kw = -0.0065 ft/s and kb = -0.2975 h-1. 
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Also, in another node (intermediate point INP2/J505-198), the Figure 4.6 illustrates the 

graphical presentation of the observed and predicted data of the residual chlorine in 

(mg/l)  vs time in (hrs) at six hour intervals of time when the value of kw is fixed as, -

0.0065 ft/s and kb is as, -0.2975 h-1. It is also observed that the residual and observed Cl2 

concentration time series almost overlap with each other. Therefore, kw -0.0065 ft/s is a 

good assumption for the EPANET residual chlorine model for DMA 505. Rossman et al. 

1993 found that the results obtained for a range of kw values  between -0.0000057ft/sand -

0.000017ft/sat the eight sampling locations out in the network.Pedro et al. 2010 found 

that the pipe wall decay coefficient calibration was carried out by trial-error method and 

the values were used as an amount of -0.002 ft/sand -0.007 ft/saccording to case study of 

chlorine decay in water distribution systems at lousada network. Vasconcelos et al. 1997 

also found that the kw value are -0.000028ft/s, -0.000000ft/s, -0.000010ft/s, -0.000057ft/s, 

-0.000057ft/s, 0.0000011ft/sand -0.0000011ft/sfor the site Bellingham, Fairfield, 

Harrisburg, North Marin (Aqueduct), North Marin (Stafford Lake), North Penn (Forest 

Park), North Penn (Keystone Tank) respectively.The value of kw (-0.0065ft/s) which is 

achieved from the simulation results analysis under the current study is significantly 

higher than the value of kw obtained by Rossman et al. 1993 but it falls within the range 

of values obtained by Pedro et al. 2010. This shows that the kw value can vary widely 

over several orders of magnitude depending on some factors. Powell et al. 2000 reported 

the factors which control wall chlorine decay through field surveys several distribution 

pipes. It can be specified that the majority of the factors which have been shown to 

influence the wall decay are: pipe material and diameter (Sharp el at.1991), initial 

chlorine concentration (AWWARF 1996), corrosion (Kiene L et al. 1998), biofilm and 

flow rate (velocity).As a result, chlorine will either decay due to reactions with 

compounds contained within the bulk water or due to reactions at the pipe wall.  

 



49 
 

 

Figure 4.6: Time series of observed residual chlorine and predicted residual chlorine for 

intermediate point INP2/J505-198 for the value of kw = -0.0065 ft/s and kb = -0.2975 h-1. 

Residual chlorine concentration was also measured for21 selected points over the study 

area during the experimental period. The residual chlorine that is achieved in the field 

experiment is presented in Table 4.4. It is seen from the observed and predicted residual 

chlorine that the two concentrations are almost similar during the experimental period 

with the kw value calibrated from the previous exercise  and kb value determined from the 

laboratory (as previously discussed in section 4.2-4.3). 

 

Table 4.4: Predicted and observed residual chlorine concentrations at the 21 selected 

points over the study area of DMA-505 (kw = -0.0065 ft/s and kb = -0.2975 h-1) 
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mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
1 J-155 (P1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 J-62 (P2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 J-54 (P3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 J-50 (P4) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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5 J-248 (P5) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 J-159 (P6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
7 J-161 (P7) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8 J-25 (P8) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
9 J-26 (P9) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 J-165 (P10) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 J-10 (P11) 0.27 0.29 0.30 0.15 0.35 0.28 0.30 0.30 0.30 
12 J-7 (P12) 0.37 0.45 0.45 0.46 0.37 0.45 0.45 0.46 0.45 

13 J-1363A 
(P13) 0.38 0.46 0.45 0.46 0.38 0.46 0.45 0.46 0.40 

14 J-475 (P16) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
15 J-82 (P17) 0.00 0.06 0.06 0.07 0.00 0.06 0.06 0.07 0.06 
16 J-174 (P18) 0.00 0.54 0.67 0.67 0.65 0.54 0.67 0.67 0.67 
17 J-79 (P19) 0.62 0.51 0.63 0.63 0.62 0.51 0.63 0.63 0.63 
18 J-202 (P20) 0.52 0.45 0.56 0.56 0.56 0.45 0.56 0.56 0.56 
19 J-105 (P21) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20 J-129 (P25) 0.59 0.68 0.67 0.68 0.59 0.68 0.67 0.68 0.62 
21 J-135 (P27) 0.32 0.34 0.44 0.47 0.35 0.34 0.44 0.47 0.47 

 

 

4.4 EPANET Simulation of DMA505  

Network simulation was carried out to graphically observe the chlorine concentration in 

all pipes in the network. Figure 4.7-4.10 represents the predicted chlorine concentration 

at 2:00 hrs for  wall coefficients, kw = -0.00065 ft/s, -0.0065 ft/s , -0.065 ft/s and -0.65 ft/s 

respectively. In Figure 4.7-4.10 the red, yellow, green, turquoise and blue color represent 

the range of residual chlorine concentration 0.00-0.25 mg/l, 0.25-0.50 mg/l, 0.50-

0.75mg/l, 0.75-1.00mg/land > 1.00mg/l respectively. It is observed that the concentration 

of residual chlorine, reduces rapidly when the value of kw is increased (green color almost 

disappears when kw = -0.65 ft/s). Therefore, kw is a very sensitive parameter in residual 

chlorine modeling.  
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Figure 4.7: Contour map of residual chlorine model when, kb = - 0.2975 h-1 and kw = -

0.00065 ft/s at 2.00 Hrs. 

 

Figure 4.8: Contour map of residual chlorine model when, kb = - 0.2975 h-1 and kw = - 

0.0065 ft/s at 2.00 Hrs. 
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Figure 4.9: Contour map of residual chlorine model when, kb = - 0.2975 h-1 and kw = - 

0.065 ft/s at 2.00 Hrs. 

 

Figure 4.10: Contour map of residual chlorine model when, kb = - 0.2975 h-1 and kw = - 

0.65 ft/s at 2.00 Hrs. 

From Figure 4.7-4.10, it is also seen that the residual chlorine is almost nil over the 

maximum portion of the water distribution network. For the purposes of disinfection, the 
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minimum concentration of residual chlorine is required to be 0.20 mg/l at the point of use 

by the consumer. This means that the chlorine injectors are not sufficient or not 

strategically placed in the network. Therefore the chlorine injection system needs to be 

improved for reliable coverage of residual chlorine over the network. The following 

section represents several scenarios on how we can improve the situation. 

 

4.5 Baseline Residual Chlorine Scenario of the Injected Chlorine Gas System 

The baseline residual chlorine scenario is defined as the scenario which is obtained after 

injecting chlorine gas into two injection points only among the six injection points at the 

rate of 0.60 mg/l and 0.40 mg/l concentration. The injection points are R505-3 (PTW-

Gulshan-6) and R505-3 (PTW-Gulshan-10) respectively. Figure 4.12 illustrates the 

different residual chlorine concentration at different places of the water supply network. 

Different colors represent different range of residual chlorine concentration. From the 

baseline scenario at 14:00 hrs, it is observed that about more than 50% area of the 

network remains without chlorination. So, it is recommended to be ensured about the 

100% chlorination over the network, maintaining minimum 0.20 mg/l residual chlorine 

concentration (Jennie et al. 2014). 

 

                             (a): Histogram at 2:00 Hrs                                                   (b): Histogram at 8:00 Hrs 
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                             (c): Histogram at 14:00 Hrs                                              (d): Histogram at 20:00 Hrs 

Figure 4.11: Histogram of residual chlorine with respect to number of pipes according to 

baseline chlorination scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 hrs respectively. 

 

Figure 4.12: Contour plot of baseline residual chlorine scenario at 14:00 Hrs. 
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The baseline residual chlorine scenario of the available injected chlorine gas system 

refers to that scenario where the chlorine is injected into two chlorination points only.The 

injected two points are R505-3 (PTW-Gulshan-6) and R505-3 (PTW-Gulshan-10). The 

concentration of the injected chlorine gas is 0.60mg/l and 0.40mg/l for those two points 

respectively. The Figure 4.12(a)-(d) represent histogram of residual chlorine 

concentration and number of pipes under baseline chlorination at 2.00 hrs, 8.00 hrs, 14.00 

hrs and 20.00 hrs respectively. From the Figure 4.12 & Table 4.5, it is clearly observed 

that among 419 number of pipes, (264~275) number of pipes always remain with zero 

residual chlorine, (1~6) number of pipes with 0.05-0.10 mg/l residual chlorine, (0~7) 

number of pipes with 0.10-0.15 mg/l residual chlorine, (2~7) number of pipes with 0.15-

0.20 mg/l residual chlorine, (0~14) number of pipes with 0.20-0.25 mg/l residual 

chlorine, (3~14) number of pipes with 0.25-0.30 mg/l residual chlorine, (3~18) number of 

pipes with 0.30-0.35 mg/l residual chlorine, (0~30) number of pipes with 0.35-0.40 mg/l 

residual chlorine,(0~11) number of pipes with 0.40-0.45 mg/l residual chlorine, (0~41) 

number of pipes with 0.45-0.50 mg/l residual chlorine, (0~7) number of pipes with 0.50-

0.55 mg/l residual chlorine, (13~52) number of pipes with 0.55-0.60 mg/l residual 

chlorine, (1~8) number of pipes with 0.60-0.65 mg/l residual chlorine and (11~63) 

number of pipes with 0.65-0.70 mg/l residual chlorine over a 24-hrs period. 

Table 4.5: Frequency of number of pipes at 2.00 hrs, 8.00 hrs, 14.00 hrs and 20.00 hrs for 

different range of residual chlorine according to baseline chlorination scenario. 

Range of residual 
chlorine in mg/l 

Frequency of number 
of pipes at 2:00 Hrs 

Frequency of number of 
pipes at 8:00 Hrs 

Frequency of number of 
pipes at 14:00 Hrs 

Frequency of number of pipes 
at 20:00 Hrs 

0-0.05 275 268 265 264 
0.05-0.10 1 5 6 6 

0.10-0.15 1 6 7 7 
0.15-0.20 7 2 2 2 
0.20-0.25 14 10 0 1 
0.25-0.30 7 7 12 3 
0.30-0.35 7 3 9 18 
0.35-0.40 23 9 0 0 
0.40-0.45 11 9 3 0 

0.45-0.50 0 36 37 41 

0.50-0.55 7 5 1 0 
0.55-0.60 47 16 13 13 
0.60-0.65 8 4 1 1 
0.65-0.70 11 39 63 63 
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In another analysis, the cumulative frequency distribution of the residual chlorine vs the 

percentage of pipes over a 24-hrs period at 2.00, 8.00, 14.00 and 20.00 hrs are graphically 

illustrated by Figure 4.13.  The Figure 4.13 interpret that no significant difference 

between Cl2 coverage distance during the day and huge number of pipes (>63-66%) do 

not get Cl2 from the current injection scheme. Therefore, injection locations need to be 

altered to get better coverage. 

 

Figure 4.13: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to baseline chlorination scenario at 2:00 hrs, 8:00 hrs, 

14:00 hrs and 20:00 hrs. 

 

4.6 Improved Residual Chlorine Scenario of the Injected Chlorine Gas System 

It was devised five types of residual chlorine improvement scenarios of the injected 

chlorine gas  for the existing water distribution system. And the list of residual chlorine 

improvement strategies are indicated in Table 4.6. The 1st residual chlorine improvement 

scenario of the injected chlorine gas system refers to that scenario where the chlorine is 

injected into three chlorination points only. The injected three points are R505-3 (PTW-

Gulshan-6), R505-3 (PTW-Gulshan-10) and R505-5 (PTW-Gulshan-8). The 

concentration of the injected chlorine gas is 0.60mg/l, 0.40mg/l and 0.40mg/l for those 
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three points respectively. Figure 4.14 represents the different residual chlorine 

concentration at different places of the network showing different colors. From the 1st 

chlorine improvement scenario at 14:00 hrs, it is observed that about more than 50% area 

of the network remains with free of residual chlorine. So, it is recommended to be 

ensured about the 100% chlorine coverage all over the network, maintaining a minimum 

0.20 mg/l residual chlorine concentration. 

 

 

Figure 4.14: Contour plot of 1st  residual chlorine improvement scenario at 14:00 Hrs 
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 Table 4.6: The list of five residual chlorine improvement scenarios 

Sl. 

No. 

Type of residual 

chlorine 

improvement 

scenarios 

Description of residual chlorine improvement scenarios Number of 

chlorine 

injection points 

01. 1st residual 

chlorine 

improvement 

scenario 

 The concentration of injected chlorine gas at PTW-Gulshan-6, 

PTW-Gulshan-10 and PTW-Gulshan-8 are 0.60mg/l, 0.40mg/l 

and 0.40mg/l respectively. 

Three 

02. 2nd residual 

chlorine 

improvement 

scenario 

The concentration of injected chlorine gas at PTW-Gulshan-6, 

PTW-Gulshan-10, PTW-Gulshan-8 and PTW-Gulshan-9 are 

0.60mg/l, 0.40mg/l, 0.40mg/l and 0.30mg/l respectively. 

Four 

03. 3rd residual 

chlorine 

improvement 

scenario 

The concentration of injected chlorine gas at PTW-Gulshan-6, 

PTW-Gulshan-10, PTW-Gulshan-8, PTW-Gulshan-9 and 

PTW-Gulshan-4  are 0.60mg/l, 0.40mg/l, 0.40mg/l, 0.30mg/l  

and 0.30mg/l respectively. 

Five 

04. 4th residual 

chlorine 

improvement 

scenario 

The concentration of injected chlorine gas at PTW-Gulshan-6, 

PTW-Gulshan-10, PTW-Gulshan-8, PTW-Gulshan-9, PTW-

Gulshan-4 and PTW-Gulshan-5 are 0.60mg/l, 0.40mg/l, 

0.40mg/l, 0.30mg/l, 0.30mg/l and 0.30mg/l respectively. 

Six 

05. 5th residual 

chlorine 

improvement 

scenario 

The concentration of injected chlorine gas at PTW-Gulshan-6, 

PTW-Gulshan-10, PTW-Gulshan-8, PTW-Gulshan-9, PTW-

Gulshan-4 and PTW-Gulshan-5 are 0.20mg/l, 0.20mg/l, 

0.20mg/l, 0.20mg/l, 0.20mg/l and 0.20mg/l respectively. 

Six 

The Figure 4.15 (a-d) represents a histogram of residual chlorine concentration and 

number of pipes under 1st residual chlorine improvement scenario at 2.00 hrs, 8.00 hrs, 

14.00 hrs and 20.00 hrs respectively. From the Figure 4.15 and Table 4.7 it is clearly 

observed that among 419 number of pipes, (203~222) number of pipes always remain 

with zero residual chlorine, (5~8) number of pipes with the range of 0.05-0.10 mg/l 

residual chlorine, (3~17) number of pipes with the range of 0.10-0.15 mg/l residual 

chlorine, (0~7) number of pipes with the range of 0.15-0.20 mg/l residual chlorine, 

(1~13) number of pipes with the range of 0.20-0.25 mg/l residual chlorine, (8~18) 

number of pipes with the range of 0.25-0.30 mg/l residual chlorine, (14~51) number of 



59 
 

pipes with the range of 0.30-0.35 mg/l residual chlorine, (0~23) number of pipes with the 

range of 0.35-0.40 mg/l residual chlorine,(0~63) number of pipes with the range of 0.40-

0.45 mg/l residual chlorine, (8~75) number of pipes with the range of 0.45-0.50 mg/l 

residual chlorine, (1~46) number of pipes with the range of 0.50-0.55 mg/l residual 

chlorine, (3~19) number of pipes with the range of 0.55-0.60 mg/l residual chlorine, 

(0~4) number of pipes with the range of 0.60-0.65 mg/l residual chlorine  and (0~63) 

number of pipes with the range of 0.65-0.70 mg/l residual chlorine over a 24-hrs. 

 

                           (a): Histogram at 2:00 Hrs                                             (b): Histogram at 8:00 Hrs 

 

                            (c): Histogram at 14:00 Hrs                                      (d): Histogram at 20:00 Hrs 

Figure 4.15: Histogram of residual chlorine with respect to the number of pipes according 

to 1st residual chlorine improvement scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 

hrs.  
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Table 4.7: Frequency of number of pipes at 2.00 hrs, 8.00 hrs, 14.00 hrs and 20.00 hrs for 

different range of residual chlorine according to 1st residual chlorine improvement 

scenario.  

Range of residual 
chlorine in mg/l 

Frequency of 
number of pipes at 

2:00 Hrs 

Frequency of number 
of pipes at 8:00 Hrs 

Frequency of number 
of pipes at 14:00 Hrs 

Frequency of number 
of pipes at 20:00 Hrs 

0.00-0.05 222 207 204 203 

0.05-0.10 5 8 7 5 

0.10-0.15 17 3 5 7 

0.15-0.20 7 3 0 1 

0.20-0.25 13 10 1 1 

0.25-0.30 8 17 18 18 

0.30-0.35 51 15 18 14 

0.35-0.40 23 21 0 4 

0.40-0.45 0 60 63 14 

0.45-0.50 8 12 26 75 

0.50-0.55 46 17 1 2 

0.55-0.60 19 3 12 11 

0.60-0.65 0 4 4 1 

0.65-0.70 0 39 60 63 

 

The cumulative frequency distribution of the residual chlorine vs the percentage of pipes 

over the 24-hrs period at 2.00, 8.00, 14.00 and 20.00 hrs are graphically illustrated in 

Figure 4.16.  The Figure 4.16 explains a graphical representation of curves of the 

differences of the percentage of chlorinated pipes over 24 hrs experimental period at a 

residual chlorine concentration of 0.40mg/L that is higher than that of the baseline 

scenario curves and some new pipes have come to Cl2 coverage also. But, still a huge 

number of pipes (> 42-49%) do not get Cl2 from the current injection scheme. These 

pipes should be taken under Cl2 coverage. Also, it is observed from the DMA contour 

plot of Figure 4.14 that red color coverage area is reducing slowly that mean the Cl2 

coverage increasing but still, the red color is not disappeared fully. So, the 1st chlorine 

improvement scenario is not adequate to cover the whole area with chlorine. Therefore, 

new chlorine injection locations need to be added to get better coverage. 
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Figure 4.16: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to 1st chlorine improvement scenario at 2:00 hrs, 8:00 

hrs, 14:00 hrs and 20:00 hrs.  

Since the 1st improvement scenario did not expand the coverage of chlorine in the 

network significantly, we need to look for additional scenarios for improving chlorine 

coverage. The 2nd residual chlorine improvement scenario of the injected chlorine gas 

system refers to that scenario where the chlorine is injected into four chlorination points 

only. The injected four points are R505-3 (PTW-Gulshan-6), R505-3 (PTW-Gulshan-10), 

R505-5 (PTW-Gulshan-8) and R505-2 (PTW-Gulshan-9). The concentration of the 

injected chlorine gas is 0.60mg/l, 0.40mg/l, 0.40mg/l and 0.30mg/l for those four points 

respectively. Figure 4.17 illustrates that the coverage of yellow color and green color area 

is more than the 1st chlorine improvement scenario. The increasing coverage area 

indicates more chlorine coverage over the network. In the contour plot, it is found that 

about 30% area of the DMA still does not get any chlorine. So, it can be seen that 2nd 

chlorine improvement scenario is not adequate for full coverage. Therefore, it is 

recommended that more chlorine injection points are needed for additional chlorine 

coverage. 



62 
 

  

Figure 4.17: Contour plot of 2nd residual chlorine improvement scenario at 14:00 Hrs 

The Figure 4.18 (a-d) represents a histogram of residual chlorine concentration and 

number of pipes under 2nd residual chlorine improvement scenario at 2.00 hrs, 8.00 hrs, 

14.00 hrs and 20.00 hrs respectively. Here, it is observed that the number of non 

chlorinated pipes (0-0.05 mg/l) is reducing but the number of chlorinated pipes 

(concentration range 0.45-0.50 mg/l) is increasing significantly with increasing the 

observation time. 

 

                                (a): Histogram at 2:00 Hrs                                                              (b): Histogram at 8:00 Hrs 
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                                (c): Histogram at 14:00 Hrs                                                             (d): Histogram at 20:00 Hrs 

Figure 4.18: Histogram of residual chlorine with respect to number of pipes according to 

2nd  residual chlorine improvement scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 hrs.  

In the 2nd improvement scenario, the cumulative frequency distribution of the residual 

chlorine concentration vs the percentage of pipes over a 24 hrs period is graphically 

illustrated in Figure 4.19. The Figure 4.19 explains that about 37-40% pipes do not get 

Cl2 coverage after applying 2nd improvement device. This percentage is less than the 

baseline and 1st residual chlorine improvement device. It is also found that the cumulative 

frequency distribution curve for 2 hrs is going over the other three cumulative frequency 

distribution curves at this improvement scenario. It is obvious that said that chlorine 

coverage has increased, but it is not adequate for full coverage of chlorination in the 

whole DMA. Therefore, another new injection location need to be added to get more 

better chlorine coverage. 



64 
 

 

Figure 4.19: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to 2nd chlorine improvement scenario at 2:00 hrs, 8:00 

hrs, 14:00 hrs and 20:00 hrs.  

In order to reduce the inadequacy of chlorine coverage of the 2nd improvement device, 

the 3rd residual chlorine improvement scenario has been devised in the residual chlorine 

modeling. The 3rd residual chlorine improvement scenario of the injected chlorine gas 

system refers to that scenario where the chlorine is injected into five chlorination points. 

The injected five points are R505-3 (PTW-Gulshan-6), R505-4 (PTW-Gulshan-10), 

R505-5 (PTW-Gulshan-8), R505-2 (PTW-Gulshan-9) and R505-1 (PTW-Gulshan-4). 

The concentration of the injected chlorine gas is 0.60mg/l, 0.40mg/l, 0.40mg/l, 0.30mg/l  

and 0.30mg/l for those five points respectively. Figure 4.20 illustrates the different 

residual chlorine concentration at different places of the water supply network. In the 

Figure 4.20 the red color indicates the existence of non chlorinated pipes and nodes. And 

the yellow color indicates the range of residual chlorine 0.25-0.50 mg/l, green color 

indicates the range of residual chlorine 0.50-0.75 mg/l, turquoise color indicates the range 

of residual chlorine 0.75-1.00 mg/l. From the Figure 4.20 of the 3rd chlorine improvement 
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scenario at 14:00 hrs, it is observed that 20% area of the pipe network does not get any 

chlorine from the source of chlorine injection. Therefore, another chlorine improvement 

scenario is needed to be applied for more chlorine coverage of the whole distribution 

network. 

 

Figure 4.20: Contour plot of 3rd residual chlorine improvement scenario at 14:00 Hrs 

The Figure 4.21 (a-d) represents the histogram of residual chlorine concentration and 

number of pipes under 3rd residual chlorine improvement scenario at 2.00 hrs, 8.00 hrs, 

14.00 hrs and 20.00 hrs respectively. The Figure 4.21 shows relatively more pipes are 

coming under chlorine coverage, although there is some variation of coverage during 

different parts of the day. Also, the number of pipes having zero chlorine has reduced 

significantly from the previous scenarios. 
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                           (a): Histogram at 2:00 Hrs                                                  (b): Histogram at 8:00 Hrs 

 

 

                         (c): Histogram at 14:00 Hrs                                                 (d): Histogram at 20:00 Hrs 

Figure 4.21: Histogram of residual chlorine with respect to number of pipes according to 

3rd chlorine improvement scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 hrs.  

The cumulative frequency distribution of the residual chlorine vs the percentage of pipes 

for the 3rd improvement scenario are graphically presented in Figure 4.22. It can be seen 

that still 20%-25% pipes have no residual chlorine. Also, the distribution of chlorine 

coverage at 2:00 and 8:00 hours are significantly different from those of 16:00 and 20:00 

hours indicating that there is huge diurnal variation in the chlorine coverage during 

different parts of the day. However, full coverage of chlorine is yet to be obtained from 

the  DMA network and further improvement can be envisaged. 
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Figure 4.22: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to 3rd chlorine improvement scenario at 2:00 hrs, 8:00 

hrs, 14:00 hrs and 20:00 hrs.  

The 4th residual chlorine improvement scenario of the injected chlorine gas system refers 

to that scenario where the chlorine is injected into six chlorination points. The injected 

six points are R505-3 (PTW-Gulshan-6), R505-4 (PTW-Gulshan-10), R505-5 (PTW-

Gulshan-8), R505-2 (PTW-Gulshan-9), R505-1 (PTW-Gulshan-4) and R505-6 (PTW-

Gulshan-5). The concentration of the injected chlorine gas is 0.60mg/l, 0.40mg/l, 

0.40mg/l, 0.30mg/l, 0.30mg/l  and 0.30mg/l for those six points respectively. The Figure 

4.23 shows that 4-14 % pipes do not get any chlorine over the 24 hrs observation period. 

This percentage indicates 19 numbers of pipes do not get any chlorine. But, it is hoped 

that the main reason of this inadequate chlorination is the insufficient demand of water 

through those pipes. It is confirmed through continuous trial of chlorine improvement 

scenario. Though, the chlorine coverage is almost done in the whole DMA except 19 

pipes, but the residual chlorine concentration of (1-45), (1-28), (24-126), (41-124), (26-

208), (7-19), (8-47), (4-20) and (11-63) number of pipes are 0.30 mg/l, 0.35 mg/l, 0.40 

mg/l, 0.45 mg/l, 0.50 mg/l, 0.55 mg/l, 0.60 mg/l, 0.65 mg/l and 0.70 mg/l respectively. 
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The input residual chlorine concentration is relatively higher than the residual chlorine 

concentration of 0.25 mg/l. In order to reduce the concentration of residual chlorine of the 

maximum number of pipes under 0.25 mg/l the source chlorine concentration is needed to 

be reduced. So, another improvement technique is required to be applied in the residual 

chlorine modeling. 

 

Figure 4.23: Contour plot of 4th residual chlorine improvement scenario at 14:00 Hrs 

The Figure 4.24 (a-d) represents a histogram of residual chlorine concentration and 

number of pipes under 4th residual chlorine improvement scenario at 2.00 hrs, 8.00 hrs, 

14.00 hrs and 20.00 hrs respectively. The histogram shows that the number of pipes with 

zero residual chlorine is reduced significantly in 4th improvement scenario. It is also 

showing that the number of pipes with residual chlorine 0.35-0.40 mg/l is increasing 

rapidly. So, it can be explained that 4th improvement technique is more adequate to cover 

the whole network. But, the residual chlorine concentration of the pipes is relatively 

higher than the standard  value of 0.25 mg/l.  
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                         (a): Histogram at 2:00 Hrs                                             (b): Histogram at 8:00 Hrs 

 

                          (c): Histogram at 14:00 Hrs                                          (d): Histogram at 20:00 Hrs 

Figure 4.24: Histogram of residual chlorine with respect to number of pipes according to 

4th chlorine improvement scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 hrs.  

Depending on the 4th chlorine improvement device, the Figure 4.25 can be explained that, 

the percentage of non chlorination pipe is very low and curves start from just above the 

4% along y-axis which is the lowest percentage among the other three chlorine 

improvement scenario curves.It is also seen that the curve line going parallel to the x-axis 

upto the concentration range from 0.25 mg/l to 0.35 mg/l that is also different from the 

other device curves. The gap difference is 53 % between the 2 hrs cumulative frequency 

distribution curve and 20 hrs cumulative frequency distribution curve under the 4th 
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chlorine improvement device. The gap indicates that there is a huge daily variation under 

the same continuous injection scenario due to various diurnal demand of water flow. 

 

 

 

Figure 4.25: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to 4th chlorine improvement scenario at 2:00 hrs, 8:00 

hrs, 14:00 hrs and 20:00 hrs. 

In order to keep the residual chlorine under concentration of 0.20 mg/l over the whole 

DMA network another chlorine improvement scenario is added into the residual chlorine 

modeling. The 5th residual chlorine improvement scenario is added after 4th improvement 

scenario. Here, it is seen that the injected chlorine concentration is different from the 4th 

improvement scenario. The 5th residual chlorine improvement scenario of the injected 

chlorine gas system refers to that scenario where the chlorine is injected into six 

chlorination points. The injected six points are R505-3 (PTW-Gulshan-6), R505-4 (PTW-

Gulshan-10), R505-5 (PTW-Gulshan-8), R505-2 (PTW-Gulshan-9), R505-1 (PTW-
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Gulshan-4) and R505-6 (PTW-Gulshan-5). But, the concentration of the injected chlorine 

gas is 0.20 mg/l for all of the six chlorination points. The Figure 4.26 shows almost the 

same scenario as like as  Figure 4.23. But the different thing is that the whole area is 

almost covered with a tarquise color that means the concentration of residual chlorine of 

82% pipe is 0.22 mg/l over the 24 hrs observation period. It can be observed that the 

concentration of the residual chlorine changes spatially and temporally. The 

concentration of residual chlorine at the pipe network is below 0.25mg/l.  

 

Figure 4.26: Contour plot of 5th residual chlorine improvement scenario at 14:00 Hrs 

The Figure 4.27 (a-d) are histogram of residual chlorine concentration and number of 

pipes under 5th residual chlorine improvement scenario at 2.00 hrs, 8.00 hrs, 14.00 hrs 

and 20.00 hrs respectively. The Figure is clearly showing that number of pipes are 

increasing gradually from 2 hrs to 20 hrs at six hour intervals. It is also observed that the 

total number of chlorinated pipes is varying with temporal variation. The histogram in 

Figure 4.27 shows that only a few pipes do not get chlorine due to lack of sufficient 

demand of water flow into those pipes. The histogram indicates 400 pipes have come 
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under chlorination and the concentration range belongs to 0.20-0.22 mg/l. It can be 

followed that all pipes have come under chlorination with containing 0.20-0.22 mg/l 

residual chlorine concentration. The 2 hrs histogram shows the chlorine coverage of 180 

number of pipes with containing 0.18-0.20 mg/l, 8 hrs histogram shows the chlorine 

coverage of 168 number of pipes with containing 0.16-0.18 mg/l and 166 number of 

pipes with containing 0.22-0.24 mg/l, 14 hrs histogram indicates the chlorine coverage of 

361 number of pipes with 0.22-0.24 mg/l and 20 hrs histogram shows the chlorine 

coverage of  374 number of pipes with 0.22-0.24 mg/l residual chlorine concentration.  

               
(a): Histogram at 2:00 Hrs                                                                     (b): Histogram at 8:00 Hrs 

 
(c): Histogram at 14:00 Hrs                                                                    (d): Histogram at 20:00 Hrs 

Figure 4.27: Histogram of residual chlorine with respect to number of pipes according to 

5th  chlorine improvement scenario at 2:00 hrs, 8:00 hrs, 14:00 hrs and 20:00 hrs.  
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After analyzing the histograms, the cumulative frequency distribution curves are also 

made to illustrate the temporal difference in the residual chlorine concentration and the 

total percentage of the chlorinated pipes over a 24-hrs experimental period. The 

cumulative frequency distribution curves are illustrated by Figure 4.28. The 20 hrs 

cumulative frequency distribution curve remains straight up to 0.22 mg/l concentration 

then it goes upward rapidly. At this time the percentage of non chlorinated pipes are less 

than 5%. Also, the gap between the 2 hrs curve and 20 hrs curve at concentration 0.22 

mg/l is 82%. This percentage indicates maximum percentage of pipes exist within 0.22 

mg/l residual chlorine concentration.  So, this improvement is quite enough to maintain 

the concentration below 0.25mg/l.  

 

 

Figure 4.28: Cumulative frequency distribution of residual chlorine with respect to % of 

non chlorinated pipes according to 5th chlorine improvement scenario at 2:00 hrs, 8:00 

hrs, 14:00 hrs and 20:00 hrs.  
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Analyzing the cumulative frequency distribution curves in Figure 4.28, the range of 

maximum residual chlorine concentration found 0.22 - 0.24 mg/l. This range is close to 

the standard residual chlorine concentration of 0.20~25 mg/l in the drinking water 

distribution network. The maximum allowable WHO value for free chlorine 

residual in drinking water is 5 mg/L. The minimum recommended WHO value for 

free chlorine residual in the treated drinking water is 0.20 mg/L. It is recommended to not 

exceed 2.0 mg/L due to taste concerns, and chlorine residual decays over time in the 

stored water. So, in this case the obtained concentration range is as nearly as minimum 

WHO standard free residual chlorine concentration in the drinking water distribution 

network which is relatively economical and reliable for practicing. 

As a consequence, the 5th residual chlorine improvement scenario has been applied to 

make a residual chlorine modeling in a specific DMA of DWASA. It is observed that 

maximum area is covered with red color. In this case, the concentration of residual 

chlorine in maximum pipes remains less than 0.25 mg/l concentration that matches with  

0.25mg/l concentration as a result, it may be explained as a relatively more relevant and 

specific improvement scenario than other improvement scenario to maintain WHO 

standards as minimum residual chlorine 0.20 mg/l. So, the 5th residual chlorine 

improvement scenario may achieve the objectives of the present study relatively more 

economically and reliably than the other four residual chlorine improvement scenarios. 

So, it is confirmed from the analysis of the five residual chlorine improvement scenario 

that six chlorine injection points are required to maintain the minimum WHO standard 

residual chlorine value uniformly throughout the whole water distribution network of 

DMA 505. It is also observed that it is not possible to cover the whole network under 

minimum residual chlorine concentration with missing any injection point from injecting 

chlorine at a certain dose. It is also examined that if more chlorine concentration is 

injected at one point, two points, three points, four points even in five points, then it 

could not cover the whole network area with minimum uniform chlorine concentration. 

So, it is highly recommended to inject the chlorine gas at six chlorine injection points at a 

time properly for the effectiveness of the present chlorination system over the whole 

DMA. 
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There are 348 numbers of joints and 419 numbers of pipes in the water distribution 

network, but the concentration of residual chlorine always remains zero in the nineteen 

number of pipes. The reason of remaining zero residual chlorine at 19 pipes is due to lack 

of sufficient flow of water through those pipes. The pipe IDs in which the residual 

chlorine always remains zero are P505-2, P505-115, P505-164, P505-250, P505-282, 

P505-283, P505-284, P505-285, P505-370, P505-371, P505-420, P505-421, P505-422, 

P505-423, P505-424, P505-425, P505-440, P505-442 and P505-444. It is recommended 

that the areas served by those pipes should apply chlorine by other means (e.g. 

Application chlorine at the household level). 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1 General 

This chapter provides the summary of the results and discussions, major conclusions of 

the present study and recommendations for future study. 

5.2 Summary of the Main Findings 

The main objectives of the present study were to the effectiveness of the baseline 

chlorination system adopted in a particular DMA of Dhaka city by making residual 

chlorine measurements at selected locations within the network by predicting the 

concentration of residual chlorine over space and time under various operating conditions 

using EPANET. In this process, we calibrated and validated the residual chlorine model 

using time-patterns of residual chlorine concentration data collected at several control 

points within the DMA and determined the sensitivity of the residual chlorine model over 

a variety of conditions (different chlorine dosages, pipe conditions etc.) The main 

findings of the present study are the following:   

 

(i) In the current study, the average value of bulk residual chlorine decay rate constant kb 

was determined as -0.2975h-1. The value of kb obtained from the study area was 

significantly higher than most of the kb values in literature which may be  due to the 

presence of both significant amounts of organic and inorganic reducing substances in the 

PTWs and moderately high temperature over the DMA. 

 

(ii) In the present study the value of  wall residual chlorine decay rate constant kw was 

calibrated as -0.0065 ft/s. The value of kw achieved from the calibration and validation 

was nearly same to the kw values in literature. So, the value of kw was reasonable for 

analyzing the observed and predicted data for the specific points. 
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(iii) Under the baseline scenario more than 50% pipes were found with zero residual 

chlorine using EPANET. In the baseline condition, only two injection points were 

available. The current chlorine injection points were not sufficient for full coverage of 

the DMA.  

 

(iv) In the baseline condition the observed and predicted residual chlorine results for 

some specific points were found very close to each other using the estimated values of kb 

and kw. 

 

(v) Simulation of different chlorine injection strategies was made to ensure the full 

chlorine coverage of the DMA. Inclusion of additional chlorine injection points increased 

the coverage area. The additional three, four, five and six injection points increased the 

chlorine coverage over 51%, 63%, 75% and 86% of the pipes but full chlorine coverage 

could not be obtained. 

 

(vi) 100% chlorine coverage could not be obtained over 24 hours,  even with all six 

injection points. In that case, it would be advised to have a separate chlorine addition, to 

ensure the water safety.  

 

5.3 Recommendations for Future Study 

Following issues can be considered for further study and research in this field: 

(i) A very limited data were used for the calibration and validation of the value of kw. In 

other developed countries, a continuous chlorine monitoring station was used to monitor 

chlorine concentrations. But, such devices are not installed in Dhaka city. Therefore the 

present study was limited by the number of data points that could be achieved in a limited 

period of time by using direct measurements by residual chlorine kits. Besides the 

colorimeter used was insensitive for small variation in concentration of residual chlorine. 

With the help of a continuous automated process, better calibration and validation could 

be attained. An automated continuous chlorine system can be installed for improving 
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results by calibration and validation. If such devices are installed, better validation of 

results will be possible. 

(ii) This study was limited to the chlorine injection points fixed by DWASA which are 

the locations of the PTWs in DMA 505. Although we simulated the chlorine 

concentration for potentially six injection locations, the validation of the results will not 

be possible because the necessary injection points are not there. In future, linear 

programming can be used to determine the most optimum locations of chlorine injection 

points in the system which could potentially lead to better chlorine coverage over the 

entire DMA. 

(iii) This type of study can be used to determine the potential location of contamination 

or leakage of existing networks by comparing the simulated values with actual 

concentrations. This will lead to better management of water quality in the DMAs. 

(iv) EPANET is a useful tool for hydraulic analysis of pipes as well as chlorine species 

modeling. Although DWASA applies such software in the analysis and design of pipes, 

its application for predicting chlorine residuals is not done currently. It is advised that 

DWASA applies this model to better predict the chlorine residuals in all of their DMAs. 

EPANET can be used for controlling the concentration of residual chlorine and assessing 

the effectiveness of the existing chlorination system in the other DMA under DWASA. 
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