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CHAPTER ONE 

INTRODUCTION 

The objective of any water distribution system is to make water available to the consumer in 

proper quantity and with acceptable quality and sanitary security. Preserving water quality 

throughout the distribution system is one of the most challenging issues during supply. 

Among disinfection techniques, chlorination is unique in that a pre-determined chlorine 

concentration may be designed to remain in treated water as a measure of protection against 

(re)growth of microbes after leaving the drinking water system. The recommended safe 

residual chlorine level of 0.2–0.5mg/l ((WHO), 2008) is hard to maintain in the distribution 

network and therefore increasing recontamination risk.  

The concept of residual concentration of disinfectant is associated with disinfection 

durability. In order to guarantee the water supply systems disinfection, we need a residual 

concentration disinfectant to prevent recontamination by pathogenic microorganisms.(Suhur 

Saeed*, 2015) There is however a problem with water distribution systems when residual 

chlorine concentration disappears along the system. Several factors influence chlorine decay 

in water distribution network (Kim, 2002) 

Residual chlorine decay is significant between the Water Treatment Plant (WTP), the storage 

tanks and consumer taps. Chlorine concentrations could drop below the recommended levels 

in reservoirs and most of the community standpipe taps which could increase risks to human 

health through increased transmission of water borne diseases.(Key Howard, 2003)A major 

responsibility of Water Boards is to ensure that drinking water consumers are supplied water 

safe for human consumption. Drinking water producers therefore try to eliminate 

microorganisms and avoid their re-growth in the water distribution network by using 

sedimentation, filtration and sterilization or disinfection.(White, 1972) These water treatment 

methods in combination help to achieve the essential objective of supplying drinking water 

free of harmful contaminants. In most developing nations there are financial constraints in 

running drinking water infrastructure and there is also increasing deterioration in the quality 

of raw water sources.  

The most commonly used method for drinking water disinfecting in African countries is 

chlorine dosing and a residual concentration of chlorine is essential throughout the water 

distribution network to prevent recontamination.(Beata Kowalska*, 2006)  This disinfectant 
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is readily available, cheap, easy to transport, occur in gaseous, liquid and solid form. 

However, when chlorine is injected in water and it is transported through water pipes of 

distribution network; it under goes reactions with the bulk water and with the inner pipe wall 

naturally along the distance of travel. The reactions result in the dissipation and loss of 

residual chlorine. These phenomena pose a major threat in weakening the barriers against 

water safety and create the chances of recontamination.  According to world health 

organization standard, a limit for residual chlorine concentration at public water stand taps 

was set up to be 0.2 – 0.3mg/L at a30 minutes contact time, less than this, the water is not fit 

for direct consumption ((WHO), 2008). The disinfecting action of chlorine when chlorine is 

added to water forms hypochlorous acid or hypochlorite ion which have an immediate and 

disastrous effect on most form of microscopic organism. 

Factors such as dissolved organic carbon, Fe 2+, Mn2+, NO2-, H2S, H2SO3, ammonia, high 

temperatures and also corroded pipes, dead ends, long storage time (Kim, 2002)(Liana Ioana 

Vuta, 2003) and poor maintenance standards (Roy L Wolfe, 1984) are known to cause 

residual chlorine decay in drinking water distribution network which subsequently increases 

the recontamination risk in distribution networks.  

Providing clean, safe drinking water requires a multi-barrier approach that includes protecting 

source water from contamination, appropriately filtering and treating raw water, and ensuring 

safe distribution of treated water to consumers’ taps. Kampala city obtains water from Lake 

Victoria at Murchison Bay and the water is treated at three conventional water treatment 

plants (WTP) before distribution. The problems experienced at the three Kampala WTPs 

have a bearing on the quality of drinking water leaving the treatment plants and in the entire 

distribution system. It is important to investigate residual chlorine in drinking water 

distribution network and the factors that cause chlorine decay in the network. 

 

1.1 PROBLEM STATEMENT 

As residual chlorine reacts with bulk water and materials like Fe and Mn, bio films etc found 

on the pipe walls during its distribution, it decays. With time, the amount of chlorine residual 

will be not be enough to ensure maximum bacteriological safety of the water. This can put 

the lives of human beings at risk as harmful microorganisms will be present in the water. 

These harmful microorganisms cause water borne diseases. Thus it is necessary to determine 
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the rate of decay of chlorine in treated water in order to maintain the right amount of residual 

chlorine in the water (0.2 – 0.5mg/L). 

1.2 OBJECTIVES 

1.2.1 MAIN OBJECTIVE 

 Determine the rate of decay and hence concentrations of chlorine in treated water and ensure 

0.2 – 0.5 mg/L of residual chlorine reaches the network. 

1.2.2 SPECIFIC OBJECTIVES 

a) Predict the rate of chlorine decay and concentrations through bulk reactions with 

chemicals present in treated water. 

b) Predict the rate of decay of chlorine and concentrations through wall reactions with 

the materials of pipes 

c) Determine the amount of chlorine to be added to treated water at the treatment plant 

to ensure that a minimum amount of chlorine of 0.2 mg/L reaches the network. 

1.3 JUSTIFICATION AND SIGNIFICANCE 

1.3.1 JUSTIFICATION 

Proper monitoring of residual chlorine levels in the network reduces risks of recontamination 

of water which impairs water quality and its suitability for consumption. 

1.4 SIGNIFICANCE 

It will help to reduce the risk of recontamination of water along the distribution network. 

It will help to ensure water reaching the final consumers is of required quality as per the 

WHO standards. 
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1.5 SCOPE 

Context; 

The study was based on assessment of chlorine decay along the water distribution network of 

Kampala 

1.6 GEOGRAPHICAL; 

The study was conducted along the distribution network of Kampala 

1.7 TIME 

The study is to be carried between August 2017 and May 2018 
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CHAPTER TWO 

2.0 LITERATUREREVIEW 

A major responsibility of water boards is to ensure that drinking water consumers get safe 

water for human consumption.((WHO), 2008) Drinking water producers therefore try to 

eliminate microorganisms and avoid their re-growth in the water distribution network by 

using sedimentation, filtration and sterilization or disinfection.(Sobsey, 2007) These water 

treatment methods in combination help to achieve the essential objective of supplying 

drinking water free of harmful contaminants.(Suhur Saeed*, 2015) Prior to chlorination 

(disinfection), the above processes are used to treat potable water before releasing it to the 

final consumers.(White, 1972) 

2.1 CONVENTIONAL TREATMENT PROCESS 

Screening 

The raw water for treatment at the Ggaba site is drawn from Lake Victoria’s Murchison Bay. 

Due to Heavy pollution and rapid algae growth in this area which have taken a significant toll 

on water quality, the water intake was put at 60 fit down the lake and 210m distance from the 

lake shore. This has helped in collecting relatively clean water. 

Raw Water from the lake flows by gravity to the sump and is then pumped to the coagulation 

tanks.(Rakesh Singh Asiwal, 2016) At the entrance, there are screens with brushes which stop 

big particles from entering the sump.(S. S. Turkar, 2011) 

Pre-chlorination  

At this point, chlorine is added to raw water to kill the algae and remove the bad smell in raw 

water.(S. S. Turkar, 2011)(Rakesh Singh Asiwal, 2016) 

Coagulation 

In coagulation, there is addition of a chemicals such as Alum or polymer and then rapid 

mixing to dissolve the chemical and distribute it evenly throughout the water.(S. S. Turkar, 

2011) 

Alum or polymer is added to produce positive charges to neutralize the negative charges on 

the particles, then the particles clump together to form flocs 

 

Flocculation 
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In flocculation, with slow mixing more and more particles bump into each other and floc size 

grows.(Rakesh Singh Asiwal, 2016) Eventually, the floc is large enough enabling it to settle 

down in the clarifier as sludge.(S. S. Turkar, 2011) 

Clarification/ sedimentation 

This is a physical water treatment process, it involves separation of floc from the water,(S. S. 

Turkar, 2011)and it is achieved by decreasing the velocity of the water being treated to a 

point below which particles will no-longer remain in suspension. When the velocity no-

longer supports the movement of the particles they settle down as sludge. Clarifiers are fitted 

with lamellas which stop flocs from rising making it remain at the bottom of clarifier.(Rakesh 

Singh Asiwal, 2016) Accumulated sludge is controlled by disludging. The supernatant flows 

to filters.  

Desludging  

This is the process of removing sludge from the clarifier.(S. S. Turkar, 2011) 

The chamber is isolated by opening its desludge valve approximately for 5minutes. This 

discharges the sludge from the chamber.(Rakesh Singh Asiwal, 2016) 

PH Correction 

According to World Health Organization (WHO), potable water must have a PH range of 6.5-

8.5. This is attained by using soda ash as a Ph buffer. It is introduced to water basically to rise 

its PH to the designed range. However, poly Aluminum chloride (PAC) does both coagulant 

and PH buffering. (Rakesh Singh Asiwal, 2016) 

The dozes for soda ash are predetermined in the laboratory. (S. S. Turkar, 2011) 

Filtration 

It is the mechanical or physical operation which is used for the separation of solids from 

fluids (liquids or gases).(S. S. Turkar, 2011) At Ggaba Water Works, filtration mostly 

depends on adsorption as most suspended particles can easily pass through the spaces 

between the grains of the filter media rendering straining less important.  

The filtered water is then directed to the clear water tank where it is later distributed for 

consumption. 

As the process continues, the solid sediments accumulate on top of the sand bed stopping 

water from penetrating the sand media leading the filter to be full. When this happens, the 

filter is back washed to put the filter back into the operation.(Rakesh Singh Asiwal, 2016) 

Disinfection 

At Ggaba Water Works, chlorine gas or sodium hypochlorite (HTH) are used as disinfectants 

at pre-determined dozes in the Laboratory.  
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Chlorine gas is dozed to filtered water at a point when it is just leaving to filters leaving a 

chlorine mixing distance between the chlorine dozing point and the clear water 

tank.(Akodwaa-Boadi, 2012)  This is to allow chlorine thoroughly mix with water hence 

killing pathogens.(White, 1972) 

Post-chlorination 

Water from the filters is taken by the filtered water pipes to the contact tanks were 

chlorination takes place.(Rakesh Singh Asiwal, 2016) The type of chlorine used is HTH 

chlorine chemically known as sodium hypochlorite.(Akodwaa-Boadi, 2012). 45kgs of 

chlorine HTH chlorine are put into the chlorine dosing tank daily and mixed thoroughly. 

Wastewater handling  

Sludge water from clarifiers is treated using sludge drying beds.(Rakesh Singh Asiwal, 2016) 

Sludge water is directed to sand drying beds where separation of water and sludge takes 

place. Sludge being heavy, settles down, and water is drained to the lake through a thick 

papyrus plant cover which naturally filters and retains any sludge that escapes the drying 

beds. (S. S. Turkar, 2011) 

 

2.2 CHLORINE DISINFECTION 

Chlorine gas is a greenish yellow gas with a distinctive odor. The gas is heavier than air so 

the expansion properties warrant careful handling and storage.(Beata Kowalska*, 2006) 

When managed properly it is a safe and convenient method of disinfection,to minimize risk, 

most of the system for delivering gas to the treatment process is designed to operate under 

vacuum. The vacuum is provided by an ejector which also serves to provide intense mixing 

of the gas with the so called “motive water” that delivers the resultant solution of chlorinated 

water to the dosing point.(White, 1972) Good mixing should be provided at the point of 

dosing, using in-line static mixers if necessary, particularly if the flow divides shortly 

afterwards However, chlorine is highly toxic and rigorous. Health and Safety procedures 

must be followed, and safety facilities provided, including breathing apparatus and chlorine 

detectors with alarms 
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2.1.1 Maintenance procedures  

In its gaseous state, chlorine is hazardous to the respiratory system and the compressed gas 

has a risk of explosion.(White, 1972) The following precautions should therefore be 

followed; 

It should be stored in a room with outside access appropriate ventilation and light  

Ensure availability of full face mask, PVC rubber gloves, aqueous ammonia solution, 

emergency kit, correct size spanner, appropriate flexible tube adaptor, lead washer 

The cylinder should be positioned such that its valves are vertical i.e perpendicular to the 

ground.  

The cylinder should be placed in its position for about 24 hours before its connection in order 

to regulate the pressure built within the cylinder.  

When the cylinder is used up, the valve on the drum should be closed up tightly plus the 

auxiliary valve. 

No one should enter the chlorination room without the guidance of a plant operator  

The protection end cap should be closed at all times when the chlorine is not in use 

Disinfectants naturally are very reactive and don’t persist for long. As water travels through 

the distribution system, physical, chemical or microbiological transformations may occur 

within the bulk of the water and through interaction with the pipe wall leading to chlorine 

decay (Beata Kowalska*, 2006). 

Loss of chlorine through the water distribution system occurs because of two reasons  

2.2.1 Natural decay due to bulk reactions with substances present in treated water 

While a substance travels down a pipe or resides in storage, it can undergo reactions with 

constituents in the water column 

dC

dT
Bulk = -Kb x C (Akodwaa-Boadi, 2012) 

This is the first order kinetic expression for the decay of residual chlorine due to reactions 

with materials in the aqueous phase at different residence times.(Akodwaa-Boadi, 2012) 

Where;           C is the initial chlorine concentration in the bulk (mg/L) &Kb is the bulk decay 

constant 

2.2.3 Natural decay due Wall reactions with the material of the network elements 

While flowing through pipes, dissolved substances can be transported to the pie wall to react 

with materials. The amount of wall area available and the rate of mass transfer between the 
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bulk fluid and the wall will also influence the overall rate of reaction. For first order 

reactions, the expressions for the wall reaction rate.(Akodwaa-Boadi, 2012) 

dC

dT
Wall = 

−Kw

Dp
 x C (Akodwaa-Boadi, 2012)  

Where; Kw is the wall reaction coefficient,  C is the initial concentration of chlorine at pipe 

wall(mg/L)&           Dp is the pipe diameter(m) 

 

2.2.4 Overall rate of decay 

In a first order reaction involving bulk and wall reactions, the overall decay is equal to: 

dC

dT
Total = 

dC

dT
Wall + 

dC

dT
Bulk (Akodwaa-Boadi, 2012) 

𝑑𝐶

𝑑𝑡
 = - KbC + - KwC 

𝑑𝐶

𝑑𝑡
 = - (Kb + Kw) C 

𝑑𝐶

𝑑𝑡
 = - KC 

Where C = initial concentration in the wall and bulk 

            K = overall decay constant coefficient (Kb + Kw) 

            Kb = bulk reaction rate coefficient  

            Kw = wall reaction rate coefficient 

Note that even if Kb and Kw were the same throughout a system, the apparent rate, K could 

still vary from one pipe to the other because of the variety in pipe material. It is therefore 

essential to measure chlorine residuals because it suggests the activity and inactivity of 

microorganisms, growth of biofilms and the variance in water quality (due to contamination 

resulting from leakages or cross-concentrations) along a distribution. (Akodwaa-Boadi, 2012) 
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2.3 Properties of chlorine 

1. Powder  

Appearance: White powder, granules or tablet  

Strength: Typically, 30 to 70 % active chlorine. Requires mixing with water to make a liquid 

solution before use (see ‘Chlorine liquid’ below)  

Stability: May lose strength over time; more stable than chlorine liquid  

Application: Typically used for small-sized water treatment plants (< 5 000 cubic meters per 

day). Examples include;(White, 1972) 

Bleaching powder (approx. 35 % active chlorine)   

High test hypochlorite (approx. 70 % active chlorine)  

2. Liquid  

Appearance: Pale yellow to clear liquid  

Strength: Typically, 1 to 15 % active chlorine  

Stability: May lose strength over time; less stable than chlorine powder  

Application: Typically used for small- to medium-sized water treatment plants (i.e., <10 000 

cubic meters per day). Examples include;(White, 1972) 

Sodium hypochlorite (10 to 15 % active chlorine) 

Domestic bleach (5 to 10 % active chlorine) 

Chlorine liquid solution prepared from chlorine powder (typically 1 to 5 % active 

chlorine)  

3. Gas  

Appearance: Green-yellow gas  

Strength: Approx. 100 % active chlorine  

Stability: Most stable  

Application: Typically used for medium- to large sized water treatment plants (i.e., >10, 000 

cubic meters per day) (White, 1972) 

Example: Chlorine gas (liquefied) 

2.3.1 Chlorination  

Chlorination is the processes of adding chlorine to water purposely to kill microorganisms 

that may cause water-borne diseases such as cholera, typhoid among others.(White, 
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1972)(Rakesh Singh Asiwal, 2016) Chlorine inactivates the microorganism by damaging its 

cell membrane. Once the cell membrane is weakened, the chlorine can enter the cell and 

disrupt cell respiration and DNA activity (2 processes that are necessary for cell growth). 

2.3.2 Chlorine Dosage 

Chlorine gas is withdrawn from its pressurized container and, in the case of vacuum operated 

chlorinators, is reduced to lower than ambient pressure by means of a standard vacuum 

regulator check unit, which may be combined with a pressure relief valve. The gas is metered 

through an adjustable orifice. The rate of gas flow, which is indicated by a flowmeter, is 

controlled by adjusting the area of the orifice. A vacuum regulating valve dampens 

fluctuations and gives smooth operation. A vacuum relief valve prevents excessive vacuum 

within the equipment. Control of the rate of flow of gas may be varied manually or 

automatically, so that a constant residual concentration of chlorine is left in a flow of water to 

form a concentrated chlorine solution.(Rakesh Singh Asiwal, 2016) 

This mixture leaves the chlorinator as a chlorine solution (HOCl) ready for application. The 

operating vacuum is provided by a hydraulic injector. The inlet stream of water passes 

through a venturi tube or orifice at the heart of the injector causing the water velocity to 

increase and its pressure to fall, so that at that moment it can suck in the chlorine gas with 

which it mixes. Downstream of the constriction the pipe diverges, so that the original 

pressure is nearly fully regained. If the regained pressure is insufficient to inject the chlorine 

solution into the main water supply it is necessary to use a pump made of non-corroding 

metals to inject it through a corrosion-resistant conduit to a chlorine diffuser. Vacuum 

operated chlorinators were developed to shut off the chlorine supply if the injector water flow 

stops and to prevent chlorine leaks at the injector - any loss of vacuum will shut off the 

chlorine supply. The primary advantage of vacuum operation is safety. If a failure or 

breakage occurs in the vacuum system, the chlorinator either stops the flow of chlorine into 

the equipment or allows air to enter the vacuum system, rather than allowing chlorine to 

escape into the surrounding atmosphere. In case the chlorine inlet shut-off fails, a vent valve 

discharges the incoming gas outside the chlorinator building. It is important that these vent 

lines discharge as far away as possible from an air intake. (White, 1972) 
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2.3.4 Points of chlorine dosing  

1. Pre-chlorination (before water treatment plant) 

The type of treatment prior to primary disinfection, and the way that treatment is managed 

and operated, can have a very significant influence on the performance of disinfection. The 

turbidity of treated water is a key measure of its suitability for disinfection.  

In the case of chlorination, upstream treatment may be used to reduce:  

Chlorine demand, particularly from total organic carbon (TOC), allowing higher chlorine 

concentration to be achieved with less potential for by-product formation. The variability 

of water quality thereby allowing more reliable control over chlorine residual 

The turbidity of the water and thereby provide less shielding of the micro-organisms from 

the effects of disinfection chemicals and UV 

The microbiological challenge to disinfection because of more effective removal of 

micro-organisms by upstream treatment.  

Can also remove taste/odour  

Potential issues 

Raw water may have a high chlorine demand which requires high chlorine dose (high 

operational cost)  

Formation of disinfection by-products in high organic waters   

 

2. Primary chlorination (after water treatment)  

The main objective of post-chlorination is to disinfect the water and maintain chlorine 

residuals that will remain in the water as it travels through the distribution system. (White, 

1972) 

To support and maintain the chlorine residual, a process called re-chlorination is sometimes 

done within the distribution system. This is done to ensure proper chlorine residuals are 

maintained throughout the distribution system.(Rakesh Singh Asiwal, 2016) 

3. Secondary (‘booster’) chlorination  

Chlorine is dosed to provide or boost the measurable free chlorine residual in the water for 

continued verification of microbiological water quality and to prevent contamination in the 

network.(Rakesh Singh Asiwal, 2016) The aim of boosting chlorine in the network should be 

to ensure that at least 0.1 mg/l free residual chlorine is present at the extremities of the 

distribution network.(White, 1972) It is mainly common in large distribution networks 

Essentially, secondary chlorination may be fundamental in the following ways; 
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Concentration during distribution to protect the water from recontamination i.e. ≥0.2 

mg/L 

Booster station’ adds more chlorine to the water at strategic points during distribution 

when the chlorine concentration is too low i.e. <0.2 mg/L 

Helps keep the water safe to the very end of the distribution system  

 

2.4 Advantages of chlorination 

Highly effective against bacterial and viral waterborne pathogens and some protozoa  

Provides a residual level of disinfectant to help protect against microbial regrowth and to 

reduce biofilm growth in the distribution system  

Easily applied, controlled, and monitored 

Operationally simple and most reliable 

The most cost-effective disinfectant  

2.5 Limitations of chlorination 

Disinfection byproduct formation (e.g., trihalomethanes, haloacetic acids, and other 

byproducts) 

Will oxidize bromide in water to hypobromite forming brominated DBPs. 

Not effective against Cryptosporidium 

Requires transport and storage of chemicals 

 

Chlorine demand 

Chlorine demand is the difference between total chlorine added in the water and residual 

chlorine. It is the amount which reacts with the substances in water, leaving behind an 

inactive form of chlorine.(White, 1972) Chlorine demand can be caused in a water body due 

to rain containing ammonia or the addition of fertilizers which can be oxidized by chlorine. 

Consideration of the chlorine demand is most important at the water treatment plant, 

immediately prior to the addition of chlorine (Beata Kowalska*, 2006) 

Where practical, chlorine demand is a useful parameter to monitor where routine monitoring 

is not practical, you should be aware of the impact of changing raw water quality (i.e. 

changing chlorine demand) on the required chlorine dose e.g. poorer water quality leads to 

higher chlorine demand therefore a higher chlorine dose required.(Sobsey, 2007) It is 
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important to understand how much chlorine will be consumed during the disinfection 

process:  

This allows you to estimate how much chlorine you need to add to the drinking-water at the 

water treatment plant to ensure there will be sufficient residual chlorine present in the water 

to protect the water during storage and distribution.(S. S. Turkar, 2011) Understanding the 

chlorine demand of the raw water is important for effective disinfection. 

If the water has a higher concentration of chlorine reactive substances, the chlorine 

demand will be higher  

If the water has a lower concentration of chlorine reactive substances, the chlorine 

demand will be lower 

To purify water supplies and make them suitable for purposes like drinking, cooking and 

swimming, chlorine is added. Chlorine demand from the total chlorine added can be 

explained using the following equation: 

Chlorine demand = Total chlorine – Chlorine residual 

The purity of water can be determined by monitoring the value of chlorine demand. If the 

value is zero, the water is already free of pathogenic microorganisms. If the value is less than 

the total chlorine, it shows that the amount of chlorine added initially to the water was 

sufficient.(Beata Kowalska*, 2006) 

When chlorine is added to water, various reactions take place and most of the chlorine 

initially reacts with metals and organic materials in water that is not accessible for 

disinfection, referred to as "chlorine demand" of the water. The rest of the chlorine 

concentration following the chlorine demand is referred to as the total chlorine, that is 

subdivided to the two types mentioned above.(White, 1972) 

Residual Chlorine 

Residual chlorine is the amount of chlorine that remains in the water after a certain period or 

contact time.  

Testing for residual chlorine is one of the most common tests used by water treatment plants. 

The residual chlorine test determines the amount of remaining chlorine in water that has 

finished testing and is ready to be released to the distribution system.(White, 1972) 

Hypochlorous acid and other strong acids are used as oxidizing agents for disinfecting 

drinking water. However, these acids can also react as oxidants, especially with lead, which 

increases the chances of lead corrosion. Therefore, operators in water treatment and 

distribution plants must ensure that there is the proper amount of residual chlorine as the 

water reaches the end of the system.(Rakesh Singh Asiwal, 2016) 
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In different settings and situations, there are sometimes required residual chlorine levels to 

prevent the occurrence of corrosion in water. This level must be determined and carefully 

studied by water plants for safe and efficient water processing and distribution.((WHO), 

2008) 

Forms of residual chlorine 

There are three forms of residual chlorine in water treatment: 

Free; Residual chlorine composed of dissolved hypochlorite ions, hypochlorous acid and 

chlorine gas. This performs the job of oxidizing contaminants and killing bacteria. When 

chlorine is added to water, it is added as free chlorine 

Combined; Composed of chloramines that can kill bacteria and oxidize organic matter. 

When free chlorine comes into contact with various forms of contaminants, the chlorine is 

transformed to combined chlorine, also known as chloramines. This type of chlorine has very 

little ability to sanitize and oxidize.  

Total; The sum of free and combined residual chlorine. In all instances, the level of total 

chlorine will always be above or equal to free chlorine levels. The most common levels of 

free chlorine present in drinking water are 0.2 to 2.0 mg/L, but can be up to 5.0 mg/L. Total 

chlorine is usually measured in wastewater that has undergone treatment. 

The levels of total chlorine, free chlorine and combined chlorine should be measured 

accurately to identify the amount of appropriate solutions that should be added to water in 

order to maintain the residual of free chlorine present in the water. In a more wide-scale 

basis, the main goal is the proper disinfection of piped water treatment systems. (White, 

1972) 

Chlorine decay 

The rate and extent of chlorine decay may be influenced by:  

The level of chlorine reactive substances that are present in the treated water as well as 

the distribution tanks and pipes (i.e., organic and inorganic material)  

The type of material used in the distribution network tanks, pipes and fittings  

How long the water remains in the distribution system (or the ‘water age’)  
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2.6 Benefits of Chlorine Disinfectants 

Potent Germicide; Chlorine disinfectants can reduce the level of many disease-causing 

microorganisms particularly bacteria and viruses in drinking water to unmeasurable levels.  

Taste and odor Control; Chlorine disinfectants reduce many disagreeable tastes and odors. 

Chlorine oxidizes many naturally occurring substances such as foul-smelling algae 

secretions, sulfides, and odors from decaying vegetation. 

Biological Growth Control; Chlorine disinfectants help eliminate slime bacteria, molds, and 

algae that commonly grow in water supply reservoirs, on the walls of water mains, and in 

storage tanks.  

Chemical Control; Chlorine disinfectants destroy hydrogen sulfide (which has a rotten egg 

odor) and react with ammonia and other nitrogenous compounds that have unpleasant tastes 

and hinder disinfection. They also help to remove iron and manganese from raw water. 

(White, 1972) 

 

The Risks of Waterborne Diseases 

It is easy to take for granted the safety of modern drinking water treatment plants, but prior to 

widespread filtration and chlorination, contaminated drinking water presented a significant 

public health risk.(Liana Ioana Vuta, 2003) The microscopic waterborne agents of cholera, 

typhoid fever, dysentery, and hepatitis All kill thousands of people annually. Although these 

and other pathogens are now controlled routinely, they should be considered as ever ready to 

reappear wherever there is deficient treatment, including insufficient chlorine disinfection 

within treatment plants or their storage and distribution systems.(Key Howard, 2003) 

Illnesses associated with water borne diseases 

About 1.2 billion people lack access to safe drinking water, and twice that many lack 

adequate sanitation.  As a result, the World Health Organization estimates that 3.4 million 

people, mostly children, die every year from water-related diseases. In addition, 

contamination of the distribution system can occur with water main breaks or other 

emergency situations. 

Drinking water pathogens may be divided into three general categories: bacteria, viruses and 

parasitic protozoa.(Kim, 2002)  Bacteria and viruses contaminate both surface and 

groundwater, whereas parasitic protozoa appear predominantly in surface water.  The purpose 

of disinfection is to kill or inactivate microorganisms so that they cannot reproduce and infect 

human hosts. Bacteria and viruses are well-controlled by normal chlorination, in contrast to 

parasitic protozoa, which demand more sophisticated control measures.  For that reason, 
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parasitic protozoan infections may be more common than bacterial or viral infections in areas 

where some degree of disinfection is achieved.(Roy L Wolfe, 1984) 

 

 

Bacteria  

These are microorganisms often composed of single cells shaped like rods, spheres or spiral 

structures. Prior to widespread chlorination of drinking water, bacteria like Vibrio cholerae, 

Salmonella typhii and several species of Shigella routinely inflicted serious diseases such as 

cholera, typhoid fever and bacillary dysentery, respectively.  While developed nations have 

largely conquered waterborne bacterial pathogens through the use of chlorine and other 

disinfectants, the developing world still grapples with these public health enemies.(Key 

Howard, 2003) 

Viruses  

These are infectious agents that can reproduce only within living host cells.  Shaped like rods, 

spheres or filaments, viruses are so small that they pass through filters that retain bacteria.  

Enteric viruses, such as hepatitis A, Norwalk virus and rotavirus are excreted in the faeces of 

infected individuals and may contaminate water intended for drinking.  Enteric viruses infect 

the gastrointestinal or respiratory tracts, and are capable of causing a wide range of illness, 

including diarrhoea, fever, hepatitis, paralysis, meningitis and heart disease (Roy L Wolfe, 

1984).  

Protozoan Parasites  

These are single-celled microorganisms that feed on bacteria found in multicellular 

organisms, such as animals and humans.  Several species of protozoan parasites are 

transmitted through water in dormant, resistant forms, known as cysts and oocysts.  

According to the World Health Organization, Cryptosporidium parvum oocysts and Giardia 

lamblia cysts are introduced to waters all over the world by faecal pollution.  The same 

durable form that permits them to persist in surface waters makes these microorganisms 

resistant to normal drinking water chlorination (Kim, 2002).  Water systems that filter raw 

water may successfully remove protozoan parasites. 

HTH chlorine as a chlorinating agent 

HTH chlorine (high test hypochlorite) chemically known as Sodium hypochlorite (NaOCl) is 

a chlorine-containing compound that is used as a disinfectant at the treatment plant.  

It is made up of the sodium salts of hypochlorous acid and is it is produced when chlorine gas 

is dissolved into a sodium hydroxide solution according to the following equation; 
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Cl2(g) + NaOH(aq)           NaOCl(aq) + H2O(l) 

It is in solid form, clear with a white color, and has a strong chlorine smell. Sodium 

hypochlorite is extremely corrosive and therefore stored in a cool, dark, and dry place. It 

naturally decomposes therefore; it cannot be stored for more than one month at a time. Of all 

the different types of chlorine available for use, it is the easiest to handle(White, 1972). 

The amount of sodium hypochlorite required for water treatment is much less than the other 

forms of chlorine, with (0.2-2 mg) of NaOCl/L of water being recommended. 

Sodium hypochlorite Sodium hypochlorite, or bleach (an aqueous solution of NaOCl), is 

produced by adding elemental chlorine to sodium hydroxide. Typically, hypochlorite 

solutions for water treatment applications contain from 12 to 15% chlorine, and are shipped 

in 1,000- to 5,000-gallon containers. 

How Chlorine Kills Pathogens  

Upon adding chlorine to water, two chemical species, known together as free chlorine are 

formed. These species, hypochlorous acid (HOCl,electrically neutral) and hypochlorite ion 

(OCl-,electrically negative), behave very differently. Hypochlorous acid is not only more 

reactive than the hypochlorite ion,but is also a stronger disinfectant and oxidant. 

The ratio of hypochlorous acid to hypochlorite ion in water is determined by the pH. At low 

pH (higher acidity),hypochlorous acid dominates while at high pH hypochlorite ion 

dominates. Thus, the speed and efficacy of chlorine disinfection against pathogens may be 

affected by the pH of the water being treated.(White, 1972) Fortunately, bacteria and viruses 

are relatively easy targets of chlorination over a wide range of pH. However, treatment 

operators of surface water systems treating raw water contaminated by the parasitic protozoan 

Giardia may take advantage of the pH-hypochlorous acid relationship and adjust the pH to be 

effective against Giardia, which is much more resistant to chlorination than either viruses or 

bacteria. 

Another reason for maintaining a predominance of hypochlorous acid during treatment has to 

do with the fact that pathogen surfaces carry a natural negative electrical charge.(Sobsey, 

2007) 

These surfaces are more readily penetrated by the uncharged, electrically neutral 

hypochlorous acid than the negatively charged hypochlorite ion. Moving through slime 

coatings, cell walls and resistant shells of waterborne microorganisms, hypochlorous acid 

effectively destroys these pathogens.(Beata Kowalska*, 2006) Water is made 

microbiologically safe as pathogens either die or are rendered incapable of reproducing. 

Advantages of Sodium Hypochlorite 
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Solution is less hazardous and easier to handle than elemental chlorine  

Fewer training requirements and regulations than elemental chlorine  

Limitations of Sodium Hypochlorite 

Limited shelf life; degrades slowly to chlorate and then perchlorate during storage 

particularly at warm temperatures 

Can contain bromate from electrolysis of bromide in the precursor salt  

Corrosive to some materials and more difficult to store than most solution chemicals 

Higher costs than elemental chlorine due to shipping water weight (White, 1972) 

Other uses for chlorine as a disinfectant in water. 

The main purpose of chlorination is to disinfect water, but it also has many other benefits. 

Unlike some of the other disinfection methods like ozonation and ultraviolet radiation, 

chlorination is able to provide a residual to reduce the chance of pathogen re-growth in water 

storage tanks or within the water distribution system. The distribution systems are at a fair 

distance from the storage tanks and in dead end sections or where water is not used pathogens 

may re-grow if a proper (chlorine) residual is cannot be maintained in the treated water sent 

out for consumption.(Sobsey, 2007) This results in poor water quality as well as slime and 

biofilms in the distribution systems that will end up contaminating the clean, treated water 

being distributed. 

In addition to providing residual chlorine, adding chlorine to water will also:  

Remove iron and manganese from raw water 

Reduce many disagreeable tastes and odors  

Remove colour in the water 

Remove chemical compounds that hinder disinfection  

Eliminate slime bacteria, molds and algae that commonly grow in water supply 

reservoirs, on the walls of water mains, and in storage tanks 

Aid other water treatment processes, such as sedimentation and filtration. Oxidizing 

soluble reduced iron and manganese will result in particle formation as oxidized iron and 

manganese are not soluble in water (White, 1972). 

 

 

. 
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CHAPTER THREE 

METHODOLOGY 

3.0 INTRODUCTION 

This chapter describes how the project was conducted, selection of areas of study, the kind of 

the data and tools used in the collection of data and analysis as per the project objectives 

3.1 RESEARCH DESIGN 

Both Analytical and descriptive design were involved such that answers to any questions 

required to meet the project targets associated with assessment of residual chlorine decay 

along the Gunhill water distribution line are acquired. This enhanced the analysis of the 

information  obtained concerning chlorine decay along the line describing in detail how the 

research meet the stated objectives. 

3.2 SOURCES OF DATA 

Primary data was captured through direct observation, interviews and questionnaire 

techniques while secondary data was obtained from sources such as published textbooks, 

water administration offices, literature survey, journals and internet to generate relevant data 

to the study whenever necessary. 

 

3.3 SAMPLING TECHNIQUE 

A block map was used to select sampling points along the line. Samples were collected from 

lines going to Kisenyi area and Industrial area. 

A picture with the sampling points is attached in the appendix. 

 

3.4 DATA COLLECTION INSTRUMENTS 

Well computed, pre-planned and Concise Questionnaires with a set of questions with a view 

of yielding specific information to meet the project objectives were used. 

Observation checklists were used to collect data especially primary data that is both 

qualitative and quantitative. Interview guides that are well revised were used during interview 
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sessions. Physical assessments of the maintenance status of the water reservoirs were done by 

observation. Records of rusting, wall cleanliness (absence or presence of slimy growth), and 

water surface cleanliness (floating materials, foams and scum) were done.                                   

The operation characteristics (filling and emptying of reservoirs) were recorded. Ggaba water 

treatment plant performances were assessed through onsite inspection, interview of site staff 

and inspection of the daily performance records and annual reports. 

3.4.1 DATA COLLECTION METHODS 

Various methods and tools will be used in collection of data. These methods, tools and their 

description for every objective are summarised in the table below. 

 

 

OBJECTIVE METHOD DESCRIPTION SPECIFIC 

DATA 

1. To determine chlorine 

levels in the water at the 

treatment plant and at 

selected points along the 

lines 

Interview 

Laboratory 

analysis 

 

A one on one session 

was carried out with the 

plant operator to 

determine the dosage 

rate of chlorine at the 

treatment plant. 

Field tests were carried 

out on selected water 

samples to check for the 

chlorine levels in the 

water along the 

distribution lines. 

 

The level of 

chlorine at the 

treatment plant 

and at selected 

points along the 

lines 

 

2. To determine the 

percentage chlorine 

decay along the lines 

going to Kisenyi and 

Industrial area. 

 

Laboratory 

analysis 

 

Samples were collected 

from selected points 

along the distribution 

line and their chlorine 

levels determined and 

computed to arrive at 

Percentage 

chlorine decay 

along the lines 

going to Kisenyi 

and Industrial 

area 
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this result.  

 

To evaluate suitable 

means of maintaining 

chlorine residuals along 

the line and preventing 

recontamination 

 

Desk research 

Interviews 

A comprehensive study 

was conducted to 

acquire this data from 

the suitable sources 

Possible ways of 

maintaining 

chlorine residuals 

along the line and 

preventing 

recontamination 

 

3.5 MATERIALS AND METHODS 

 

MATERIALS 

 Chlorine comparator 

 DPD (N, N-diethyl-1, 4-phenylenediamine) 

METHODS 

CHLORINE COMPARATOR DPD METHOD 

A test tube was half filled with water to be sampled 

A spatula end-full of DPD powder reagent was added to the sample water and mixed 

thoroughly. 

 The sample solution was placed in the centre hole of the comparator for 

colourcomparison measurement. 

      The freeresidual chlorine concentration was read off. 

NUMERICAL METHOD 

The model equations were solved numerically using MATLAB Solver ode15s. 

ode15s solves stiff differential equations and differential algebraic equations. Other solvers 

like ode23 and ode45 implementations of the explicit Runge-Kutta methods were used. 

ode45 is an explicit Runge-Kutta method while ode15s is implicit. For stiff problems, ode15s 

will be preferable and for non-stiff problems ode45 is preferable. 

Model parameters used in the ode solvers are represented in the table below 
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Chlorine decay in the bulk Chlorine decay at the wall 

C = 1.13 mg/L C = 0.5 mg/L 

Kb = 0.20 /hr Dp = 0.60 m 

 Kw = 0.15 /hr 

 

Where;           C is the initial chlorine concentration in the bulk/pipe wall (mg/L), Kb is the 

bulk decay,Kw is the wall reaction coefficient and Dp is the pipe diameter (m) 

The MATLAB codes (attached in the appendix) were used to solve the model equations and 

obtain graphs. 
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CHAPTER FOUR 

4.0 RESULTS 

The results presented in this section have been experimentally and numerically obtained by 

methods in chapter 3 above. 

Numerical solutions 

The numerical results were obtained using the MATLAB codes attached in the appendix. The 

bulk and wall chlorine concentrations at a certain time were obtained. 

 

Part A 

Table 1:NUMERICAL SOLUTIONS FOR PART A. 

t-bulk C-bulk   

         0 1.1300 

    0.1789 1.0908 

    0.3578 1.0528 

    0.5367 1.0162 

    1.1367 0.9016 

    1.7367 0.7995 

    2.3367 0.7089 

    2.9367 0.6286 

    3.5367 0.5574 

    4.1367 0.4944 

    4.7367 0.4385 

    5.3367 0.3889 

    5.9367 0.3450 

    6.0000 0.3406 
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Part B 

 

Table 2: NUMERICAL SOLUTIONS FOR PART B. 

     t-wall C-wall 

         0 0.5000 

    0.1431 0.4826 

    0.2862 0.4659 

    0.4293 0.4497 

    1.0293 0.3871 

    1.6293 0.3331 

    2.2293 0.2865 

    2.8293 0.2464 

    3.4293 0.2121 

    4.0293 0.1825 

    4.6293 0.1571 

    5.2293 0.1352 

    5.8293 0.1164 

    6.0000 0.1116 

 

Experimental data 

Experimental data was obtained from different sample points using the methods explained in 

chapter three.  

Bulk concentrations were obtained by sampling water at the water treatment plant (Ggaba) 

and wall concentrations were obtained by sampling points along a distribution line in the 

network. 

The bulk and wall chlorine concentrations were obtained on an hourly basis for six hours. 
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Table 3: VARIATION OF BULK CONCENTARTION AND WALL 

CONCENTRATION WITH TIME. 

Time(hrs) Bulk concentration(mg/L) Wall concentration(mg/L) 

0 1.33 0.50 

1 0.96 0.26 

2 0.76 0.25 

3 0.77 0.24 

4 0.64 0.20 

5 0.62 0.15 

6 0.53 0.11 

 

Having obtained experimental data from the field and numerical data from the MATLAB 

codes for both the bulk and chlorine wall concentration, a graph showing the relationship 

between the two sets of data against time were plotted. 

 

 

Figure 1: COMPARISON BETWEEN EXPERIMENTAL DATA AND NUMERICAL 

DATA FOR WALL CONCENTRATION. 
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Figure 2: COMPARISON BETWEEN EXPERIEMENTAL AND NUMERICAL DATA 

FOR BULK CONCENTRATION. 

 

  

Experimental data for both the wall and bulk chlorine concentration was plotted 

exponentially against time. The experimental data was exponentially fit because an 
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integration of the wall and bulk decay equations gives an exponential. 

 

 

Figure 3: AN EXPONENTIAL FIT FOR BULK CONCENTRATION  

 

Figure 4: AN EXPONENTIAL FIT FOR WALL CONCENTRATION 

EXPERIEMENTAL DATA. 
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From the equations above 

The rate of change of concentration with time 

dC

dt
 = - b*C 

Where B is a constant (kb, bulk decay constant or 
kw

Dp
 ,where kw, wall decay constant and Dp 

the diameter of the pipe) 

C is the concentration at a certain time, t 

Integrating of the above equations gives a model equation 

C = a e−bt 

This is the model equation    

Fitting experimental data exponentially gives values for the constants a and b. A comparison 

was made for the a and b values for numerical and experimental data in the table below. 

Values  Experimental data fit Numerical data % error 

a (wall decay) 0.4409 0.5 11.8 

b (wall decay) -0.2352 -0.25 5.9 

a (bulk decay) 1.056 1.13 6.6 

b (bulk decay) -0.1904 -0.2 4.8 

Table 4: VALUES OF EXPERIMENTAL DATA FIT AND NUMERICAL DATA AND 

PERCENTGE ERROR. 

The deviations in the a and b values for the experimental and numerical data is due to 

inefficiencies in obtaining and collection of the experimental data. 

Since Dp, kw and kb values for the numerical data were obtained from previous data, they 

might not have been accurate or have been obtained under different circumstances. 

Also since Dp, kw and kb were kept constant in the model, errors were generated hence the 

deviations between numerical and experimental data. 

The values of a and b obtained after fitting the experiemental data exponentially were 

replaced in the model equation for both the wall and bulk decay equation to give; 

C = 0.4409 exponential (-0.2352t) is the model equation for bulk decay concentration 

C = 1.0560 exponential (-0.1904t) is the model equation for wall decay concentration 
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OBTAINING THE CORRECT AMOUNT OF CHLORINE TO ADD TO TREATED 

WATER SO THAT A MINIMUM RANGE OF 0.2-0.5 mg/L REACHES THE 

NETWORK 

Assuming flow velocities for the treated water moving in pipes for distribution and distances 

to where the water will be distributed, time taken by the water to reach a certain destination 

was calculated and therefore the initial concentration required to be added to the treated water 

to ensure a minimum of 0.2 mg/L remains in the network was also obtained using the model 

equation. 

Table 4: INITIAL CONCENTRATION OF CHLORINE AT DIFFERENT TIME, 

DISTANCE AND VELOCITY. 

Velocity(m/s) Distance(m) Time(s) Time(hrs) Initial chlorine concentration(mg/L) 

1 300 300 300/3600 0.407 

1.5 750 500 500/3600 0.412 

2 1000 500 500/3600 0.412 

2.5 2500 1000 1000/3600 0.425 

3 4200 1400 1400/3600 0.434 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

The rate of chlorine decay in the bulk and wall has been shown to be exponential with the 

amounts to be dozed so that the residual remains 0.2 mg/L after time t have also been 

predicted. 

A good agreement between the numerical data and exponential data has been obtained.  
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6.2 Recommendations 

The model of chlorine residual decay could be used to predict disinfectant chlorine residual 

concentrations at different points of the network and also determine locations for boosting. 

Correct chlorine measurements reduce costs since when the correct chlorine amount is added, 

none will go to waste. A specific amount of chlorine can also be bought with no excess that 

could go to waste. 

Monitoring of chlorine residuals in the network should be based on water age, water quality 

and pipe materials. Places with older pipes should be monitored more often. The initial 

chlorine amount should be accurate after a chlorine demand test. The initial chlorine 

concentration in the water determines how long the chlorine will stay in the water.  
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APPENDICES 

APPENDIX I: Part A 

Function Bulk 

%% THis work explains the  comparison between numerical data and experimental data for 

the rate at which chlorine decays with time in the bulk  

%% Done by Timbigamba Santa Maria 

%% second part chlorine decay in bulk solution   

kb =0.20;%hr-1 

%ToC=0.032;%cm-1 

C_1=1.13;%mg/L 

No_of_hours=6;%hr 

function dCdt=Bulk_fun(t,C) 

%% differential equation for Bulk reaction 

dCdt=-kb.*C; 

end 

%solution to the differential equation 

[t,C]=ode15s(@Bulk_fun,[0 No_of_hours],C_1); 

 disp('     t-bulk       C-bulk  ') 

 disp('........................') 

 disp([t C]) 

plot(t,C) 

title('Plot of Bulk conc Vs Time') 

xlabel('Time in hours') 

ylabel('Bulk concentration') 

%add plot of experimental data 

%exp data 

Exp_data=[1.13 0.81 0.62 0.66 0.46 0.45 0.37]'; 

No_of_Exp=length(Exp_data); 

Time =linspace(0,No_of_hours,No_of_Exp); 

hold on 

scatter(Time,Exp_data) 

legend('Numerical solution','Experimental data')end 
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% Part B 

function Wall 

%% THis work explains the  comparison between numerical data and experimental data for 

the rate at which chlorine decays with time at the walls of the pipe.  

 

%%first  part chlorine decay at the wall 

Kw=0.15;%hr-1 

Dp=0.60;%m 

C_0=0.5;%mg/L 

no_of_hrs=6; 

function dCdt=wall_fun(t,C) 

%% differential equation for wall reaction 

dCdt=-Kw.*C./Dp; 

end 

%solving the eqution 

[t,C]=ode15s(@wall_fun,[0 no_of_hrs],C_0); 

disp( '     t-wall             C-wall') 

disp('...................................') 

disp([t C]) 

%plotting 

plot(t,C) 

title('Plot of wall concn vs time') 

xlabel(' time in hr') 

ylabel(' concentration in mg/L') 

% Add plot of experimental data to numerical data 

% exptal data 

 

C_expt=[ 0.50 0.26 0.25 0.24 0.20 0.15 0.11]'; 

no_of_exp=length(C_expt); 

Time=linspace(0,no_of_hrs,no_of_exp); 

hold on 

scatter(Time,C_expt) 

legend('numerical simulation','experimental data')  
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Appendix 2 

A photo showing the points along the distribution line in the network  that were 

sampled  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


