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ABSTRACT 

 

 

At present, water treatment and distribution is of high priority to ensure that 

communities have access to safe and affordable drinking water.  To achieve the 

desired outcomes for the drinking water distribution system, every aspect of the system 

must be designed to the water quality and drainage characteristics, and the nature and 

conditions of the infrastructure.  Due to these design requirements, it can be 

considerably difficult to implement goals relating to the provision of safe drinking water. 

 

This study aimed to quantify key water quality parameters, such as chlorine 

concentration, flow velocity, pH, and biofilm growth, and evaluate the influence of these 

parameters on corrosion and iron release in a tropical drinking water distribution 

system. 

 

The approach of this study was split into three (3) components: 

 Conduct a pilot study on a distribution system in the tropics and 

assemble, calibrate and validate a network model, based on this 

water distribution system; 

 Design, construct and install an economic Biofilm Corrosion Reactor 

(BCR), to allow monitoring and evaluation of water quality parameters 

found within the distribution system; 

 Perform accelerated corrosion tests to investigate the effect of water 

quality parameters on corrosion rate. 

 

The outcomes of the study components provided knowledge and understanding on the 

performance of the drinking water distribution system.  This understanding, combined 

with the observed relationships found during this research, allowed the development of 

corrosion management strategies relevant to the Ingham Water Supply Scheme. 
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In general, the following relationships were observed during this research and were 

consistent with compared literature sources: 

 Corrosion rate increased significant with chlorine concentration above 

1 mg/L; 

 During the initial phase of corrosion higher velocity results in higher 

corrosion rate; 

 During the final phase of corrosion lower velocity results in higher 

corrosion rate; 

 Corrosion rate increased with a decrease in pH; 

 Higher velocity results in increased iron release and therefore 

increased corrosion rate; and 

 Corrosion rate increased with increase in microorganisms/biofilm. 

 

Overall, the combination of the simulated network model for the Ingham Water Supply 

Scheme and the observed results and relationships during this research, resulted in the 

development of the Corrosion Hotspot Tool for Hinchinbrook Shire Council.  The aim of 

the tool is to improve the management of the distribution system operationally and 

financially and also indicated some key aspects to monitor, in regards to corrosion such 

as chlorine residual levels. 

 

Furthermore, the research techniques and outcomes can be replicated with other water 

supply authorities, to assist in developing management strategies to improve drinking 

water quality and the operation of water treatment and distribution systems. 
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CHAPTER 1. INTRODUCTION 

1.1 General 

 

At present, water treatment and distribution is of high priority to ensure that 

communities have access to safe and affordable drinking water.  Currently, a large part 

of the world population does not have access to high quality drinking water. 

 

To achieve the desired outcomes for the drinking water distribution system, every 

aspect of the system must be designed to the water quality and drainage 

characteristics, and the nature and conditions of the infrastructure.  Due to these 

design requirements, it can be considerably difficult to implement goals relating to the 

provision of safe drinking water. 

 

To date, many research objectives relating to quality of water within drinking water 

distribution systems have been focused on one individual water quality parameter and 

have lacked consideration of the interaction of these parameters.  Furthermore, a 

limited amount of research has been conducted within tropical climates, where high 

temperatures and numerous sunny days are predominate.  Consequently, this 

research aims to investigate the interaction of key water quality parameters in a 

drinking water distribution system located in a tropical climate. 

 

1.2 Objectives of Study 

 

To assist in the development of management strategies to improve the outcomes of 

drinking water distribution systems, this research project was aimed to quantify key 

water quality parameters such as chlorine concentration, flow velocity, pH, and biofilm 

growth and evaluate the influence of these parameters on corrosion and iron release in 

a tropical drinking water distribution system. 
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1.3 Scope of Study 

 

The approach of this study was split into three (3) components: 

 Conduct a pilot study on a distribution system in the tropics and 

assemble, calibrate and validate a network model, based on this 

water distribution system; 

 Design, construct and install an economic Biofilm Corrosion Reactor 

to allow monitoring and evaluation of water quality parameters found 

within the distribution system; and 

 Perform accelerated corrosion tests to investigate the effect of water 

quality parameters on corrosion rate. 

 

The results from this study included a water quality module and hydraulic model for a 

drinking water distribution system in the tropics.  Furthermore, the research outcomes 

will aid to assist water supply authorities in developing management strategies to 

improve drinking water quality and the operation of water treatment and distribution 

systems. 
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CHAPTER 2. LITERATURE REVIEW 

 

Even though water is a commonly found substance, it is essential for survival of life on 

Earth.  This thesis focuses broadly on the techniques to manage, monitor and maintain 

clean drinking water for supply through water distribution systems or water supply 

networks. 

 

In order to appreciate the fate of potable water from source to customer/consumer, it is 

necessary to understand source water quality, the impact of contaminants and 

contaminant loading, water treatment, network distribution and other interferences such 

as disinfectant decay, biofilm growth and corrosion potential.  Figure 2.1 depicts the 

elements investigated as part of this thesis‟ literature review. 

 

 

Figure 2.1:  Literature review focus 
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2.1 Factors 

2.1.1 Water Quality 

 

Water has the ability to uptake substances through two (2) main processes.  One 

process is the exchange of gases between rain and/or water with the atmosphere, and 

the other is through the exchange of substances between standing water and 

sediments at the bottom of water bodies.  The exchange of gases and substances is 

dependent on biological, climatic, hydraulic, geologic and human influence, and occur 

until equilibrium is reached. 

 

Therefore, as rain water falls through the atmosphere and reaches the earth‟s surface, 

it contains: 

 Dissolved gases, mineral and organic substances originating from 

gases, dust and other substances in the atmosphere; 

 Suspended soil particles from the dislodgment and erosion of the land 

as the rain runs over the ground surface; and 

 Mineral and organic matter from soil and underlying formations. 

 

Due to water‟s ability to readily uptake substances, it is essential that one is able to 

characterise the water quality.  In general, characteristics or quality of water can be 

grouped into four (4) main categories: 

 Microbiological quality; 

 Physical quality; 

 Chemical quality; and 

 Radiological quality. 

 

2.1.1.1 Microbiological Quality 

 

Microbiological quality of water is very important as it can affect the characteristics of 

water, with some microorganisms having the ability to cause disease and illness.  
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Microorganisms can be grouped into three (3) main types of microorganisms being 

bacteria, viruses and protozoa.  In most cases, the presence of microorganisms is a 

result of contamination, either directly or indirectly.  Table 2.1 provides information on 

different microorganisms, their transmission and resulting disease. 

Table 2.1:  Microbiological quality 

Microorganism Transmission Disease 

Bacteria  

Aeromonas Water Can aid in the infection of 

diseases 

Campylobacter Water or food Gastroenteritis 

Klebsiella Handling, especially in 

hospitals 

Can aid in the infection of 

diseases 

Legionella Aerosols Legionnaires' Disease 

Pseudomonas 

aeruginosa 

Faeces, soil, water and 

sewerage 

Generalized inflammation and 

sepsis 

Salmonella Faeces Gastroenteritis 

Shigella Faeces Bacillary dysentery 

Vibrio Water Cholera 

Protozoa  

Acanthamoeba Water and soil Encephalitis 

Cryptosporidium Water Diarrhoeal illness 

Giardia Food, soil and water Diarrhoeal illness 

Naegleria fowleri Water and soil Meningoencephalitis 

Toxic Algae  

Cyanobacteria 

(blue-green algae) 

Water Skin symptoms, asthma, 

gastroenteritis, liver damage 

and neuro-muscular disorders  

Viruses  

Adenovirus Faeces, water, aerosol and 

sewerage 

Pharyngitis, conjunctivitis, 

gastroenteritis 

Enterovirus Sewerage and faeces Gastroenteritis 

Hepatitis viruses Water, faeces and sewerage Hepatitis 

Norwalk virus Water and faeces Norovirus 

Rotavirus, Para-

Rotaviruses & 

Reovirus 

(Reoviridae) 

Faeces Rotavirus etc 
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2.1.1.2 Physical Quality 

 

People commonly rate the quality of water in regards to its appearance, taste, and 

odour.  Different substances can result in changes to the appearance, taste and odour 

of water and can occasionally indicate or shield other water quality issues.   Table 2.2 

provides details on common physical factors and the resulting impact on water 

distribution systems and consumers. 

Table 2.2:  Physical quality 

Substance or 

Characteristic 
Comments Impact 

Dissolved oxygen Low concentration allow 

growth of nuisance 

microorganisms 

Taste and odour problems, 

staining and corrosion 

Hardness as 

CaCO3 

Caused by calcium and 

magnesium salts 

Difficult to lather 

pH Extreme pH values may 

adversely affect health 

pH levels can affect 

corrosion rate, chlorine 

residual 

Taste and odour Usually caused by foreign 

matter including organic 

compounds, inorganic salts 

or dissolved gases 

May indicate undesirable 

contaminants such as algae 

or biofilm growth 

Temperature Usually dependent on 

surrounding temperature 

gradients 

Rapid changes can bring 

complaints 

Total dissolved 

solids 

Usually a result of nutrient 

runoff, general stormwater 

runoff and runoff from snowy 

climates 

Excessive scaling, corrosion 

and unsatisfactory taste 

True colour Usually caused from 

dissolved organic material 

from decaying vegetation 

and certain inorganic matter 

May affect aesthetic of the 

water 

Turbidity Results from the presence 

of suspended material 

May affect the aesthetics of 

the water and can shield 

microorganisms 

http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Stormwater
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2.1.1.3 Chemical Quality 

 

The chemical quality of water can be divided into inorganic and organic chemicals. 

 

Inorganic Chemicals 

 

Inorganic chemicals can be toxic and/or have adverse health effects on humans.  

Further, inorganic chemicals can possibly affect other characteristics of the water 

including appearance, taste and odour.  In general, the presence of inorganic 

chemicals may be a result of natural leaching of substances into water and human 

impacts on surface runoff due to land use activities.  Table 2.3 provides some common 

examples of inorganic chemicals and their impact on water quality. 

 

Table 2.3:  Inorganic chemicals 

Characteristic Comments Impact 

Ammonia (as NH3) May indicate sewerage contamination 

and/or microbial activity 

High levels may corrode 

copper pipes and fittings 

Arsenic From natural sources and 

mining/industrial/agricultural wastes 

Can cause a number of 

illnesses and diseases 

including cancer 

Asbestos From dissolution of minerals/industrial 

waste 

Can cause cancer over long 

term exposure 

Barium Primarily from natural sources May cause illnesses related to 

muscular, nervous and 

digestive system 

Beryllium From weathering of rocks, atmospheric 

deposition (burning of fossil fuels), 

discharges 

Causes pneumonia 

Boron From natural leaching of minerals and 

contamination 

May cause digestive illnesses 

Cadmium Indicates industrial or agricultural 

contamination; from impurities in 

galvanised (zinc) fittings, solders, and 

brasses 

Respiratory and digestive 

illnesses 
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Characteristic Comments Impact 

Chromium  

(as Cr(VI)) 

From industrial/ agricultural 

contamination of raw water 

Can inhibit the effective of 

insulin 

Copper From leaching of ore deposits High amounts can be toxic 

Cyanide From industrial wastes and some plants 

and bacteria 

Acutely toxic 

Fluoride Occurs naturally in some water from 

fluoride-containing rocks 

 

Hydrogen sulphide Formed in water by sulfate-reducing 

microorganisms or hydrolysis of soluble 

sulphide under anoxic conditions 

Obnoxious “rotten egg” odour 

Iron Occurs naturally in water Can stain fixtures and affect 

taste. 

Lead Occurs in water via dissolution from 

natural sources 

Can cause serious illness or 

death. 

Manganese Occurs naturally in water, low in surface 

water and higher in oxygen depleted 

water 

Can cause brownish colour 

and medicinal taste. 

Mercury Very low concentration occur naturally 

and higher concentration from industrial 

emissions/spills 

Can cause nervous and 

reproductive system disease 

Nitrate (as nitrate) Occurs naturally with increasing amounts 

in some waters (particularly ground 

water) from intensive farming and 

sewerage effluent 

Has caused methemo-

globinemia 

Nitrite (as nitrite) Rapidly oxidising to nitrate Has caused methemo-

globinemia 

Selenium Generally very low concentrations in 

natural water 

Can affect the integumentary 

system 

Sodium Natural component of water Can affect people suffering 

from heart, kidney or 

circulatory ailments. 

Sulfate Natural component of water from 

leaching of natural deposits 

Can have a laxative effect. 

Zinc Natural component of water, particularly 

where ore deposits are mined 

Can impart an undesirable 

taste 
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Organic Chemicals 

 

Some organic chemicals in water may be toxic, cause disease or illness and affect the 

aesthetic quality of water.  Again, organic chemicals may be a result of natural or 

human activities as detailed in Table 2.4. 

 

Table 2.4:  Organic chemicals 

Characteristic Comments Impact 

Benzene Occurs from atmospheric deposition 

and chemical plant effluent 

May cause a number of 

illnesses 

Chlorobenzene Could occur in water from spills or 

discharges 

Affects taste/odour 

Dichlorobenzenes Could occur in water from spills, 

discharges, atmospheric deposition, 

leaching from contaminated soils 

Can affect liver and skin 

Dichloroethanes Could occur in water from industrial 

effluent, spills, and discharges 

Little known about the effects 

Dichloroethenes Found occasionally in ground water 

from wells heavily contaminated by 

solvents 

Increases the risk of cancer 

Dichloromethane Widely used solvent, commonly 

found in ground and surface waters 

Can cause gastrointestinal 

irritation, nausea, vomiting, and 

diarrhoea 

Ethylenediamine 

tetraacetic acid 

Metal-complexing agent widely used 

in industry and agriculture, and as a 

drug in chelation therapy 

Can cause reproductive and 

developmental effects 

Nitrilotriacetic acid Chelating agent in laundry 

detergents which may enter though 

sewerage contamination 

Can affect the kidney 

Plasticisers Could occur in water from spills Can affect reproductive organs 

Polycyclic aromatic 

hydrocarbons 

Contamination can occur through 

atmospheric deposition, or leaching 

from bituminous linings in distribution 

systems 

Known to be a carcinogen 
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Characteristic Comments Impact 

Toluene Occurs naturally in petrol and natural 

gas, forest fire emissions and could 

occur in water from atmospheric 

deposition, industrial contamination, 

leaching from protective coatings in 

storage tanks 

Reported to cause severe 

depression and death 

Trichlorobenzenes Industrial chemical Reported to have caused 

changes in haematological 

parameters 

Trichloriethane Could occur in water from 

contamination/spills 

Can cause problems with the 

liver and increase the chances 

of getting cancer 

Trichloroethylene Industrial solvent, cleaning fluid, 

metal degreaser which could occur in 

water from direct contamination or 

via atmosphere contamination of rain 

water 

Causes burning sensation and 

reported to cause depression 

Vinyl chloride From chemical spills Highly toxic, commonly known 

as a carcinogen 

Xylene Could occur in water as a pollutant, 

or from solvent used for bonding 

plastic fittings 

Can affect the neurological 

system 

 

2.1.1.4 Radiological Quality 

 

If water comes into contact with radiation, it is possible that radiation contamination 

may occur.  Common radiation contamination is a result of the presence of naturally 

occurring radioisotopes, some type of enhancement of natural levels and artificial 

radioactive nuclides.  The most significant health effect as a result of radiation 

exposure is cancer. 
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2.1.2 Contaminants/Pollutants 

 

Contaminants and/or pollutants can arise from differing sources and can have the 

ability to contaminate aquifers and surface waters.  When assessing and 

understanding the effect that contaminants can have on a water source, it is important 

to acknowledge the source type, the loading history and the degree of localisation. 

 

2.1.2.1 Source Types 

 

Contaminants can occur naturally in the environment or be added directly or indirectly 

to the water source through an activity, process or industry.  It is also possible that 

some naturally occurring contaminants may be exacerbated by human activity. 

 

2.1.2.2 Contaminant Loading 

 

Contaminant loading describes how the contaminant flow occurs over time.  Loading 

includes: 

 Pulse loading – a single spill of contaminant due to an accident; 

 Continuous source loading – long term leakage of contaminant from a 

source (e.g. pipeline, storage facility, leaching from waste facility); 

 Continuous source loading with reducing concentration – 

biodegradation of an existing site; and 

 Continuous source loading changing concentration – contamination 

where inputs and contaminant varies with time. 

 

2.1.2.3 Degree of Localisation 

 

The degree of localisation refers to whether the contaminant source is introduced as a 

point or non-point source.  Point sources include single point discharge (e.g. spills and 

waste dumps from network systems), where non-point sources refer to multiple 
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discharge points (e.g. for example the application of fertilisers or insecticides over large 

areas). 

 

2.1.3 Water Treatment 

 

For raw water to be utilised as a water supply, it is vital that the quality of the water 

meets drinking water guidelines that are set.  In Australia, drinking water guidelines are 

defined in the Australian Drinking Water Guidelines 2004.  To ensure these drinking 

water standards are met, source waters usually require some level of treatment.  The 

degree of treatment will depend on the quality of the source water.  Figure 2.2 provides 

a generic water treatment process schematic from source water collection to 

distribution to the consumer. 

 

 

Figure 2.2:  Water treatment process 

Reprinted from AWWA M58 – Internal Corrosion Control in Water Distribution Systems, 

by permission. Copyright © 2011, American Water Works Association.  
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It is understandable that the testing and monitoring of all substances and/or organisms 

cannot be monitored continuously, however, it is expected drinking water providers 

have in place an appropriate monitoring regime of key water quality parameters relative 

and important to the individual water supply system.  Table 2.5 provides the health and 

aesthetic guidelines, as stated in the Australian Drinking Water Guidelines 2004, of 

some commonly tested water characteristics. 

 

Table 2.5:  Health and aesthetic guidelines for commonly monitored substances 

and organisms 

Characteristic Health Guideline Value Aesthetic Guideline Value 

Chlorine 5 mg/L 0.6 mg/L 

E. coli 0  

Hardness (as CaCO3)  200 mg/L 

Iron  0.2 mg/L 

Manganese 0.5 mg/L 0.1 mg/L 

Nitrate 50 mg/L  

Nitrite 3 mg/L  

pH  6.5 – 8.5 

Total dissolved solids  500 mg/L 

Turbidity  5 NTU 

 

2.1.4 Water Distribution System 

 

Following treatment, water enters the water distribution system, which consists of a 

network of pipes, pumps, valves and other supporting infrastructure.  In addition to the 

piping, tanks and reservoirs are used as storage facility within the distribution system to 

ensure treated water is available for fluctuating demands.  These fluctuating demands 

include the varying usage of treated water for commercial, industrial, residential and 

fire protection customers.  Tanks and reservoirs can be an underground concrete/brick 

structure, elevated tanks or towers, or an open reservoir. 
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Within the distribution system, varying size piping or mains are used for specific 

purposes.  Transmission mains are the largest piping followed by distribution mains 

and service lines.  Transmission mains transport large amounts of water over long 

distances and are likely to provide a link between the treatment plant and the 

reservoirs.  Distribution mains are smaller than transmission mains and are the 

transition to delivering water to the customer consisting of piping, elbows, tees, wyes, 

crosses and other fittings.  There are various off-takes from the distribution mains 

including fire hydrants, isolation valves, control valves, blow-offs and other apparatus.  

Service lines are also connected to distribution mains and convey water to the 

customer, which can include household services, multiple/commercial/industrial 

services and fire services.  Pump stations can also be a component of the distribution 

system as they transport water from a low level to a high level. 

 

As water is transported within the distribution system, there are opportunities for the 

water quality to change and this is primarily through the reaction between the treated 

water and the pipe (bulk water phase) and the pipe wall.  Figure 2.3 and Figure 2.4 

illustrates some of the reactions that can occur as treated water moves between the 

treatment plant and the customer. 

 

 

Figure 2.3:  Chemical and microbiological transformations at the pipe wall 

Reprinted from Modeling Water Quality in Drinking Water Systems by permission. 

Copyright © 1998, American Water Works Association. 

 



 

- 15 - 

 

Figure 2.4:  Microbiological and chemical transformation in drinking water 

Reprinted from Modeling Water Quality in Drinking Water Systems by permission. 

Copyright © 1998, American Water Works Association. 

 

2.1.5 Disinfection 

 

As part of the water treatment process, source water is usually disinfected to remove, 

inactive or kill pathogenic or disease causing microorganisms. 

 

There are several desirable characteristics of disinfectants including: 

 Ability to penetrate and destroy infectious agents under normal 

operating conditions; 

 Lack of characteristics that could be harmful to people and the 

environment; 

 Safe and easy handling, shipping and storage; 

 Absence of toxic residuals, such as cancer-causing compounds, after 

disinfection; and 

 Affordable capital, operational and maintenance costs. 
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2.1.5.1 Main Types of Disinfection 

 

The main types of disinfection include: 

 Chlorine (Cl2); 

 Monochloramine (NH2Cl); 

 Chlorine Dioxide (ClO2); 

 Ozone (O3); and 

 Ultraviolet Light (UV). 

 

The following provides an overview of each type of disinfection practise, its advantages 

and disadvantages. 

 

Chlorine (Cl2) 

 

Chlorine is one of the most well established and widely used disinfectants.  Chlorine is 

a very reactive element, causing it to quickly form compounds with other substances 

and it is this property that allows chlorine to be extremely reliable and effective against 

most microorganisms.  Chlorine can be highly corrosive and toxic and in addition forms 

by-products. 

Monochloramine (NH2Cl) 

 

Monochloramine is a relatively weaker disinfectant than chlorine, due to the reaction 

mechanism being slower.  An advantage of monochloramine for disinfection use is it 

can be used when free chlorine residuals are difficult to maintain, resulting in little to no 

disinfection by-products.  Monochloramine can be used to improve odour and flavour of 

the water when used as a disinfectant. 
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Chlorine Dioxide (ClO2) 

 

Chlorine dioxide is a very strong oxidiser and effectively kills pathogenic 

microorganisms, however it is not as reactive as chlorine.  The use of chlorine dioxide 

results in fewer by-products as compared to chlorine, however can be costly to 

implement and maintain. 

 

Ozone (O3) 

 

Ozone is a strong oxidizing agent with the greatest oxidation potential of all the 

disinfectants.  An advantage of ozone is that it forms almost no by-products, however it 

can be difficult to maintain an effective concentration through the system and requires 

large equipment to allow ozone generation. 

 

Ultraviolet Light (UV) 

 

UV radiation has the ability to penetrate the genetic material or cell wall of a 

microorganism, causing cellular death and the inability to reproduce.  UV radiation has 

little to no residual action and can only sterilise effectively when the water is clear. 

 

2.1.6 Chlorine Disinfection 

 

Chlorine is a widely used disinfection method.  It can be introduced in the form of 

chlorine gas, sodium hypochlorite, calcium hypochlorite and other compounds.  When 

chlorine gas is dissolved in water, the rapid reaction (few tenths of a second) forms 

hypochlorous acid and hydrochloric acid (HCl) as shown below. 
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Cl2 + H2O  HOCl + HCl (2.1) 

HOCl  H+ + OCl- (2.2) 

where 

 Cl2 = chlorine 

 H2O = water 

 HOCl = hypochlorous acid 

 HCl = hydrochloric acid 

 H+ = hydrogen 

 OCl- = hypochlorite 

 

Hypochlorous acid is a weak acid, which means it tends to undergo partial dissociation.  

During partial dissociation, hypochlorous acid forms hypochlorite acid and hypochlorite 

ion concentrations in aqueous solution and is referred to as Free Available Chlorine.  

Molecular chlorine is also considered to be Free Available Chlorine, but it is not usually 

found in detectable concentrations at the pH of most water treatment practises. 

 

The fractioning of free available chlorine between hypochlorous acid and hypochlorite 

ion is a function of both pH and temperature.  At lower pH (acidic) a higher proportion 

of free available chlorine is present as hypochlorous acid. 

 

Chlorine reacts with other substances present in natural waters such as organic 

materials, reduced metals, sulphides, bromide ions, organic and inorganic nitrogenous 

compounds.  The amount of chlorine consumed during reactions with dissolved or 

suspended substances in referred to as the Chlorine Demand. 

 

By accounting for the components of chlorine identified in the equations, the original 

chlorine dose can be accounted for in the following manner:  In Equation 2.3, the 

organic and inorganic chloramines are called Combined Chlorine. 

 

Chlorine Dose = Free Chlorine + Combined Chlorine + Chlorine Demand (2.3) 
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2.1.6.1 General Practise 

 

Table 2.6 provides an outline on the general practise of using chlorine for disinfection. 

 

Table 2.6:  Chlorine disinfection general practise  

Treatment Purpose 

Prechlorination Involves the addition of chlorine at the beginning of the treatment 

process.  This step aids oxidation of inorganics, removal of tastes and 

odours, coagulation and controls algae growth during the treatment 

processes to follow. 

Primary 

Disinfection 

Involves the addition of chlorine to protect against potential pathogens in 

the source water. 

Breakpoint 

Chlorination 

Involves the addition of chlorine until the chlorine demand has been 

satisfied such that free chlorine residual is detected. 

Residual 

Chlorination 

Involves maintaining chlorine residual in the water throughout the water 

distribution system. 

Superchlorination Involves the addition of an extra-large dose of chlorine for a short period 

followed by dechlorination. 

Intermittent/Booster 

Chlorination 

Involves the addition of chlorine for a short time periodically to control 

growths within the distribution system. 

 

2.1.6.2 Effectiveness of Chlorination 

 

The effectiveness of chlorine disinfection is commonly dependent on the following: 

 Disinfectant dose; 

 Chlorine demand of the water; 

 Contact time; 

 Mixing of chlorine with microorganism; 

 Water temperature and pH during disinfection; and 

 Type, nature and concentration of the microorganism. 
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2.1.6.3 Chlorine Decay 

 

As chlorine disinfectant reacts with substances found in the bulk fluid, pipe wall and 

other infrastructure found in the distribution system, the chlorine concentration will 

decay or reduce to point where it is minimal or even zero.  This can result in issues with 

microbiological quality of the treated water when it reaches the customer and therefore 

the residual chlorine levels need to be monitored and controlled to ensure adequate 

chlorine disinfectant reaches all areas of the distribution system, especially the 

extremities.  Adequate supply of disinfectant to the distribution system can be achieved 

in a number of ways including: 

 Increasing chlorine disinfectant dosage at the treatment plant; and/or 

 Installing chlorine booster stations at appropriate and strategic 

locations throughout the distribution system. 

 

According to the Australia Drinking Water Guidelines, developed by the Australian 

Government National Health and Medical Research Council, generally the minimum 

chlorine residual level should be between 0.2 mg/L and 0.5 mg/L.  Therefore, 

appropriate disinfection dosage is required to maintain the residual requirement, while 

ensuring chlorine concentration does not reach levels that can lead to customer 

complaints regarding taste and smell. 

 

2.1.6.4 Effect of Pipe Material and Deposits on Chlorine Disinfectant 

Consumption 

 

The study by Holt et al (1998) demonstrated the impact of pipe materials and deposits 

on disinfectant consumption in distribution systems by tested various materials 

including grey and ductile iron, bitumen, cement and epoxy lined ductile iron, 

polyvinylchloride (PVC) and polyethylene.  The study revealed that chlorine disinfectant 

consumption on pipe materials from highest to lowest was grey iron and ductile iron, 

bitumen lined ductile iron, cement lined ductile iron, epoxy lined ductile iron, PVC and 

polyethylene. 
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Holt et al (1998) also found that corroded pipe surfaces were highly reactive with 

chlorine and that biofilm had a measurable effect on oxidant consumption, but was only 

significant with low oxidant demand materials (polyethylene, cement).  This may be a 

result of biofilm limiting the number of reactive sites available to the oxidant.  Biofilm 

growth was found to increase the disinfectant demand for all surfaces, except for the 

corroded surfaces, as the presence of biofilm decreases the disinfectant decay, due to 

change of corroded surfaces characteristics by accumulated bacteria and organic 

molecules.  Corrosion by-products and corroded surfaces were highly reactive with 

chlorine and chloramine, reinforcing the need for corrosion control in drinking water 

distribution systems. 

 

2.1.6.5 Disinfection By-Products Resulting from Chlorine Disinfection 

 

Disinfection by-products form within drinking water treatment plants and distribution 

systems when organic, mineral and microbiological matter react with the chlorine 

disinfectant. 

 

The formation of disinfection by-products, related to chlorination, depend on the 

characteristics of the source water and the treatment process, including but not limited 

to: 

 Quantity of organics in source water; 

 Chlorine disinfection dose and contact period; 

 Water temperature and pH during chlorination; and 

 Pre-disinfection treatment processes. 

 

2.1.7 Biofilm 

 

It is possible for biofilms to form on a wide variety of surfaces, including: 

 Living tissues; 

 Indwelling medical devices; 
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 Industrial or potable water system piping; and 

 Natural aquatic systems. 

 

Biofilm has a negative effect in water distribution systems as its presence: 

 Increases fluid frictional resistance within pipelines; 

 Affects operation of distribution system; 

 Reduces overall performance of the distribution system; 

 Increases the occurrence of corrosion within pipelines, tanks etc; 

 Leads to contamination of treated water; and 

 Can shield pathogens. 

 

Biofilm generally consists of an assemblage of microbial cells attached firmly to a 

surface and difficult to remove.  The immobilized cells then grow, multiple and produce 

extracellular polymers, which often extend from the cell forming a tangled matrix of 

fibres.  Further the coverage of biofilm on a surface can be both uniform and irregular, 

and may also trap minerals, corrosion products, sand, clay, silt and other non-cellular 

particles. 

 

2.1.7.1 Biofilm Systems 

 

Biofilm systems consist of a maximum of five (5) compartments including and 

illustrated in Figure 2.5: 

 Substratum; 

 Biofilm base film; 

 Biofilm surface film; 

 Bulk liquid or liquid layer; and 

 Overlying gas layer. 
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Figure 2.5:  Biofilm compartments (De Beer et al, 2004) 

 

Substratum 

 

The substratum is the support surface for the biofilm and plays a major role in biofilm 

processes.  The substratum may influence initial cell population and cell accumulation. 

 

Biofilm base film 

 

The biofilm base film is the structured component of the biofilm and forms the 

foundation for the surface film to attach. 

 

Biofilm surface film 

 

Attached to the biofilm base film is the surface film, which can be thread-like or in some 

cases barely exists.  This film differentiates between the biofilm base film and the bulk 

liquid or liquid layer. 

 

 



 

- 24 - 

Bulk Liquid 

 

The bulk liquid or liquid layer allows the transfer of substance, heat and mass to the 

biofilm.  The rate at which this transfer occurs is dependent on flow dynamic and 

geometry. 

 

Gas Space 

 

The gas space does not always exist, however when it does, it allows the exchange of 

microbiological gaseous products between gases and the bulk liquid. 

 

2.1.7.2 Biofilm Growth 

 

Characklis et al (1990) identified up to eight (8) processes in the development of 

biofilms.  These eight (8) processes are generally reduced to three (3) main processes: 

 Attachment of biofilm to a surface; 

 Growth and development of biofilm; and 

 Detachment of biofilm. 

 

Attachment of Biofilm to a Surface 

 

Attachment of biofilm to a surface occurs when bacteria is transported via the bulk 

liquid compartment and is captured and/or entrapped on the biofilm. 

 

It has been found that the characteristic of the substratum can impact on the rate of 

attachment.  In particular, Characklis et al (1990) found that the rate of attachment 

appeared to increase when surface roughness increased.  Attachment can also be 

dependent on the type of material and any conditioning film that might be present. 

 

http://141.150.157.117:8080/prokPUB/chaphtm/267/01_00.htm##
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As mentioned, fluid dynamics can influence the rate, form and extent of biofilm growth.  

It has been found that in flow where mixing is promoted, resulting in positive nutrient 

supply, an increase in growth rate is observed.  Laminar flow results in the formation of 

large biofilm clusters, whilst turbulent flow tends to result in large biofilm clusters which 

become lengthened due to the high shear stress.   

 

Table 2.7 provides an overview on the parameters that impact on cell attachment and 

biofilm formation. 

 

Table 2.7:  Parameters that impact on cell attachment and biofilm formation 

Properties of the 

Substratum 

Properties of the Bulk Fluid Properties of the Cell 

Texture or roughness 

Hydrophobicity 

Conditioning film 

Flow velocity 

pH 

Temperature 

Cations 

Presence 

Cell surface hydrophobicity 

Fimbriae 

Flagella 

Extracellular polymeric 

substances of antimicrobial 

agents 

 

Detachment of Biofilm 

 

Detachment of biofilm tends to be a result of the physical forces that the cells are 

subjected to and the nature of detachment depends on the type of force.  A number of 

studies have identified that detachment is usually in the form of erosion, sloughing or 

abrasion. 

 

2.1.7.3 Types of Biofilm 

 

There are various types of biofilm that can occur in natural environments and in 

industry.  In regards to drinking water distribution systems, biofilms tend to be a mixture 

of bacterial and fungal biofilm. 



 

- 26 - 

 

2.1.7.4 Problems Associated with Biofilms 

 

Within the natural environment, biofilms have been found to be beneficial, however 

their presence in the distribution systems can result in fouling, where the biofilm or 

unwanted material negatively impacts on the operation and performance of equipment 

within a system or plant.  Table 2.8 provides examples of the processes relative to 

drinking water drinking systems and the resulting consequences of fouling on these 

processes. 

 

2.1.8 Corrosion 

 

Corrosion is a natural electrochemical process, where a material and/or its properties 

deteriorate, disintegrate and degrade as a result of chemical reactions with its 

surrounds and environment.  In drinking water distribution systems, corrosion can 

occur on metal pipes, metal fixtures and cement lining in pipes and can result in: 

 Inability to provide safe drinking water; 

 Inability to provide affordable drinking water; 

 Increases in pumping costs; 

 Loss of water pressure due to leaks; 

 Shielding of microorganisms; 

 Suitable environment for microorganism reproduction; 

 Customer complaints; and 

 Reduced public confidence in treated water supply. 
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Table 2.8:  Processes and consequences of fouling 

Process Consequence 

Biofilm accumulation in water and 

wastewater conduits, in porous media 

and on ship hulls 

Increased fluid frictional resistance 

Energy losses 

Reduced performance 

Pitting and general corrosion 

Product contamination 

Pathogen reservoirs 

Accelerated corrosion due to microbial 

processes at the biofilm-substratum 

interface 

Material deterioration 

Reduced equipment lifetime 

Biofilm accumulation in drinking water 

distribution systems 

Decrease in water quality 

Increased health risks 

Pitting and general corrosion 

 

Table 2.9 details common complaints as a result of corrosion and the possible causes.  

It is important to note that these complaints may not always be caused by corrosion. 

Table 2.9:  Typical customer complaints caused by corrosion 

Customer Complaint Possible Cause 

Red water or reddish-brown 

staining of fixtures & laundry 

Corrosion of iron pipes or presence of iron in 

source water 

Bluish stains on fixtures Corrosion of copper lines 

Black water lines Sulphide corrosion of copper or iron 

Foul taste or odours By-products from microbial activity 

Loss of pressure Excessive scaling, tubercules building up from 

pitting corrosion, leaks in system from pitting or 

other types of corrosion 

Lack of hot water Build-up of mineral deposits in hot water system 

(can be reduced by setting thermostat to under 

140°F) 

Short service life of household 

plumbing 

Rapid deterioration of pipes from pitting or other 

types of corrosion 

(U.S. Environmental Protection Agency, 1984) 
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Various studies have been completed to investigate the cost implication of corrosion to 

society.  In a study completed by the CSIRO (2011) it was found that corrosion costs 

Australia about 2% of the Gross Domestic Product (GDP).  Between 1999 and 2001 

CC Technologies Laboratories Inc., with the support from the Federal Highway 

Administration and NACE International, compiled a study entitled “Corrosion Costs and 

Preventive Strategies in the United States,” which investigated the cost of corrosion on 

whole in various industry sectors.  It was found that the total annual estimated direct 

cost of corrosion in the U.S. is $276 billion which equates to approximately 3.1% of the 

nation‟s GDP.  Five (5) nominated industry sectors were considered for the purpose of 

the study including infrastructure, utilities, transportation, production and 

manufacturing, and government.  Water distribution systems were defined under the 

utility sector, which also included sewer systems, gas distribution, electricity distribution 

and telecommunications of which this sector accounted for a total of $47.9 billion.  

Corrosion costs encountered in the water distribution division included expenditure for 

replacing aging infrastructure, lost water from unaccounted-for leaks, corrosion 

inhibitors, internal mortar linings, external coatings, and cathodic protection. 

In order to reduce the cost incurred as a result of corrosion in the water distribution 

industry, it is essential that better corrosion management and preventative strategies 

are implemented such as but not limited to: 

 Increase awareness and improve education on the corrosion process; 

 Implement procedures and practices to better control corrosion; 

 Develop understanding of distribution systems and impact of 

corrosion; and 

 Develop tools to predict corrosion problem areas. 

 

2.1.8.1 Corrosion Process 

 

Obviously, corrosion and the effect of corrosion are very important in the water utility 

industry and therefore it is necessary to understand the process involved during 

corrosion, to attempt to reduce the effect of corrosion and its after products. 

 

As mentioned, corrosion is an electrochemical process where a material and/or its 

properties deteriorate, disintegrate and degrade, as a result of chemical reactions with 
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its surround and environment.  For the corrosion process to occur there are four (4) 

main requirements (Figure 2.6): 

 Variation of electric potential (Figure 2.7); 

 Moisture to act as an electrolyte; 

 An oxidising agent; and 

 An electric path in the metal for electron flow. 

 

 

Figure 2.6: Features of an electrochemical cell 

(http://www.corrosionsource.com/) 

 

 

Figure 2.7: Potential differences on an exposed metallic surface 

(http://www.corrosionsource.com/) 
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2.1.8.2 Corrosion Forms 

 

Depending on the plumbing material, scale and oxide film formation on the plumbing 

material and hydraulic condition with in the water system, various types of corrosion 

can occur.  The different forms of corrosion are primarily influenced by the distribution 

of anodic and cathodic areas over the corroding material.  Corrosion forms include: 

 Uniform corrosion; 

 Galvanic corrosion; 

 Pitting corrosion; 

 Concentration cell corrosion; 

 Tuberculation; 

 Crevice corrosion; 

 Erosion corrosion; 

 Cavitation corrosion; 

 De-alloying or selective leaching; 

 Graphitization; 

 Stress corrosion; 

 Microbiologically induced corrosion; and 

 Stray current corrosion. 

 

2.1.8.3 Characteristics Affecting Corrosion 

 

Corrosion is both a thermodynamic and kinetic process, therefore properties of the 

water passing through a water pipe or device can influence the rate of corrosion.  The 

properties that affect the rate of corrosion include, however are not limited to: 

 Physical; 

 Velocity; 

 Temperature; 
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 Manufacturing induced characteristics; 

 Chemical; 

 pH; 

 Alkalinity; 

 Concentration of dissolved oxygen; 

 Chlorine residual; and 

 Microorganisms. 

 

Velocity 

 

In general, the higher the velocity, the higher the corrosion rate, however ranging 

velocities can affect corrosion rates in many ways.  Extremely low velocity flows may 

cause corrosion in water systems, due to the stagnant flows in water mains and 

household plumbing, and may promote tuberculation corrosion, pitting corrosion and 

biological growth.  Stagnant flows allow enough contact time for metal pickup from the 

plumbing material to the water and as a result, red water complaints are common with 

low velocity/stagnant flows. 

 

Lytle et al (2000) found that metal levels rapidly increased with respect to stagnation 

time.  High flow velocities can assist the formation of protective coatings by effectively 

diffusing the protective ingredients to the metal surface.  However, high flow velocities 

can mechanically remove the protective wall coating and pipe material, resulting in 

erosion corrosion or impingement attack.  High velocity flow increases the rate at which 

dissolved oxygen comes in contact with pipe surfaces, which can affect corrosion rates 

due to oxygen‟s involvement in the corrosion chemical reactions. 

 

Temperature 

 

Temperature effects are complex and are dependent on water chemistry and plumbing 

material present in the water system.  However, it is known rates of chemical reactions 

tend to double for every 10°C increase in temperature.  Theory predicts that corrosion 
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rates increase with temperature and these effects can be observed during controlled 

experiments, however, in practise these effects are less noticeable.  Volk et al (2000) 

studied the effect of temperature on the corrosion of iron in water, which clearly 

demonstrated that corrosion increased as a function of temperature, as shown in 

Figure 2.8. 

 

Figure 2.8:  Water temperature and corrosion rates measured at the treatment 

plant and the distribution system (Volk et al, 2000) 

 

Manufacturing Induce Characteristics 

 

Processes that take place during manufacture of plumbing materials can affect the 

performance of the plumbing material, particularly in regards to corrosion and durability 

of the material.  Characteristics of manufacture (e.g. thin, improper, uneven 

galvanising, poor welding and rough interior finish) can induce specific types of 

corrosion. 

 

Chemical Factors Affecting Corrosion 

 

Dissolved substances in water have an important effect on corrosion and the control of 

corrosion.  Table 2.10 lists several dissolved substances that have seen to affect 

corrosion within water systems.  In general, disinfectant residuals increase corrosion 

rates, with monochloramine found to be less aggressive than free chlorine.  However, if 

the corrosion is microbially induced, higher disinfectant residuals may decrease 

corrosion.  Studies completed by Cantor et al (2003) on iron illustrated that chlorine 
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increased the corrosivity of water in contact with iron and the addition of 

orthophosphate brought the iron concentration back down to the level of untreated 

water as shown in Figure 2.9. 

 

 

Figure 2.9:  Iron concentration for untreated, chlorinated and chlorinated plus 

orthophosphate water (Cantor et al 2003) 

 

Figure 2.10 provides an example of how three (3) parameters affect corrosion rate in 

drinking water distribution systems. 

 

 

Figure 2.10:  Parameters affecting corrosion 
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Table 2.10:  Chemical factors influencing corrosion and corrosion control 

Factor Effect 

pH Low pH may increase corrosion rate 

High pH may protect pipes and decrease corrosion rates 

Alkalinity 

Dissolved inorganic 

carbon 

May help form protective coating 

Helps control pH changes 

Low to moderate reduces corrosion of most materials 

Dissolved oxygen Increases rate of many corrosion reactions 

Chlorine residual Increases metallic corrosion 

TDS High TDS increases conductivity and corrosion rate 

Hardness (Ca and Mg) Ca may precipitate as CaCO3 providing protection and 

reduce corrosion rates 

May enhance buffering effect in conjunction with alkalinity 

and pH 

Chloride, sulfate High levels increase corrosion of iron, copper and 

galvanised steel 

Hydrogen sulphide Increases corrosion rates 

Ammonia May increase solubility of some metals 

Polyphosphates May reduce tuberculation of iron and steel, and provide 

smooth pipe interior 

May enhance iron and steel corrosion at low dosages 

Attacks and softens cement linings and A-C pipe 

Increases the solubility of lead and copper 

Natural colour, organic 

matter 

May decrease corrosion by coating pipe surfaces 

Some organics can complex metals and accelerate 

corrosion or metal uptake 

Iron, zinc and 

manganese 

May react with compounds on interior of A-C pipe to form 

protective coating 

Copper Causing pitting in galvanised pipe 

(Pontius, 1990) 
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Microorganisms 

 

The physical presence and the metabolic activities of microorganisms, which are 

attached to a surface, have the ability to affect corrosion behaviour.  This type of 

corrosion is referred to as biocorrosion or microbiologically influenced corrosion. 

 

Sulfate-reducing bacteria has generally been considered the most frequent cause of 

biocorrosion, however, a microorganism can have many other affects in regards to 

corrosion.  These include: 

 Influence of gradients and patchiness on corrosion; 

 Low molecular weight extracellular products; 

 Hydrogen embrittlement; 

 Inactivation of corrosion inhibitors; 

 Sulfate-reducing bacteria; 

 Extracellular polymeric substances; and 

 Cell death. 

 

2.1.8.4 Influence of Gradients and Patchiness on Corrosion 

 

The attachment, existence and growth of biofilm on a metal surface have the ability to 

alter the electrochemical process in regards to corrosion.  Prior to microbial cells 

attaching to a metal surface, a film of organic material is transferred from the bulk liquid 

compartment and adsorbed on the surface.  This film affects the corrosion potential of 

the metal and interfacial free energy of the material. 

 

Patchy establishment of biofilm on the metal surface can result in differential aeration 

cells and subsequent potential differences of the material.  These potential variations 

allow current flows which aid corrosion processes as shown in Figure 2.11. 
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Figure 2.11:  Patchy establishment affecting corrosion (Dreeszen, 2011) 

 

2.1.8.5 Low Molecular Weight Extracellular Products 

 

Organic acids that are secreted from biofilm can affect the potential difference between 

anodes and cathodes and therefore increase the tendency for corrosion to occur. 

 

2.1.8.6 Hydrogen Embrittlement 

 

Biofilm may produce hydrogen gas, which can result in hydrogen embrittlement, where 

the metal becomes brittle and may crack. 

 

2.1.8.7 Inactivation of Corrosion Inhibitors 

 

Microorganisms have the ability to degrade compounds that are used as corrosion 

inhibitors.  As a result, the inhibitor is not as effective at controlling corrosion and so 

corrosion can occur. 

 

 



 

- 37 - 

2.1.8.8 Sulfate-Reducing Bacteria 

 

Sulfate-reducing bacteria are those bacteria that sustain their energy by organic 

nutrients.  In particular, sulfate-reducing bacteria reduces sulfates to sulfides and 

oxidizes organic compounds.  Sulfate-reducing bacteria are commonly regarded as the 

type of bacteria that most likely cause biocorrosion. 

 

2.1.8.9 Extracellular Polymeric Substances 

 

As mentioned, prior to microbial cells attaching to a metal surface, a film of organic 

material is transferred onto the surface.  This film or extracellular polymer can trap 

metal species and corrosion products and reduce the effect of corrosion inhibitors. 

 

2.1.8.10 Cell Death 

 

Even after cell death, the extracellular products included in the biofilm can result in 

differential aeration cells and subsequent potential differences of the material.  This is 

important to note, as in most cases the control of microorganisms is through the killing 

or inactivation of these cells, however, this practice may not completely eliminate the 

impact of biofilm on corrosion and the complete removal of the biofilm may be required. 

 

2.2 Assessment Technologies 

2.2.1 Chlorine Disinfectant Residual Assessment Technologies 

 

Generally, chlorine residual is assessed using the diethyl-р-phenylenediamine (DPD) 

method.  According to the Standard Methods for the Examination of Water and 

Wastewater, the DPD method for measuring chlorine residual uses a colorimetric 

device which is calibrated for various concentrations of known chlorine with added DPD 

indicator.  Then the DPD indicator is added to the unknown chlorine concentration 

sample and through the calibrated colorimetric device, the chlorine concentration of the 

sample can be determined. 
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Chambers et al (1995) investigated the chlorine decay in water distribution systems 

through sampling at various locations within the distributions systems and analysing 

the water for free and total chlorine concentration.  Water samples were collected in 

demand-free brown glass Winchester bottles for analysis via the DPD method. 

 

Codony et al (2002) also utilised the DPD method to measure free and total chlorine 

concentration, during their research of the effect of chlorine, biodegradable dissolved 

organic carbon and suspended bacteria on biofilm development in drinking water 

systems. 

 

Many other authors have utilised the DPD method including however not limited to 

Jegatheesan et al (2003), Powell et al (2000), Hua et al (1999) and Van Der Wende et 

al (1989). 

 

2.2.2 Biofilm Assessment Technologies 

2.2.2.1 Biofilm Experimental System and Assessment Reactors 

 

Three (3) commonly used reactor types are available for biofilm experimental systems 

including: 

 Continuous flow stirred tank reactor (CFSTR) in which no 

concentration gradients exist within the liquid volume; 

 Plug flow reactors in which reactants and products move as a „plug‟ 

from inlet to outlet; and 

 Batch reactors with no inputs or outputs. 

 

CFSTR are commonly used as the bulk liquid or environmental condition are uniform 

and therefore simplifies the nature of the bulk liquid and the processes that occur 

within.  The configuration of the CFSTR experimental system allows for easy 

replication and comparison of experimental results. 
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The plug flow reactor considers the movement of reactants as microorganisms are 

continuously fed to the reactor, where growth and other processes occur, and then the 

liquid is allowed to leave in the direction of flow. 

 

The batch reactor does not have any inputs or outputs, but rather is fed with liquid 

containing microorganisms, which eventually reduce and by-products remain. 

 

2.2.2.2 Monitoring of Biofilm Accumulation and Activity 

 

The measurement of biofilm quantity to determine biofilm accumulation and activity can 

be grouped into four (4) main methods: 

 Direct measurement of biofilm quantity (mass and thickness); 

 Indirect measurement of biofilm quantity using specific biofilm 

constituents; 

 Indirect measurement of biofilm quantity by determining microbial 

activity within the biofilm; and 

 Indirect measurement of biofilm quantity: effects on biofilm transport 

properties. 

 

Depending on the investigation of the biofilm will influence the type of analysis that is 

chosen. 

 

Direct Measurement of Biofilm Quantity 

 

To determine biofilm mass, wet biofilm is removed from the sample surface and dried 

to constant weight at an elevated temperature (100-105°C).  Area mass density can be 

determined by using the exposed surface area and biofilm density can be determined 

by using biofilm thickness or volume if measured. 
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To determine biofilm thickness the following methods can be utilised: 

 Optical microscope; 

 Volumetric displacement; and  

 Electrical conductance. 

 

Indirect Measurement of Biofilm Quantity Using Specific Biofilm Constituents 

 

In some cases, biofilm mass analysis may not be sensitive enough to provide biofilm 

data.  Two chemical procedures which have been used as indirect measurement of 

biofilm formation using biofilm constituents are: 

 Total biofilm organic carbon or chemical oxygen demand; and 

 Total biofilm polysaccharide. 

 

Indirect Measurement of Biofilm Quantity by Determining Microbial Activity within 

the Biofilm 

 

In some cases, biofilm mass analysis may not be sensitive enough to provide biofilm 

data.  Indirect measurements of biofilm quantity by determining microbial activity 

include, but are not limited to: 

 Total cell count; 

 Viable cell count; 

 Total protein; 

 Alkaline phosphate; 

 Total kjeldahl nitrogen; and 

 Heterotrophic plate count. 
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Indirect Measurement of Biofilm Quantity:Effects on Biofilm Transport Properties 

 

As mentioned, the growth of biofilm on a surface has the ability to increase frictional 

resistance.  It is therefore possible to monitor pressure changes in the experimental 

system to determine biofilm accumulation. 

 

2.2.2.3 Biofilm Monitoring and Assessment Studies 

 

Various studies have been carried out utilising the diverse methods to monitor and 

assess biofilm. 

 

Holt et al (1998) used propella reactors to determine the potential oxidant consumption 

of distribution system pipe walls.  This type of experiment allowed for the testing of new 

and old pipes of different materials under varying conditions (residence time, 

turbulence, temperature) found in distribution system pipes.  As a result many 

parameters were studied within a controlled environment. 

 

Jegatheesan et al (2000) formed biofilms on the surface of polycarbonate slide 

sections (17.5mm x 67mm) placed in the inner cylinder of the annular reactor, which 

were fed with test waters.  Aqueous phase samples from the inlet and outlet of each 

reactor were analysed for total organic carbon, bacterial cell counts and total chlorine 

or chloramines concentrations.  Biofilms were sampled by removing the slides from 

each reactor during sampling time.  The slides were used to determine both total 

protein and total carbohydrate, and the total organic carbon.  In this study, biofilm 

carbohydrate and protein were considered to represent extracellular polymers and their 

production in the biofilm assumed to be a function of bacterial cell concentration in the 

biofilm and the assimilable organic carbon concentration in the bulk water. 

 

Gjaltema et al (1994) used the Roto Torque reactor, or rotating annular reactors, 

consisting of a stationary outer cylinder and a rotating solid inner cylinder, which was 

made of autoclavable polycarbonate.  Twelve (12) removable polycarbonate slides 

were fitted into the outer cylinder inside wall, allowing biofilm sampling.  Access to the 
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slides was through ports closed with rubber stoppers on top of the reactor.  Rotation of 

the inner cylinder create an internal liquid circulation when rotating, enhancing mixing.  

Biofilm dry weight was calculated by determining the weight difference between the 

dried wall slides mounted in a Roto Torque Reactor with and without biofilm.  

Morphology of the biofilms on slides from the wall of the Roto Torque reactor was 

studied with the biofilm thickness measured by optical microscopy. 

 

The laboratory setup for Camper‟s et al (2003) experiments consisted of four (4) pairs 

of annular reactors each containing twenty (20) coupons of one (1) of four (4) common 

pipe materials (epoxy, ductile iron, cement or PVC).  These reactors have a variable-

speed rotating drum, a volume of approximately 1 L, and a high surface-to-volume 

ratio.  The rotational speed of the reactor was set at approximately 90 rpm to simulate 

the shear stress in a 100 mm pipe with a fluid velocity of 0.3 m/s.  Flow rates into the 

reactor were set so that a total hydraulic residence time of 2 hours was maintained.  

The coupons were analysed for biofilm growth on these substance through 

heterotrophic plate counts to rank materials in order to biofilm growth.  Camper et al 

(2003) went further and used annular reactors for field studies with materials coupons 

and found that an increase in dissolved organic carbon increases biofilm growth. 

 

Van der Wende et al (1989) used biofilm reactors to simulate plug flow and to 

investigate growth rates of biofilm.  It was found that most microbial activity occurred 

near the inlet to the system in chlorine free water as a result of nutrient loading at the 

inlet.  Biofilm cell numbers were found to increase through reactors in chlorine treated 

water. 

 

Codony et al (2002) assembled an experimental system which contained borosilicate 

glass beads and then circulated water through the system to investigate suspended 

microorganisms.  Biofilm growth on the borosilicate glass beads was analysed using 

the viable counts enumeration to determine the concentration of suspended 

microorganisms. 

 

Laurent Kiene et al (1999) used small pipe sections joined with polystyrene beads to 

colonize bacteria.  The growth of bacteria on the beads was statistically related to the 

disinfection, pH and carbon content. 
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LeChavallier et al (1991) based their study on the New Jersey American Water Co 

distribution system, sampling from three (3) sites to monitor the changes in bacterial 

nutrients in the pipe system.  The sampling sites were chosen to observe the efficiency 

of the distribution system.  The first site was 1.1 km from the treatment plan, on a major 

transmission pipe, the second site was approximately 10km from the treatment plant, 

along the same transmission pipe, and the last sampling point was a dead-end site, off 

the transmission pipe 1.6km from the treatment plant.  The number of viable biofilm 

cells in a biofilm sample was determined by means of heterotrophic plate counts. 

 

Lund et al (1995) developed a biofilm experimental unit consisted of thirteen (13) 

pieces of polyethylene high density drinking water pipes, each 20 cm in length with an 

inner diameter of 20.4 mm.  The pipe sections were joined together with quickfit unions.  

Twelve (12) of the pipe sections in each system were used for sampling of 

accumulated biofilm during the experimental period, and one (1) pipe section was 

reserved for sampling of biofilm accumulated in the period between each sampling 

date.  Analysis for biofilm was in the form of microscopic examination.  A special 

growth chamber at the end of each system was designed to hold pieces of mica in a 

vertical position parallel to the waterflow.  The pieces of mica were intended for study 

of microorganisms involved in biofilm formation.  Mica was chosen because this 

material is convenient for direct study of biofilm in a scanning electron microscope. 

 

Niquette et al (2000) used an incubation device (pipe section joined) to contain 

coupons of various distribution system infrastructure to perform analysis.  The density 

of fixed bacterial biomass was evaluated on duplicate coupons using the measurement 

of potential exoproteolytic activity. 

 

Table 2.11 provides an overview and comparison of some commonly used biofilm 

assessment studies. 
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Table 2.11:  Summary of biofilm assessment studies 

Protocol Name Protocol Description Advantages Disadvantages 

Annual Reactor Consists of stationary 

outer cylinder and a 

rotating inner cylinder.  

Slides or coupons are 

fitted into the outer 

cylinder inside wall, 

allowing for sampling. 

Able to easily replicate 

experiments and 

studies. 

Easy coupon installation 

and removal. 

 

Expensive device 

especially if the study 

requires multiple 

reactors. 

Glass Beads Beads are added or 

fixed into an 

experimental system 

or reactor and 

analysed. 

Vortexing technique with 

glass beads more 

effective than scraping 

of coupons. 

Investigates only 

suspended biofilm. 

Expensive 

methodology. 

Pipe Reactor Pipe sections are 

joined to existing 

system or 

experimental system 

and either the pipe 

itself or inserted 

coupons are analysed. 

Cost-effective device. 

Easily modified to suit 

location, environment 

and study objectives. 

An individually 

manufactured device 

which can reduce the 

reproducibility if not 

correctly designed. 

 

2.2.3 Corrosion Assessment Technologies 

 

The purpose of corrosion assessment is to determine the process of corrosion and the 

quantitative rate at which metal is corroding within an environment.  In particular, 

corrosion assessment may involve: 

 Investigating corrosion rate on different distribution materials; 

 Determining the amount of corrosion by-products formed; 

 Evaluating and optimising corrosion control; 

 Establishing mechanisms and causes for corrosion; and 

 Analysing corrosion surface and scales. 
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Corrosion monitoring and assessment falls into one of two categories: 

 Direct measurement of the corrosion process (via chemical, 

electrochemical or gravimetric means); or 

 Some form of indirect measurement relying on water quality 

information presumably related to the corrosion process. 

 

The majority of corrosion assessments are performed using one or a combination of 

the following techniques: 

 Coupon exposure; 

 Electrochemistry; 

 Oxygen depletion; 

 Metals release; and 

 Corrosion morphology assessment 

 

2.2.3.1 Coupon exposures 

 

The coupon weight loss method involves exposing a coupon, made from the material in 

question, to a particular environment, for a particular length of time and determine the 

weight loss over that given time period.  In order to accurately determine corrosion rate 

for a particular environment, is it important that the coupon have the characteristics of 

the material in interest, water that the coupon is exposed to be of the same quality as 

the water found in the distribution system and have the same flow pattern.  Table 2.12 

provides a summary of different coupon protocols that have been used successful to 

undertake corrosion assessment. 

 

The duration of the test or the exposure period must be sufficient enough for corrosion 

to occur and to achieve a long-term stable rate with this period dependent on the metal 

type and water quality.  Table 2.13 provides an estimate exposure duration required for 

coupon testing. 

 



 

- 46 - 

Coupon Processing 

 

Prior to commencement of the coupon exposure assessment, it is essential that the 

coupon being polished and prepared for the experiment.  Furthermore, after exposure 

the coupons must be appropriately cleaned. 

 

2.2.3.2 Electrochemistry 

 

As corrosion is an electrochemical process, it is logical that electrochemical 

assessment could be used to determine the rate of corrosion.  Table 2.14 provides an 

overview of the different electrochemical corrosion assessment techniques. 

 

2.2.3.3 Oxygen depletion 

 

Oxygen depletion has been used successfully to determine corrosion rate for systems 

with high oxygen demand.  This method uses the theory that the oxygen reduction 

process of corrosion is relative to the oxidation reaction of the metal.  Generally, this 

technique is used in laboratory environments. 

 

2.2.3.4 Metals release 

 

Metal release analysis involves the measurement of corrosion products and by-

products, and relative accumulation in the water through the experimental system or 

water distribution system. 
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Table 2.12:  Summary of coupon protocols used for distribution system corrosion measures 

Protocol Name Coupon Geometry Mounting Arrangement Exposure Duration Comments 

ASTM flat coupon 

standard 

corrosivity of water in 

the absence of heat in 

transfer 

Flat rectangular coupons stamped 

from sheet stock (1.27 cm x 10.2 

cm) 

Both sides exposed to water flow 

Held on insulating stem and 

inserted into flow stream of 

distribution main at elbow or tee 

12 or 24 months Generally used to monitor 

corrosion processes on 

distribution system materials 

Used primarily with mild 

steel or cast-iron materials 

Useful for pitting evaluations 

Illinois State Water 

Survey Protocol (ISWS) 

Machined nipple tests 

Machine pipe nipples (1.9 cm ID, 

10.2 cm length).  Exterior coated 

with epoxy resin (60 cm
2
) exposed 

surface area 

Fitting into a machined PVC 

pipe section and plumbed into 

bypass off distribution main 

Minimum 120 days 

recommended 

Coupon fabrication requires 

extensive machining 

Coupon processing is 

chemically based (acid 

baths) 

Modified ISWS Coupon 

sleeve tester (University 

of Washington) 

Short pipe section (1.9 cm ID, 3.8 

cm length).  Exterior phenolic resin 

coated (20 cm
2
 exposed surface 

area) 

Coupon gasketed and held in 

clear acrylic sleeve (up to 10 

coupons per sleeve).  Flow 

restricted to coupon interior.  

Easy coupon substitution.  Flow 

controlled to duplicate 

alternating turbulent and 

stagnation conditions. 

Coupons sacrificed at 

30, 90 and 180 day 

intervals 
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Protocol Name Coupon Geometry Mounting Arrangement Exposure Duration Comments 

Water Research Centre 

Coupon Rig 

Flat rectangular coupon (75 mm x 

12.5 mm x 4 mm), 25 cm
2
 exposed 

surface 

Coupons mounted on insulating 

stems and held in flow control 

rig 

Coupons sacrificed at 

periodic intervals for 

up to 22 weeks 

Developed for use with cast-

iron coupons, but suitable 

for use with other materials 

Flow rig has high and low 

velocity sections 

Corps of Engineers 

Research Lab 

Flat rectangular coupons similar to 

the ASTM standard 

Mounted on insulating stems in 

special pipe rig, designed to 

hold a large number of coupons 

under controlled hydraulic 

conditions 

Not specified Coupon surfaces exposure 

not typical of pipe wall 

hydraulics 

Ringsäûlen (Engler-

Bunte Institut) 

Pipe sections (20 mm ID, 5 – 15 

mm length) 

Coupons (up to 20) with 

intermediate PVC sections 

Minimum of seven 

days 

Similar to coupon sleeve 

approach described above 

Test pipes TZW 

Karlsruhe 

Pipe originals (≤10 cm) excavated 2 

m length 

Direct connection to operational 

water flow 

Short time closed loop operation 

for measurement 

3 weeks up to 2 years 

depending on task 

Measured value describes 

the actual corrosion 

rate/method release rate.  

(Not possible for passivating 

metals) 

Reprinted from AWWA M58 – Internal Corrosion Control in Water Distribution Systems, by permission. Copyright © 2011, American Water 

Works Association. 

 



 

- 49 - 

 

Table 2.13:  Estimated exposure duration required for coupon tests 

Metal type Development of long 

term stable corrosion 

rates 

(months) 

Pitting rate 

evaluation 

(months) 

Comparative 

Evaluations of 

corrosion inhibitor 

relative 

effectiveness 

(months) 

Cast iron 6-18 12-24 6-12 

Mild Steel 12-24 12-24 6-12 

Zinc (galvanised 

iron) 

3-6 12-36 1-2 

Copper 3-9 12-36 3-6 

Lead 6-12 - 6-12 

Lead-tin solder 6-8 - 4-6 

Red brass 3-9 - 3-6 

Asbestos-cement 

pipe 

18-24 - 12-18 

Reprinted from AWWA M58 – Internal Corrosion Control in Water Distribution Systems, 

by permission. Copyright © 2011, American Water Works Association. 

 

2.2.3.5 Corrosion Morphology Assessment 

 

Corrosion morphology is a technique used to characterise the formation of corrosion on 

the metal surface.  Morphology information provides an insight into material longevity, 

however, coupled with other water quality assessments an understanding on the 

impacts of different parameters and resulting corrosion types can be established.  

Surface morphology analysis techniques include: 

 X-ray emission spectroscopy; 

 X-ray diffraction; and 

 Auger electron microscopy. 



 

- 50 - 

2.2.3.6 Corrosion Monitoring and Assessment Studies 

 

Broo et al (1999) investigated the effect of natural organic matter on corrosion, through 

the use of iron and copper coupons in stagnant water.  The pure iron and copper 

coupons were exposed to synthetic or natural waters with different water qualities.  The 

metal concentrations were measured on a daily basis and at the end of the test, weight 

loss was measured and corrosion products examined.  Broo et al (1999) used slow 

scan potentiodynamic sweeps to examine the effect of natural organic matter (NOM) 

on corrosion product and found for iron, corrosion rates decreased in the presence of 

NOM and for copper, corrosion rates increased in the presence of NOM. 

 

Cantor et al (2003) characterised the effect of chlorine on corrosion of metals common 

to drinking water systems.  To accomplish this, pipe loop apparatuses were 

constructed.  Using water that had stagnated in contact with the pipe loops, the 

concentrations of metals that had leached into untreated water were compared with 

those in chlorinated water.  A secondary goal was to test whether popular corrosion 

control chemicals can counteract the possible corrosive effects of chlorine.  Metals 

concentrations from pipe loops with chlorinated water were compared with those from 

loops with chlorinated water plus a corrosion control chemical.  In the study, iron 

appeared to be the most affected by free chlorine, followed by copper then lead. 

 

Emde et al (1992) investigated the effect of microorganisms on corrosion in distribution 

systems using corrosion morphology assessment.  A scanning electron micrograph 

was performed on a section of corroded pipe which was removed from the distribution 

system.  The study indicated that a heterogeneous population of potentially corrosive 

microorganisms were present in untreated supply water, treated water and corrosion 

tubercles. 

 

Hodgekiess et al (2005) investigated complexities in the erosion corrosion of copper-

nickel alloys in saline water and in impinging-jet conditions, by obtaining the 

measurement of the total weight loss of the sample after the experiment, and 

undertaking DC polarisation scans.  Hodgekiess et al (2005) observed a general trend 

of increasing attack with impinging velocity. 
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Liu et al (2004) studied the corrosion behaviour of carbon steel caused by sulfate-

reducing bacteria (SRB) in the presence of Thiobacillus Denitrificans (TD).  Weight loss 

measurements of carbon steel were used to determine the rate of corrosion.  The 

morphology of the corroded surface was observed by scanning probe microscopy.  

Electrochemical analysis were carried out using an SI 1250 frequency response 

analyser and an SI 1286 interface in stand alone mode.  The study found that when 

SRB and TD were cultured together, it was observed that TD reduced the corrosion 

caused by SRB due to TD consuming corrosive sulfides produced by SRB. 

 

Sarin et al (2003) evaluated the effects of changes in pH and alkalinity in regards to the 

corrosion of iron pipes.  The investigation involved constructing a pipe-loop system 

from old, unlined cast-iron pipe removed from the study distribution system.  Towards 

the end of the project, pipe sections of 30 cm long were cut from the loops for corrosion 

scale analysis.  The scale samples were analysed for their microstructure, elemental 

composition, and crystalline-phase composition using scanning electron microscopy, 

energy dispersive spectroscopy and x-ray powder diffraction methods, respectively.  

Scales from three (3) cast-iron pipes used in the pipe loop studies were analysed for 

their Fe (II) and Fe(III) content by wet chemical methods.  The treated influent and loop 

effluent were sampled for pH, alkalinity, dissolved oxygen, turbidity, colour, total and 

free chlorine, total iron and ammonia.  Sarin et al (2003) illustrated that iron release 

could be reduced over time, by maintaining a stable water quality and when pH was 

raised corrosion rate decreased. 
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Table 2.14:  Summary of electrochemical corrosion assessment methodologies 

Name Data Form Operating Principle Applications Precision Equipment 

Requirements 

Electrical 

resistance 

Resistance change in 

slide wire probe 

Increased electrical 

resistance on a corroding 

wire is correlated to a 

decrease in cross-

sectional area due to 

corrosion induced metal 

loss 

On-line continuous 

corrosion measure 

Poor.  Is useful only as a 

reactive indicator of 

change in corrosion rate 

Slide wire probe Kelvin 

Bridge 

Package cost <$5000 

Potentiodynamic 

scans 

Anodic-cathodic 

current-potential curve 

developed from 

polarisation scans on 

both sides of the freely 

corroding surface 

potential 

Electrokinetic 

interpretation of 

polarisation data-

application of the Butler 

Volmer equation 

Point measures of 

corrosion current and 

Tafel constants.  Pitting 

potential 

Yields reliable results on 

uniformly corroding 

surfaces. 

Interpretation of data from 

pitting surfaces is difficult 

Polarisation cell 

Potentiostat 

Data logger 

Data interpretation 

software 

 

Package cost <$15000 

Linear 

polarisation 

Polarisation resistance 

(Rp) 

Single-point polarisation 

sequence-linear 

relationship between Rp 

and corrosion rate 

Intermittent on-line 

corrosion rate 

measurements 

Variable (dependent upon 

accuracy of Tafel 

constant). 

Polarisation probe (two or 

three electrode models) 

Single point potentiostat 

Package cost <$5000 
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Name Data Form Operating Principle Applications Precision Equipment 

Requirements 

Electrochemical 

impedence 

spectroscopy 

(EIS) 

Impedence spectrum 

(102 – 107 Hz) 

Polarisation frequency 

response of impressed 

AC yields impedance 

spectrum 

Corrosion rate 

Electrical model of 

corrosion surface 

Coating effectiveness 

Interpretation of model 

accuracy is controversial 

Polarisation cell 

Potentiostat 

Frequency analyser 

Data interpretation 

software 

 

Package cost >$25000 

Electrochemical 

noise 

Low-frequency 

changes in freely 

corroding surface 

potential 

Localised corrosion 

events emit a base signal 

characteristic of the 

magnitude and type of 

corrosion process 

Remains a research tool Unproven Galvanic coupling cell 

Frequency analyser 

Zero resistance 

ampmeter 

 

Package cost >$20000 

Reprinted from AWWA M58 – Internal Corrosion Control in Water Distribution Systems, by permission. Copyright © 2011, American Water 

Works Association. 
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Table 2.15 provides a summary of some commonly used corrosion assessment 

technologies. 

 

Table 2.15:  Summary of corrosion assessment studies 

Protocol Name Protocol Description Advantages Disadvantages 

Coupon 

Exposures 

Procedure includes 

exposing a coupon 

made from the 

material in question, 

for a particular length 

of time and 

determining weight 

loss over that given 

period. 

Provides indication of 

corrosion status, 

condition and type of 

deposits. 

Provides short term 

corrosion rate data. 

Low in cost. 

Simple to conduct.  

Vital that the coupon 

has the characteristics 

of material in interest. 

Water that the coupon 

is exposed to needs to 

be the same quality as 

the water found in 

distribution system. 

Electrochemistry Experiments measure 

and/or control the 

potential and current 

of the 

oxidation/reduction 

reactions. 

Used in model 

development of 

corroding surface. 

Point estimate of 

corrosion rate. 

Limited to uniformly 

corroding surfaces 

Specimens require 

substantial processing. 

Oxygen 

Depletion 

Method uses the 

theory oxygen 

reduction is directly 

related to oxidation 

reaction of the metal. 

Not affected by the 

presence of an oxide 

scale. 

Limited to surfaces with 

high corrosion rates 

and high oxygen 

demands. 

Metals Release Involves measurement 

of corrosion products, 

by-products and 

relative accumulation 

in test waters. 

Point estimate of 

corrosion rate. 

Affected by corrosion 

scale presence. 

Corrosion 

Morphology 

Assessment 

Method characterises 

corrosion formation on 

metal surface. 

Identifies and 

characterises pitting 

corrosion. 

Evaluates corrosion 

scale. 

Requires sophisticated 

spectroscopy, 

diffraction or 

microscopy devices. 
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2.3 Modelling 

2.3.1 Chlorine Disinfection Modelling 

 

In water, chlorine, as an oxidant, reacts with numerous compounds or microorganisms.  

Therefore, chlorine can reacts with organic or mineral materials present at the surface 

of a pipe in a distribution system according to Equation 2.4. 

 

Cl2 + P  Cl- + PCl (2.4) 

where 

 Cl2 = chlorine 

 P = reacting compounds 

 Cl- = chlorine 

 PCl- = combined chlorine with reacting compounds 

 

The reaction rate (Equation 2.5) depends on: 

 Kinetic constant; 

 Chlorine concentration; and 

 Concentration of reacting compounds. 

 

Reaction Rate = k[Cl][P] (2.5) 

where 

 k = kinetic constant 

 [Cl] = chlorine concentration 

 [P] = reacting compounds concentration 

 

Many decay models have been produced based on the first order exponential decay of 

chlorine. 

 



 

- 56 - 

In a study by Beatty et al (1997), it was found in a Sydney pilot study that the chlorine 

decay factor (k) could vary quite considerably depending on the time of day: 

 Flow characteristics; 

 Water quality characteristics; and 

 Decay environment. 

 

Beatty et al (1997) analysed the factors influencing the chlorine decay rate factor in 

order to choose the best k factor for existing water supply systems.  Knowing the water 

quality characteristics and decay environment, appropriate average k factors were 

chosen for all pipes in a distribution system.  Then by substituting the expected water 

quality and flow characteristics into the equation, Beatty et al (1997) were able to select 

the appropriate k factor for use in the modelling work.  Initially, decay algorithms are 

developed on a site by site basis, however with the collection of data, development of a 

global algorithm was possible. 

 

Recent work has focused on the improvement of the first order decay algorithm, with 

the addition of separate pipe wall and bulk water reaction equations.  Chlorine decay is 

a result of chlorine reacting with compounds contained within the bulk water and/or due 

to reactions at the pipe wall in the distribution system.  As a result, some researchers 

model wall decay and bulk water decay separately, usually by defining the overall 

decay constant as the sum of the bulk water and wall decay constant as shown in 

Equation 2.6. 

 

k = kb + kw (2.6) 

where 

 k = kinetic constant 

 kb = kinetic constant for bulk water decay 

 kw = kinetic constant for wall decay 

 

Bulk decay is normally measured by recording the chlorine concentration, at time 

intervals, from glass bottles which have been previously filled with the sample water. 
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The bulk decay constant (kb) has been observed to vary with: 

 Temperature; 

 Measure of the organic content (TOC and UV); and 

 Initial chlorine concentration. 

 

Most of the work, however, has been directed at modelling the overall residual in 

distribution system, rather than focussing on the reaction along individual sections of 

pipeline. 

 

Fisher et al (1996) modelled chlorine decay according to the various types of reacting 

compounds (P in Equation 2.4).  The reacting compounds included: 

 Fast Reacting Reducing Agents present in water (FRA) (Equation 

2.7); 

o Fe2+, Mn2+, H2S, organic substances 

 Slow Reacting Reducing Agents present in water (SRA) (Equation 

2.8) 

o Organic substances 

 Fast Reacting Nitrogen Agents present in water (FNA) (Equation 2.9) 

 Slow Reacting Nitrogen Agents present in water (SNA) (Equation 

2.10) 

 The product, combined chlorine also forms inert products (Equation 

2.11). 

 

Cl2 + FRA  Cl- + Inert Products (2.7) 

Cl2 + SRA  Cl- + Inert Products (2.8) 

Cl2 + FNA  NH(3-x)Clx + Inert Products (2.9) 

Cl2 + SNA  NH(3-x)Clx + Inert Products (2.10) 

NH(3-x)Clx  Inert Products (2.11) 
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When a reaction rate was applied to Equation 2.7 through to Equation 2.11, Equations 

2.12 and Equation 2.13 were derived for governing the decay of free and combined 

chlorine. 
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Fisher et al (1996) utilised this equations to model chlorine decay with distribution 

systems. 

 

2.3.2 Biofilm Modelling 

 

Jegatheesan et al (2003) incorporated the fundamental processes that governed 

biofilm processes within water distribution systems as shown in Figure 2.10. 

 

2.3.2.1 Bacterial Attachment and Detachment 

 

Jegatheesan et al (2003) modelled attachment and detachment using the Langmuir 

adsorption theory.  This allowed the adsorption of bacteria onto a surface to depend on 

the concentration of bacteria in bulk water and space availability on distribution 

infrastructure.  Equations 2.14 and Equation 2.15 provide the rate of attachment of live 

and dead bacterial cells. 
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where 

 XL = volumetric concentrations of live bacterial cells in bulk water 

 XD = volumetric concentrations of dead bacterial cells in bulk water 

 XLb = surface concentrations of live bacterial cells in biofilm 

 XDb = surface concentrations of dead bacterial cells in biofilm 

 kaX = bacterial attachment coefficient 

 Xsat = saturation coefficient of cells in the biofilm 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12:  Processes involved in biofilm growth and disinfection decay 

(Jegatheesan et al, 2003) 

Jegatheesan et al (2003) assumed that the live and dead bacterial cell detachment 

from biofilm to bulk water is proportional to the surface concentration of bacterial cells.  

Equations 2.16 and Equation 2.17 provides the rate of detachment of live and dead 

bacterial cells. 
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where 

 kdX = bacterial detachment coefficient 

 

2.3.2.2 Bacterial Growth 

 

Jegatheesan et al (2003) modelled bacterial growth in bulk water and biofilm using the 

modified Monod type growth.  This allowed the incorporation of disinfectant influence.  

Equations 2.18 and 2.19 provide the rate of bacterial cell growth in bulk water and 

biofilm. 
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where 

 S = substrates such as assimilable organic carbon, nitrogen and phosphorus 

bacterial detachment coefficient 

 Ks = half saturation constant of those substrates S 

 µmax = maximum growth rate of bacteria in bulk water 

 µmax-bio = maximum growth rate of bacteria in biofilm 

 

2.3.3 Corrosion Modelling 

 

Corrosion reactions are a combination of oxidation (anode) and reduction (cathode) 

reactions.  In the absence of biofilms with complexing or precipitating ions, the 

following anodic reactions can be predicted for metals in aqueous electrolytes 

(Characklis et al, 1990).  The subsequent electrons produced arrive at the cathode can 

be removed by either hydrogen ion or oxygen reduction. 
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M  Mz+(aq) + ze- (2.20) 

M + zH2O  M(OH)z(solid) + ze- + zH+ (2.21) 

M + zOH- 
 M(OH)z(solid) + ze- (2.22) 

M + zH2O  MOz
z- (aq) + 2zH+ + ze- (2.23) 

M + zOH- 
 MOz

z- (aq) + zH+ + ze- (2.24) 

 

Figure 2.13 illustrates corrosion of a metal in contact with water. 

 

 

Figure 2.13:  Corrosion of a metal in contact with water (GC3 Speciality Chemical 

Inc, 2011) 

 

Baral et al (2006) developed a corrosion model based on the electrochemical 

degradation of iron, within an environment using a series of chemical equations.  These 

equations represented the following aspects of the corrosion model: 

 Basic corrosion reaction (Equation 2.25) ; 

 Extension of basic corrosion reaction with ferric ion (Equation 2.26); 

 Inclusion of the carbonate system; 

o Formation of bicarbonate (Equation 2.27); 

o Formation of carbonate (Equation 2.28); 

 Inclusion of an iron precipitation model; 

o Precipitation of siderite (Equation 2.29) and 

o Precipitation of ferrous hydroxide (Equation 2.30). 
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Fe(s) + ½O2 + 2H+  Fe2+ + H2O (2.25) 

Fe2+ + ¼O2 + H+   Fe3+ + ½H2O (2.26) 

CO2 + H2O   H+ + HCO3
- (2.27) 

HCO3
-   CO3

2- + H+ (2.28) 

Fe2+ + CO3
2-   FeCO3 (2.29) 

Fe2+ + 2OH-   Fe(OH)2 (2.30) 

 

2.3.4 Water Distribution System Modelling and Simulation 

 

Water quality modelling, unlike hydraulic modelling of distribution systems, dates back 

to the early 1980s and is used to track movement of a particular components 

(conservative, decaying or growing) and age of water with the distribution system.  

There are various types of models available to replicate or imitate the behaviour of a 

real distribution system including: 

 Hydraulic models; 

 Steady state water quality models and flow tracing models; 

 Dynamic water quality models; 

 Extended period simulation; 

 Optimisation models incorporating water quality; and  

 Analysis/display methods or graphical user interface. 

 

Application of water distribution modelling allows for: 

 Longer range planning; 

 Fire protection studies; 

 Water quality investigation; 

 Energy management; 

 System design; 

 Daily operational uses; 
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 Emergency response; 

 Rehabilitation; 

 Troubleshooting; 

 Operator training; 

 System performance assessment; 

 Vulnerability studies; and 

 Risk assessment. 

 

Haifeng et al (2008) established a model to develop a hydraulic network for a drinking 

water distribution system as shown in Figure 2.14. 

 

Maier et al (2000) utilised water distribution modelling to investigate the kinetics of 

disinfectant decay in a pipe rig experiment.  Disinfectant decay models were employed 

and compared to the simulation outcome of a water distribution model.  It was found 

that outputs from the simulated water distribution model matched closer to in situ 

results, likely due to the consideration of flow changes in the distribution model.  This 

study highlighted the difficulty in determining key reaction rates that are required as 

inputs in the water distribution model. 

 

Van Lieverloo et al (2007) investigate the probability of detecting and quantifying faecal 

contaminations of drinking water through periodic sampling and evaluating the 

monitoring through hydraulic model simulations.  This study allowed for optimisation of 

monitoring regimes however identified that hydraulic model has a tendency to 

overestimate faecal contaminant indicating refinement of assumptions. 

 

El-Shafy et al (2000) analysed trihalomethane formation in drinking water supply 

through the use of water distribution modelling by inputting disinfectant decay 

coefficients determined through field studies.  This study displayed good correlation 

between measured and modelled data allowing the water supplier an effective 

predictive tool. 

 



 

- 64 - 

2.3.4.1 Assembling the model 

 

Assembling a network model involves investigating the current distribution system 

maps, as built drawings, electronic maps and records.  In some cases, data may be 

recorded on paper maps and documentation, until survey information, computer aided 

drafting and aerial mapping where used to accurately display and document the 

system. 

 

Figure 2.14:  Model for integrated hydraulic network (Haifeng et al, 2008) 

2.3.4.2 Model representation 

 

Model representation involves defining the network elements/components of the 

drinking water distribution system.  Table 2.16 provides a general overview of the 

different network components and the required data for input into the network model. 

 

Depending on the type of analysis that the network model is intended for, determines 

the type of simulation to be utilised.  There are two general simulation types: 

 Steady-state; and 

 Extended-period. 
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Steady-state simulations determine the state of the distribution system, assuming no 

change to demands and boundary conditions.  Although real systems rarely operate at 

steady state, this type of simulation provides the foundation for other types of 

simulations. 

 

Extended-period simulations determine the state of the distribution system over a 

period of time, where change does occur to demands and boundary conditions.  In 

essence, extended period analysis is based on a series of steady-state simulations. 

 

Skeletonization involves the selection of only those pipe components to be included in 

the network model that were considered to be significant to flow, distribution and 

behaviour of the distribution system.  This result in shorter simulation processing time, 

reduction in iterations required to balance the model, and quicker and easier result 

display.  Figure 2.15 provides an example of skeletonization of a section of network 

model. 

 

 

Figure 2.15:  Skeletonization example 

 

2.3.4.3 Water consumption 

 

Water consumption, also known as water demand, needs to be accounted for in the 

network model.  As with any water entering the network, so does any water leaving the 

network, needs to be defined.  Determining consumption is usually based on the 

following information: 

 Pre-existing compiled data such as other models and studies; 
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 System operational records; and 

 Customer meters. 

 

Meter assignment is usually utilised for the creation of the network model as it allows 

the allocation of the customer meter to the nearest demand node.  Figure 2.16 

schematically depicts this method. 

 

 

Figure 2.16:  Meter Assignment (Walski et al, 2003) 
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Table 2.16: Network model components 

Network 

Input 

Object Definition Inputs Outputs 

Physical Components 

Node Junctions Points where 

network 

components 

connect to one 

another and where 

water enters and 

leaves the network. 

Elevation above 

some reference 

(usually mean sea 

level) 

Water demand 

Initial water quality 

Hydraulic head 

Pressure 

Final water quality. 

Reservoirs Points where an 

infinite external 

source or sink of 

water exists (e.g. 

lakes, rivers, 

groundwater 

aquifers). 

Hydraulic head 

Initial water quality 

 

Tanks Points where 

storage capacity 

exists. 

Bottom elevation 

Diameter 

Initial, minimum and 

maximum water 

levels 

Initial water quality 

Hydraulic head 

Final water quality. 

Link Pipes Links which convey 

water from one 

point to another 

within the network. 

Start and end node 

Diameter 

Length 

Roughness 

coefficient 

Status 

Initial water quality 

Flow rate 

Velocity 

Head loss 

Darcy-Weisbach 

friction factor 

Reaction rate 

Water quality 

Pumps Links that impart 

energy to a fluid 

within the network. 

Start and end node 

Pump curve 

Flow rate 

Hydraulic head 

increase 

Valves Links that limit 

pressure or flow at 

a location within 

the network.  

Start and end node 

Diameter 

Setting 

Status 

Flow rate 

Head loss 



 

- 68 - 

Network 

Input 

Object Definition Inputs Outputs 

Non-Physical Components 

Information 

objects 

Patterns A set of multipliers 

that can be applied 

to a quantity to 

allow a variation in 

time. 

Time pattern  

Curves Object containing 

data representing a 

relationship 

between two 

quantities. 

Pump curve 

Efficiency curve 

Volume curve 

Head loss curve 

 

Controls Statements 

specifying status or 

setting of a link 

Simple controls 

Rule-base controls 

 

 

2.3.4.4 Testing water distribution system 

 

Verification, calibration and validation of the network model, with the working 

distribution system, is performed through a series of testing of different parameters, 

over a range of operating conditions.  Some of the common testing includes: 

 Pressure measurement; 

 Flow measurement; 

 Pump performance test; and 

 Water quality sampling. 

 

2.3.4.5 Water Distribution System Modelling Programs 

 

There are a number of water distribution system modelling tools available, with varying 

features, advantages and disadvantages.  Commercially available packages tend to 

include not only modelling of the network but also other features such as: 

 Integration into customer billing; 

 Ability to connect with existing telemetry software; 
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 GIS integration; and 

 Scenario managers. 

 

Some popular network modelling programs include but are not limited to: 

 EPANET and EPANET-MSX extension; 

 H2ONET; 

 Infowater; 

 Piccolo; 

 SynerGEE Water; and 

 WaterGEMS. 

 

For the purposes of this research, EPANET, which was developed by the United States 

Environment Protection Agency‟s Water Supply and Water Resources Division, was 

used for the network distribution system modelling.  This software performs extended 

period simulation of both hydraulic and water quality, with a water distribution piping 

system.  The EPANET-MSX is additional software to the EPANET program, which has 

the ability to model more complex reactions in bulk water and on the pipe wall. 

 

Besner et al (2011) identified EPANET-MSX as having the ability to model the 

interaction of various parameters based on mathematical expressions detailing the 

chemical reactions and dynamics, including, but not limited to, chemical reaction rates 

and equilibrium expressions.  Besner et al (2011) also indicated that estimation of 

chemical reaction rates and equilibrium rates may result in uncertainty of the model 

and may require laboratory studies. 

 

Helbling et al (2009) modelled the behaviour of chlorine disinfectant after a microbial 

contamination using multispecies model integrated into EPANET-MSX.  The study 

showed the multispecies model resulted in the ability to determine locations within the 

distribution system where significant quality changes were found and therefore 

ultimately assisted in determining locations for potential automated field monitoring 

devices. 
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Carrico et al (2009) utilised EPANET-MSX to compare chlorine decay and formation of 

trihalomethanes, accounting for chemical reactions in the bulk fluid and chemical 

reactions on the pipe wall.  The multispecies model allowed for refinement of the 

chlorine decay and trihalomethane formation modelling which is not possible in the 

stand alone EPANET program. 

 

2.4 Summary 

 

In order to appreciate the fate of potable water from source to customer/consumer, it is 

necessary to understand source water quality, the impact of contaminants and 

contaminant loading, water treatment, network distribution and other interferences such 

as disinfectant decay, biofilm growth and corrosion potential. 

 

A considerable amount of studies have been pursued relative to  

 Water quality, contamination and pollutants; 

 Water treatment; 

 Disinfection assessment and modelling in drinking water distribution 

systems; 

 Biofilm growth assessment and modelling in drinking water 

distribution systems; 

 Corrosion assessment and modelling in drinking water distribution 

systems; and 

 Drinking water distribution system modelling and simulation. 

 

Although a significant amount of research has been accomplished regarding the 

individual components of source water, water treatment and distribution, consideration 

of the interaction between the difference stages, in particular between the key water 

quality parameters has been lacking.  As a result, this study is focused to investigate 

these deficiencies and to quantify key water quality parameters and evaluate the 
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influence of these parameters on corrosion and iron release in a tropical drinking water 

distribution system. 
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CHAPTER 3. MATERIALS AND METHODS 

 

This thesis consisted of three (3) main components: 

 Pilot study; 

 Field analysis; and 

 Laboratory analysis. 

 

The deliverables of these three (3) components, included a network simulation of the 

pilot distribution system and a corrosion model, based on the field and laboratory 

analysis that interact between each other. 

 

3.1 Pilot Study 

 

The approach of this project was to conduct a pilot study on a distribution system in the 

tropics, to research and characterise the drinking water quality and investigate the 

interaction between different factors in the network.  The distribution system chosen for 

the pilot study was the Hinchinbrook Shire Water Distribution System – Ingham Water 

Supply Scheme. 

 

This thesis involved the assembling of a network model representing the pilot study 

network system and furthermore, incorporated the calibration and validation of the 

model.  Figure 3.1 illustrates the steps included in the pilot study section of this 

research. 

 

3.1.1 Calibration of Network Model 

 

Calibration of the network model is where field measurements are compared to the 

network model output results and if necessary model attributes are adjusted to better 

match field observations.  The process allows confidence and greater understanding of 

the network system. 
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Figure 3.1:  Pilot study component 

 

3.1.1.1 Hydraulic Calibration 

 

Pressure readings were taken from various locations within the distribution system.  

The pressure readers were MultiLogMX‟s that were attached directly to the water main.  

The frequency of reading by the pressure monitor was set to fifteen (15) minutes.  

Figure 3.2 provides an example of the MultiLogMX pressure reader attached to the 

pilot distribution system. 

 

The number and location of pressure recording sites were determined by considering 

accessibility of the location, capability to connect to the system with the pressure 

reader, safety, proximity to mains, tanks and other network infrastructure, and ability for 

the results to adequately represent the functioning of the distribution system.  As 

multiple pressure readers were not available, timing of the pressure recordings were 

chosen to ensure similar conditions in the distribution system, allowing the results to be 

comparable. 
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Figure 3.2:  Pressure testing equipment in the field 

 

Fire hydrant flow tests were performed to simulate high flow conditions and allow 

calibration of parameters including pipe roughness.  In particular, the two-gage head 

loss test allowed a test section to be isolated between two fire hydrants, by closing a 

downstream valve and static pressure to be measured.  The process allowed for head 

loss to be determined over the test section which was used to evaluate pipe 

roughness.  Figure 3.3 depicts a typical two-gage head loss test setup, whilst Figure 

3.4 illustrates the field setup procedure. 

 

 

Figure 3.3:  Two-gage head loss test setup (Walski et al, 2003) 

 

The number and location of two-gage head loss tests were determined by considering 

accessibility of the location, ability to isolate the test section, safety, proximity to mains, 

tanks and other network infrastructure, and ability for the results to adequately 

represent the variety of different pipe materials within the distribution system.  As two-
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gage head loss test results provide a point only measurement, timing of the testing 

does not affect the final outcome. 

 

3.1.1.2 Quality Calibration 

 

To calibrate the network model for water quality two types of testing are generally 

carried out, which include laboratory testing and field testing. 

 

Chlorine bulk reaction coefficients were determined by carrying out a form of laboratory 

testing, commonly known as bottle tests.  A bottle test, relevant to chlorine bulk 

reaction coefficients, is the analytical procedure where chlorine is added to a sample of 

water to determine the chlorine decay of that particular water sample. 

 

The bottle tests involved the collection of source water in demand free brown glass 

Winchester bottles, addition of a known chlorine amount, and analysis of free and total 

chlorine concentration of the treated sample carried out at a given frequency.  

Generally, the greater frequency of testing is completed at the commencement of the 

testing and gradually reduces until chlorine decay is minimal. The free and total 

chlorine concentrations were determined via the diethyl-р-phenylenediamine (DPD) 

method. 

 

Water quality surveys for chlorine disinfectant residuals were carried out through the 

distribution network and to allow for calibration and validation of the extended period 

water quality model.  Sampling locations were determined by taking into account 

accessibility of the sampling location, safety, proximity to mains, tanks and other 

network infrastructure.  The sampling frequency was once every several hours to allow 

for collection of samples, analysis and repeating the circuit of sample locations.  Again 

the free and total chlorine concentrations were determined via the diethyl-р-

phenylenediamine (DPD) method. 
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Figure 3.4:  Two-gage head loss test procedure 

 

In addition to quality testing, other analyses were performed to gain a better 

understanding of the drinking water distribution system and included source tracer 

analysis and water age analysis. 
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Water suppliers often use multiple sources and/or treatment plants for water supply, to 

ensure reliability and/or sufficient quantity.  The outputs from these multiple supplies 

can differ in quality and quantity.  Source tracer analysis allows the determination and 

identification of where in the distribution system is more affected by the different 

sources and the amount of mixing of each of the sources.  The drinking water 

distribution system model determines the percentage of water coming from a particular 

source, which can assist in the determination of water quality at a location within the 

distribution system and management of these parameters. 

 

Water age analysis is an important distribution modelling tool, as age or residence time 

is an important function of water quality, particularly in regards to disinfectant decay, 

residual and by-products.  The drinking water distribution system model determines the 

cumulative age of the water, assuming an age of zero of water entering the network 

from the treatment plant and/or source. 

 

3.2 Field Analysis 

 

The field analysis component of the project incorporated the development and 

construction of a biofilm corrosion reactor and the subsequent examination of the 

reaction mechanisms that are involved.  Figure 3.5 provides an overview of the field 

analysis component of this research. 

 

3.2.1 Biofilm Corrosion Reactor 

 

The biofilm corrosion reactor was based on standard corrosion assessment 

technologies, including the modified Illinois State Water Survey Coupon Sleeve Tester, 

ISWS machined nipple tests (machined pipe nipples fitted into a machined PVC pipe 

section), ASTM flat coupon standard (flat rectangular coupons held on insulated stem 

and inserted into flow stream) and on research previously completed by others to 

assess corrosion. 
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The biofilm corrosion reactor developed in this study, allows coupons to be inserted to 

observe corrosion, while ensuring no flow distortion.  The reactor has unions on either 

end, allowing for easy installation in the distribution system, as illustrated in Figure 3.6. 

 

The corrosion reactor was installed on a service line of the main distribution system 

line, where a by-pass valve and piping arrangement allowed the removal of the coupon 

inserts, whilst ensuring normal system operation. After allocated time frames, the 

coupon inserts were removed and inspected, to assess loss of weight providing a 

measure of the average corrosion per unit area and corrosion morphology. Biofilm 

growth and disinfectant decay were also monitored regularly.  Figure 3.7 provides the 

process for installation and experimentation using the biofilm corrosion reactor, whilst 

Table 3.1 details the analytical methods employed. 

 

The number and location of the corrosion reactors were determine by considering 

accessibility of the location, capability to connect to the system with the corrosion 

reactor, safety, proximity to mains, tanks and other network infrastructure, capability to 

manage the number of reactors, and ability for the results to adequately represent the 

functioning of the distribution system.  Due to the configuration of the corrosion reactor 

set up, it was mandatory that a Hinchinbrook Shire Council Water and Sewerage Office 

be available during the removal and reinstatement of the reactor.  
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Figure 3.5:  Field analysis component 

 

 

Figure 3.6:  Biofilm corrosion reactor 
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Table 3.1:  Analytical methods for particular analytes 

Analyte Analytical method 

Total protein / 

Total kjeldahl 

nitrogen 

Water sample digested using kjeldahl digestion followed by determination 

by discrete analyser 

Total cell count Analysis by flow cytometric method 

Glucose Measurement by automated glucose oxidase assay method 

Heterotrophic 

Plate Count 

Yeast extract agar via a pour plate method 

Iron Inductively coupled plasma mass spectrometry 

Turbidity Measurement by nephelometry 
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Figure 3.7:  Biofilm corrosion reactor installation and experimentation process 
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3.3 Laboratory Analysis 

 

Electrochemical corrosion assessment was utilised to provide information on corrosion 

process and mechanisms relative to the pilot distribution system.  In particular, 

accelerated corrosion testing was carried out using the potentiodynamic scan 

technique.  Figure 3.8 details the laboratory analysis component of this thesis. 

 

 

Figure 3.8:  Laboratory analysis component 

where 

 Ecorr = corrosion potential (volt) 

 icorr = corrosion current (amp) 
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3.3.1 Accelerated corrosion testing 

 

Potentiodynamic scans were utilised to assess corrosion via an electrochemical 

method.  During a potentiodynamic scan, a graduated current is applied to the 

corroding surface and throughout the scan total anodic-cathodic exchange current is 

measured.  From this information, the corrosion current density and the surface 

potential of the corroding metal can be determined.  A test cell was designed and 

constructed in conjunction with Jonathan Ham‟s undergraduate thesis entitled 

“Evaluating Factors Affecting Corrosion in Drinking Water Distribution Systems”, for 

use during the accelerated corrosion testing.  Figure 3.9 provides the original design for 

the test cell. 

 

Figure 3.9:  Accelerated corrosion test cell design 

 

Figure 3.10 details the testing procedure utilised for the accelerated corrosion testing 

and analytical methods used are provided in Table 3.2. 

 

Samples for the accelerated corrosion testing were taken from the three (3) sites where 

the biofilm corrosion reactors were installed, Ingham Depot Treatment Plant and River 

Pumping Station, with the samples taken on the same day as each other. 
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Figure 3.10:  Accelerated corrosion test procedure 
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Table 3.2:  Analytical methods for particular analytes 

Analyte Analytical method 

Conductivity PC titration and automated ion selective method 

Turbidity Measurement by nephelometry 

Alkalinity PC titration using pH 4.5 for indicating the total alkalinity end-point 

Iron Inductively coupled plasma mass spectrometry 

Ammonia Direct colourimetry by discrete analyse 

Nitrite Direct colourimetry by discrete analyse 

Total kjeldahl 

nitrogen 

Water sample digested using kjeldahl digestion followed by determination 

by discrete analyser 

Total phosphorus Sulphuric acid digestion of a 100mL sample to break phosphorus down to 

orthophosphate. The orthophosphate reacts with ammonium molybdate 

and antimony potassium tartrate to form a complex which is then reduced 

and its concentration measured at 880nm using discrete analyser 

Heterotrophic 

Plate Count 

Yeast extract agar via a pour plate method 

 

3.4 Overall Thesis Components 

 

Overall, the three (3) components of the thesis, allowed the establishment of an 

accurate network model simulation and development of a corrosion model, based on 

the field and laboratory analysis, that interact between each other.  Figure 3.11 

provides an overview of the thesis components and their linkages. 
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Figure 3.11:  Thesis components 
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CHAPTER 4. RESULTS & DISCUSSION 

 

As mentioned, the approach of this project was to conduct a pilot study, field analysis 

and laboratory analysis, on a distribution system in the tropics.  As shown in Figure 4.1, 

the pilot study component of this research was to assemble a network model, calibrate 

and validate the model, to enable evaluation and prediction of the systems response 

and dynamics. 

 

 

Figure 4.1:  Pilot study component 

 

4.1 Hinchinbrook Shire Council Water Service 

 

The Hinchinbrook Shire Water Distribution System is situated in North Queensland, 

Australia and was determined as an appropriate site to perform a pilot study for this 

research.  This site has tropical climate which, according to theory, would result in 

faster reaction rates and in particular, corrosion rates due to higher temperatures. 
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This shire is predominantly rural, based on the sugar cane industry, and lies in the 

Herbert River Valley, with the main centre of Ingham roughly one (1) hour north of 

Townsville, and three (3) hours south of Cairns, as depicted in Figure 4.2.  

Hinchinbrook Shire Council‟s latest published figures state that 4463 connections are 

present over a main length of 231 kilometres. 

 

Figure 4.2:  Locality of Hinchinbrook Shire (Hinchinbrook Shire Council, 2010) 

 

There are a number of water supply services provided by Hinchinbrook Shire Council in 

the Hinchinbrook Shire, which are detailed in Table 4.1.  Furthermore, the Hinchinbrook 

Shire Council Water Services customers profile are provided in Table 4.2. 

 

As detailed in Hinchinbrook Shire Council‟s Total Management Plan (2003), the service 

objectives of the Hinchinbrook Shire Water Services include the following: 

 Provide a continuous supply of water to consumers of the shire with 

minimal interruption for repairs/breakdowns; 

 Ensure that the water supply complies with NHMRC guidelines; 

 Endeavour to maintain the water flow and pressure, at the property 

boundary, at not less than 17 litres/minute at 220 kPa; 

 Continue to monitor the quality of water in the distribution system and 

identify and rectify any causes of poor water quality; 
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 Continue to provide and improve the existing level of operation of the 

system; 

 Continue to provide existing level of maintenance on the distribution 

system to minimize consumer complaints; and 

 Maintain fire hydrants for fire and rescue authority. 

 

Table 4.1:  Hinchinbrook Shire Council water services 

Treated Water 

Supply Service 

Name 

Area Serviced Treatment Plant 

Name/s 

Treatment Plant 

Processes 

Ingham Water 

Supply Scheme 

Ingham, Trebonne, 

Blackrock, Toobanna 

Ingham Depot Water 

Treatment Plant 

River Pumping 

Station 

Aeration, sedimentation, 

filtration, pH correction, 

disinfection 

Lower Herbert 

Water Supply 

Scheme 

Halifax, Macknade, 

Lucinda, Taylors 

Beach and Cordelia 

Halifax Water 

Treatment Plant 

Macknade Water 

Treatment Plant 

Aeration, sedimentation, 

filtration, pH correction, 

disinfection 

Forrest Beach 

Water Supply 

Scheme 

Forrest Beach Forrest Beach Water 

Treatment Plant 

Aeration, sedimentation, 

filtration, pH correction, 

disinfection 

 

Table 4.2:  Hinchinbrook Shire Council water supply services – customer profile 

Customer Population No of 

Connections 

Residential 12311 4004 

Commercial  239 

Industrial  137 

Council Parks & Gardens  87 

Total 12311 4463 
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4.1.1 Ingham Water Supply Scheme 

 

Source water for the Ingham Water Supply Scheme includes direct pumping of the 

Herbert River, through the River Pumping Station, and extraction of bore water from 

nominated bores located in the Ingham area, through the Depot Treatment Plant.  

Figure 4.3 provides a schematic of the Ingham Water Supply Scheme. 

 

 

Figure 4.3:  Ingham Water Supply Scheme 

 

Demand and quality of the source water is monitored and managed to ensure secure 

future water supplies, optimisation and enhancement of existing sources. 

 

The Herbert River is a regularly flowing stream, which has its source in the Atherton 

Tablelands and meanders in a south-easterly direction for 340 kilometres, passing 

through Ingham, prior to entering the Coral Sea near Lucinda.  The catchment includes 

old tin mining country, grazing and sugar cane lands, which can result in river pollution 

due to run off. 
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During heavy rainfall periods and/or the typical „wet season‟, the river height and flow 

rate can increase rapidly and can result in high turbidity of this source water.  During 

this time, Hinchinbrook Shire Council will rely primarily on the existing bore water to 

provide source water to the Ingham Water Supply Scheme.  During drier periods, 

Hinchinbrook Shire Council uses both river and bore water sources. 

 

Currently, source water for the Ingham Water Supply Scheme is treated by aeration, 

sedimentation, filtration, pH correction and chlorine disinfection practises prior to 

release to the distribution system.  Disinfection using sodium hypochloride, with 

dosages of 2.3 mg/L and 2 mg/L at the River Pumping Station and Depot Treatment 

Plant respectively, provides a residual throughout the distribution system. 

 

Hinchinbrook Shire Council undertakes a number of chemical and bacteriological 

testing of the Ingham Water Supply Scheme‟s river and bore water sources, after 

treatment and throughout the distribution system to monitor water quality.  To date, 

Hinchinbrook Shire Council consistently meets the requirements set by the National 

Health and Medical Research Council of Australia for drinking water quality.  Further, 

water quality testing, both chemical and bacteriological, allows Hinchinbrook Shire 

Council to identify contamination of the water source and potable supply, and also to 

anticipate any risk events, that could occur to the source water or potable supply. 

 

Through analysis of water quality data collected from the Hinchinbrook Shire 

Distribution System, it was evident that iron was present in the system.  Figure 4.4 

illustrates the comparison in iron concentration of the high lift pump at the River 

Pumping Station and the Ingham Water Tower.   The figure clearly confirms that, as 

previous stated, during higher rainfall periods, bore water is used and in lower rainfall 

times, river water is used for quantity and quality, through the correlation of iron 

concentration of the high lift pump and tower.  There is also evidence to suggest during 

lower rainfall times, river water has higher iron concentration. 
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Figure 4.4:  Comparison of iron concentration of high lift pump at the River 

Pumping Station and Ingham Water Tower with rainfall 

 

Hinchinbrook Shire Council has established a computer based program to monitor and 

register customer complaints.  This database allows for complaints to be documented 

and then delegated to the relevant Council officer for attention.  Further information on 

action taken to rectify the complaint is added to the database and included in a 

geographical information system (GIS) project, which provides details on other faults 

that have occurred in the distribution system such as material failure, excavation 

damage etc.  Figure 4.5 provides examples of the customer complaints and 

rectification actions displayed in GIS format. 

 

The collection of customer complaints and mitigation measures allows Hinchinbrook 

Shire Council to gain an insight into the distribution system and can assist in the 

identification of problems areas in the system, over short and long periods of time.  

Figure 4.6 illustrates the locations of broken mains over various years.  This image 

clearly shows that there are some areas where breaks in the mains occur regularly and 

could indicate a deeper underlying issue as to why these mains are failing. 

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

4-May-00 16-Sep-01 29-Jan-03 12-Jun-04 25-Oct-05 9-Mar-07 21-Jul-08

Date

Ir
o

n
 C

o
n

c
e

n
tr

a
ti

o
n

 (
m

g
/L

)

0

200

400

600

800

1000

1200

1400

1600

R
a
in

fa
ll

 (
m

m
)

Ingham Water Tower River Pumping Station Rainfall



 

- 93 - 

 

Figure 4.5:  Example of GIS customer complaints system 

 

Figure 4.6:  Existing broken main data 
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4.1.2 Development of a Network Model Representative of the Ingham 

Water Supply Scheme 

 

EPANET was chosen as the software to model the Ingham Water Supply System‟s 

hydraulic and water quality behaviour.  With the software being readily available and 

easy to use, it has been the popular choice in previous studies. 

 

4.1.2.1 Model Representation 

 

Assembling the model involved investigating the current distribution system maps, as 

built drawings, electronic maps and records.  Originally, the Ingham Water Supply 

Scheme network components were recorded on paper maps and documentation, until 

survey information, computer aided drafting and aerial mapping were used to 

accurately display and document the system.  Subsequently, details on visual 

inspections, improvement, upgrade, new work and repairs have allowed the original 

component information to be modified and maintained.  Figure 4.7 provides an 

example of an as built map currently available of the Ingham Water Supply Scheme. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.7:  As built map (Hinchinbrook Shire Council) 
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Based on the records available, network elements/components and their connections 

were determined.  In general, network components for the Ingham Water Supply 

System included: 

 Pipes; 

 Pumps; 

 Valves; 

 Storage tanks; and 

 Reservoirs. 

 

These recorded network components were converted to EPANET format through the 

following steps: 

 Assign unique ID numbers to all nodes, where nodes are junctions 

where network components connect to one another (links) as well as 

tanks and reservoirs; 

 Assign ID numbers to each link (pipes, pumps and valves); and 

 Collection information on the following system parameters: 

o Diameter, length, roughness, minor loss coefficient for each 

pipe; 

o Characteristic operating curve for each pump; 

o Diameter, minor loss coefficient and pressure or flow setting for 

each control valve; 

o Diameter and lower and upper water levels for each tank; 

o Control rules that determine how pump, valve and pipe settings 

change with time, tank water levels or nodal pressures; 

o Changes in water demands for each node over the time period 

being simulated; and 

o Initial water quality at all nodes and changes in water quality 

over time at source nodes. 
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Analysis of the Ingham Water Supply System network components indicated that the 

majority of the piping system is made up of cast-iron pipes.  Table 4.3 provides the 

breakdown of the distribution system piping size and type. 

 

Table 4.3:  Ingham Water Supply Scheme length/volume of mains by size/type 

Size Mains Total Volume Asbestos 

Cement 

(AC) 

Cast Iron 

(CI) 

Ultraviolet 

(UV) 

(mm) Type Length 

(m) 

(m³) Volume 

(m³) 

Volume 

(m³) 

Volume 

(m³) 

80 AC 3.0 0.0       

100 AC 21960.0 172.5       

150 AC 6613.0 116.9       

225 AC 4546.0 180.8       

300 AC 3480.0 246.0       

375 AC 1745.0 192.7 908.9     

80 CI 11.0 0.1       

100 CI 14972.0 117.6       

150 CI 2875.0 50.8       

225 CI 2657.0 105.6       

300 CI 2814.0 198.9       

450 CI 60.0 9.5   482.5   

50 UV 1906.0 3.7       

80 UV 1150.0 5.8       

100 UV 12200.0 95.8       

150 UV 8647.0 152.8       

225 UV 65.0 2.6     260.7 

    85704.0 1652.1 55% 29% 16% 
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Pumps impart energy into the hydraulic system by raising the hydraulic head, which 

can then overcome elevation difference, friction and other losses.  Two pumps, located 

at the River Pumping Station and the Depot Treatment Plant, were modelled within the 

Ingham Water Supply Scheme network, represented by the pump head characteristic 

curves given in Equation 4.1 and Equation 4.2 respectively.  Figure 4.8 and Figure 4.9 

provide the EPANET curve editor window for the pump head characteristic curves for 

the River Pumping Station and the Depot Treatment Plant respectively. 

 

Head = 46.67 – 0.03232(Flow)2 (4.1) 

Head = 46.67 – 0.3421(Flow)2 (4.2) 

where 

 Head = pump head (m) 

 Flow = pump discharge (MLD) 

 

 

Figure 4.8:  EPANET Curve Editor for River Pumping Station 
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Figure 4.9:  EPANET Curve Editor for Depot Treatment Plant 

 

4.1.2.2 Skeletonization 

 

Minimal skeletonization was determined appropriate for the Ingham Water Supply 

Scheme network model.  Skeletonization involved the selection of only those pipe 

components to be included in the network model considered to be significant to flow, 

distribution and behaviour of the distribution system.  This resulted in shorter simulation 

processing time, reduction in iterations required to balance the model and quicker and 

easier result display.  Figure 4.10 provides an example of skeletonization of a section 

of network model. 

 

 

 

 

 

 

Figure 4.10:  Skeletonization example 
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4.1.2.3 Network Demand 

 

Demand for the network model was determined through data collected by Hinchinbrook 

Shire Council system pre-existing compiled data, operational records for annual 

demand and customer meters.  Presently, Hinchinbrook Shire Council uses automatic 

electromagnetic flow meters at the treatment plants, to measure flow into the 

distribution system.  Further, at each connection to the main system, a service meter is 

installed to record and monitor the consumption.  On a quarterly basis, a council officer 

manually inspects and records the reading of the service meter so that usage or 

consumption can be determined, for the purpose of water usage charging and 

monitoring.  This data was utilised to calculate average consumption per connection, 

by taking the average of the consumption at each connection point or overall 

consumption, divided by the number of connection points.  Table 4.4 provides an 

overview of yearly and connection consumption taken from the Ingham Water Supply 

Scheme information. 

 

Table 4.4:  Ingham Water Supply Scheme annual consumption 

Year Annual Demand 

(ML) 

Connections Daily Demand 

(L/Day.Connection) 

2006/2007 1459 3152 1268 

2007/2008 1397 3157 1212 

2008/2009 1339 3157 1162 

2009/2010 1689 3160 1464 

 

Meter assignment was used to assign customer meters to the nearest demand node.  

Figure 4.11 schematically depicts this method with Figure 4.12 illustrating an example 

of the process, utilising the spatial capabilities of GIS as part of the Ingham Water 

Supply Scheme model. 
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Figure 4.11:  Meter assignment example (Walski et al, 2003) 

 

 

Figure 4.12:  Skeletonization example taken from Ingham Water Supply Scheme 
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4.1.3 Testing and Calibrating Ingham Water Supply Scheme Network 

Model 

 

Calibration of the network model for the Ingham Water Supply System was completed 

to ensure accurate representation of the actual working system, reliability and 

credibility of network outcomes.  Through the calibration process a number of aspects 

were investigated including but not limited to: 

 Sources of errors; 

 Incorrectly inputted data; 

 Unknown internal pipe roughness; 

 Errors in system maps; 

 Node elevations; 

 Effect of time; 

 Geometric anomalies; and 

 Model detail. 

 

Outcomes from the calibration process allowed the adjustment of model characteristics 

and parameters so prediction by the simulated network model matched actual 

observed field data to an acceptable level. 

 

4.1.3.1 Pressure Calibration 

 

Pressures were measured at different locations throughout the Ingham Water Supply 

Scheme, to collect information to be used for calibration and validation.  Figure 4.13 

shows the various locations where the pressure recording devices were installed.  

Figure 4.14 gives an example of the outcomes from the pressure recording, with Figure 

4.15 giving all the data recordings.  Individual pressure recordings are provided in 

Appendix A. 
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Figure 4.13:  Location of pressure monitoring devices 

 

 

Figure 4.14:  Davidson Street pressure information recording 
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Figure 4.15:  Pressure information recorded 

 

From the pressure information gathered, it was possible to begin understanding the 

dynamics of the distribution system.  Figure 4.16, Figure 4.17 and Figure 4.18 illustrate 

that different areas of the network have similar pressure variations and patterns, and 

also indicate how pressure changes during the day, due to demand affects. 

 

 

Figure 4.16:  Selection of pressure information recorded 
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Figure 4.17:  Selection of pressure information recorded 

 

 

Figure 4.18:  Selection of pressure information recorded 

 

Pressure recordings were also converted into a calibration file and uploaded into the 

network model, to compare modelled and actual data from the simulation.  Table 4.5 

provides an extract of the calibration file utilised for the Ingham Water Supply Scheme.  

The full calibration file for pressure is available in Appendix B. 
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Table 4.5:  Pressure calibration file extract 

Node Time 

(hr) 

Pressure 

(m) 

457 18 33.25 

457 28 33.25 

457 29.75 32.75 

457 42 32.75 

457 43.75 33.25 

457 52.5 33.25 

457 54.25 32.75 

457 66.5 32.75 

457 70 33.25 

308 49 33.75 

308 52.75 33.75 

308 53.5 33 

308 56.5 33 

 

4.1.3.2 Internal Pipe Roughness Calibration 

 

Two-gage head loss tests were carried out to determine internal roughness coefficients 

for different types of pipes, within the Ingham Water Supply Scheme.  As depicted in 

Figure 4.19, the two-gage head loss test section was located between two fire 

hydrants, which were isolated by the downstream valve/s.  During the test, a hydrant 

downstream of the test section was allowed to flow, whilst the pressure at the two test 

hydrants was taken.  The head loss over the test section was then calculated using 

Equation 4.3 and further the Hazen-Williams C-factor was calculated using Equation 

4.4. 

 

 

hL = Cf (PU – PD) + (ZU – ZD) (4.3) 
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where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 

  (
    

     

   
    )

       

 
(4.4) 

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 

 

 

Figure 4.19:  Two-gage head loss test (Walski et al, 2003) 

 

Determining the two-gage head loss test locations took into account the type of pipe 

material, ensuring a variety of different pipe material was tested, the location of 

downstream valves, the ability to isolate the test section, safety and accessibility.  
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Figure 4.20 and Figure 4.21 illustrate the locations of where the two-gage head loss 

tests were carried out. 

 

 

Figure 4.20:  Location of fire flow tests 
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Figure 4.21:  Location of fire flow tests 

 

The results gathered from the two-gage head loss tests were entered into a 

spreadsheet calculation tool, developed to determine the roughness coefficient value.  

Figure 4.22 provides a screenshot of a completed worksheet for one of the two-gage 

head loss tests.  Appendix C provides all the two-gage head loss test and roughness 

coefficient calculation worksheets for the sites tested. 
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The two-gage head loss tests allowed pipe roughness to be determined for a number 

of pipes within the Ingham Water Supply Scheme.  The two-gage head loss tests were 

completed on approximately 30 year old cast iron and asbestos cement pipes. 

 

In theory, cast iron generally have a Hazen-Williams C-factor varying between 64 and 

130 depending on age, with 30 year old cast iron having a C-factor between 75 and 90.  

As a result of the two-gage head loss tests, the average roughness from cast iron was 

found to be 79 which is within the appropriate range.  This calculated roughness value 

was incorporated into the EPANET network model. 

 

For asbestos cement, the Hazen-Williams C-factor is generally around 140.  As a result 

of the two-gage head loss tests, the average roughness from asbestos cement was 

found to be 208 which is above the typical figure.  This indicates the material tested is 

very smooth, as the higher the Hazen-Williams C-factor the smoother the material is.  

This calculated roughness value was incorporated into the EPANET network model. 

 



 

- 110 - 

 

Figure 4.22:  Pipe roughness calculation screenshot 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 11.25 179 26

Fire Hydrant 2 11.125 165 24

85

100 Cast Iron

6.1

hL = 1.5315 m

C 81.768 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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4.1.3.3 Chlorine Bulk Reaction Coefficients 

 

Bottle test were carried out in the laboratory to determine chlorine bulk reaction 

coefficients.  The bottle tests involved collecting source water and analysing chlorine 

decay after a known amount of chlorine was added.  The location of the source water 

in relation to the Ingham Water Supply Scheme distribution network is shown in Figure 

4.23. 

 

 

Figure 4.23:  Source water locations 

 

The bottle tests allowed actual field data to be recorded for chlorine decay of the 

source water.  Table 4.6 provides an example of the results found during a bottle test 

for chlorine bulk reaction coefficients for a sample of river water.  Table 4.6 indicates 

that a greater frequency of testing was carried out on commencement of the bottle test 

due to rapid chlorine decay. 
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Inputting the chlorine decay model, based on the work completed by Fisher et al 

(1996), into AQUASIM, allowed the results from the bottle tests to be utilised to 

simulate and estimate the model parameters.  The chlorine decay model entered into 

AQUASIM included the following reacting compounds: 

 Fast reacting reducing agents (FRA); 

 Slow reacting reducing agents (SRA); 

 Fast reacting nitrogen agents (FNA); 

 Slow reacting nitrogen agents (SNA); and 

 Combine chlorine (CC). 

 

Table 4.6:  Chlorine decay results for a sample of source river water 

Time 

(hr) 

Concentration 

of Free 

Chlorine 

(mg/L) 

Time 

(hr) 

Concentration 

of Total 

Chlorine 

(mg/L) 

0 2 0 2 

0.05 1.21 0.0333 1.33 

0.1339 1.14 0.1178 1.17 

0.2189 1.09 0.1997 1.17 

0.3047 1.07 0.2847 1.16 

0.3861 1.01 0.3639 1.12 

0.4611 1.05 0.4406 1.11 

0.5386 0.99 0.5222 1.11 

0.7889 0.96 0.7744 1.03 

1.041 0.92 1.024 1.02 

1.661 0.84 1.527 1.01 

2.04 0.87 2.023 0.91 

27.92 0.35 27.92 0.42 

51.92 0.19 51.92 0.28 

73.42 0.15 73.42 0.19 
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The processes or equations included in the AQUASIM file relate the reacting 

compounds with chlorine and the corresponding reaction rates as detailed in Equations 

4.5 through to 4.9. 

 

       
     
→                      (4.5) 

       
     
→                      (4.6) 

       
     
→                              (4.7) 

       
     
→                             (4.8) 

  
   
→                (4.9) 

 

A screen output from the AQUASIM program after simulating an example of chlorine 

decay in source water is shown in Figure 4.24.  Appendix D provides a complete 

AQUASIM system definition file for the chlorine bulk reaction coefficients estimation 

and simulation. 

 

 

Figure 4.24:  AQUASIM screen view of chlorine decay model 
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Figure 4.25 graphically illustrates the measured chlorine residual for a sample of 

source river water and the modelled outcome from the chlorine decay model in 

AQUASIM.  This graph clearly shows that at the commencement of the experiment 

chlorine decay was quite rapid or steeper, due to the interaction between the fast 

reacting reducing agents and fast reacting nitrogen agents with chlorine.  Therefore, it 

would be expected that the fast decay component would occur once chlorine 

disinfection has taken place and the slower or flatter decay would occur when the 

treated water entered the distribution system. 

 

As the chlorine decay reaction is first order, to determine the chlorine decay rate 

constant, a plot of natural log of the chlorine concentration versus time was developed 

as shown in Figure 4.26.  The slope of the straight line, that represents the modelled 

data, can be converted into the rate constant. 

 

 

Figure 4.25:  Measured and modelled chlorine decay data for river water sample 
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Figure 4.26:  Determination of chlorine decay rate constant for river water sample 

 

A number of bottle tests were completed on the Ingham Water Supply Scheme source 

water at different times, to allow comparison of the chlorine decay rates.   Figure 4.27 

is an example of the results from the bottle test and simulated model for a sample of 

bore source water.  This figure clearly shows that after the initial rapid decay of chlorine 

at commencement of the test, the decay was quite slow.  This indicates that the source 

water does not contain a lot of slow reacting compounds.  This observation was proven 

through the calculation of the reaction rate shown in Figure 4.28, which was found to 

be small. 

 

Table 4.7 provides a summary of the chlorine decay rates from the bottle tests on 

source water completed for this research project and Appendix E presents the 

graphical results of the tests.  The summary results infer that bore water has 

considerably less reactants to consume the chlorine, compared to the river water 

source.  Furthermore, the difference in summer and winter chlorine decay results 

indicate that there is more reactants during summer than winter to consumer chlorine, 

which is likely due to higher organics in the river water during higher rainfall periods.  

These findings support Hinchinbrook Shire Council‟s actions to switch to bore water 

during rainfall periods, to reduce treatment required to produce safe and affordable 

drinking water. 
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Table 4.7:  Chlorine decay rate summary for source water 

Source Location Chlorine 

decay rate 

(hr
-1

) 

Average 

Temperature 

Range 

(C) 

Bore Water 0.0002  

River Water   

Summer 0.0304 22 – 32.5 

Winter 0.0179 13.6 - 26.1 

 

 

Figure 4.27:  Measured and modelled chlorine decay data for bore water sample  

 

In relation to EPANET, only one bulk reaction rate is applied throughout the system, 

however in reality, due to water being from different sources, mixing will occur at the 

nodes.  Therefore, consideration of the mixing of different water needed to be 

investigated, to improve the accuracy and predictability of the chlorine decay model for 

the Ingham Water Supply Scheme.  To assist in determining the degree of mixing at a 

particular node, source tracing analysis was performed on the EPANET network model.  

Figure 4.29 provided the contour plot for an extended period simulation of water tracing 

from the bore source water. 
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Figure 4.28:  Determination of chlorine decay rate constant for bore water sample 

 

Based on the source tracing analysis, it was possible to determine the representative 

source mixtures to perform bottle tests, to determine mixed chlorine bulk reaction 

coefficients.  The water age analysis determined the average distribution system 

retention time or water age was 13 ½ hours and a maximum age was 71 hours. 

 

Figure 4.30 graphs the results shown in the tracer study depicted in Figure 4.29.  This 

graph illustrates that a majority of the pipe length has a Depot Treatment source 

percentage of between 0 and 10, which indicates that these pipes would be fed by a 

larger volume of the River Pumping Station source water.  Based on these results, 

chlorine bottle tests were also performed on the mixtures stipulated in Table 4.8. 

 

Table 4.8:  Chlorine bottle test source mixtures 

Test No River Water Source (%) / Bore Water Source (%) 

1 90 / 10 

2 80 / 20 
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Figure 4.29:  Source tracer analysis of bore source water 

 

 

Figure 4.30:  Graph of source tracer analysis of Depot Treatment Plant 

 

Figure 4.31, Figure 4.32, Figure 4.33 and Figure 4.34 present the results from the 

bottle tests of the 90% river water and 10% bore water mixture sample and 80% river 

water and 20% bore water mixture sample, the corresponding simulated models and 

chlorine decay rate constants.  Table 4.9 presents the results in tabular form. 
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Figure 4.31:  Measured and modelled chlorine decay data for 90% river water and 

10% bore water sample 

 

 

Figure 4.32:  Determination of chlorine decay rate constant for 90% river water 

and 10% bore water sample 
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Figure 4.33:  Measured and modelled chlorine decay data for 80% river water and 

20% bore water sample  

 

 

Figure 4.34:  Determination of chlorine decay rate constant for 80% river water 

and 20% bore water sample 
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Table 4.9:  Chlorine decay rate summary for specified source mixtures 

River Water Source (%) / 

Bore Water Source (%) 

Chlorine 

decay rate 

(hr
-1

) 

90 / 10 0.0149 

80 / 20 0.0097 

 

4.1.3.4 Chlorine Disinfectant Residuals Calibration 

 

In addition to the determination of the chlorine bulk reaction coefficients, water quality 

surveys for chlorine disinfectant residuals were carried out, to allow for calibration and 

validation of the extended period water quality model in EPANET.   

 

Figure 4.35 indicates the location of the water quality surveys for chlorine residual, 

which were chosen after considering accessibility of the sampling location, safety, 

proximity to mains, tanks and other network infrastructure.  A total of nine (9) sites were 

chosen for sampling during the research project however, the number of sites sampled 

in a round of collection could vary depending on accessibility to site, safety and other 

factors.  Table 4.10 provides an extract of chlorine residual values gathered from a 

round of sampling from five (5) sites within the Ingham Water Supply Scheme.  

Appendix G lists the various disinfectant residuals gathered from the Ingham Water 

Supply Scheme. 

 

According to the Australia Drinking Water Guidelines, developed by the Australian 

Government National Health and Medical Research Council, generally the minimum 

chlorine residual level should be between 0.2 mg/L and 0.5 mg/L, with the health 

guideline value being 5 mg/L.  The value of free chlorine for water samples collected 

from the network ranged between 1 mg/L to 2.2 mg/L, which are within the 

recommended guideline set in this document. 
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Figure 4.35:  Location of chlorine residual tests 

 

Table 4.10:  Chlorine residual result extract 

Node Time 

(hr) 

Chlorine 

(mg/L) 

2170 7 1.70 

2170 12 1.99 

2170 19 1.81 

84 7 1.87 

84 12 2.20 

84 19 2.08 

487 7 1.90 

487 12 2.25 

487 19 2.05 

460 7 1.12 

460 12 1.58 

460 19 1.42 

532 7 1.00 

532 12 1.42 

532 19 1.22 
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Using the measured field data and inputting the chlorine global bulk coefficient, which 

in this case is the chlorine decay rate constant, into the Ingham Water Supply Scheme 

EPANET network model, the wall reaction coefficient could be adjusted to improve the 

predictability of the network model.  Calibration was achieved with a wall reaction 

coefficient of -0.03.  

 

As discussed previously, the chlorine decay rate constant is dependent on the source 

water/s and time of year.  This analysis then allowed comparison between the 

modelled chlorine residuals and the measured or observed field data.  For example, 

Figure 4.36 provides a calibration report comparing the mean calculated and measured 

or observed chlorine values for each of the nominated nodes included in the network 

model. 

 

Overall, good correlation was observed between simulated and measured results from 

within the Ingham Water Supply Scheme.  Node 2170 was the only node that showed a 

major variation between the simulated and measure chlorine residual.  In the case of 

node 2170, the mean simulated result was equal to 0.74 mg/L with the observed mean 

equal to 1.83 mg/L.  However, after a simulation time period of 72 hours the simulation 

chlorine value for node 2170 was found to be 1.6 mg/L, which has better correlation to 

the observed mean value of 1.83 mg/L.  Disregarding the data from node 2170, the 

statistical correlation between mean chlorine residual values was equal to 92.8%. 

 

 

Figure 4.36:  EPANET chlorine concentration calibration report graph 
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Figure 4.37, Figure 4.38, Figure 4.39, Figure 4.40 and Figure 4.41 present a series of 

contour plots displaying the simulated chlorine concentration in the distribution system 

after 1, 12, 24, 36 and 72 hours respectively.  These figures illustrate that chlorine 

concentration remains high in the vicinity of the treatment sites and decrease to the 

outmost areas of the network.  Simulated model results indicated that chlorine 

concentrations within the Ingham Water Supply Scheme were above the minimum 

requirement for chlorine residual, as set in the Australian Drinking Water Guidelines, 

and generally above 1 mg/L. 

 

 

 

Figure 4.37:  EPANET modelled chlorine concentration contour plot after 1 hour 
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Figure 4.38:  EPANET modelled chlorine concentration contour plot after 12 

hours 

 

 

Figure 4.39:  EPANET modelled chlorine concentration contour plot after 24 

hours 
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Figure 4.40:  EPANET modelled chlorine concentration contour plot after 36 

hours 

 

Figure 4.41:  EPANET modelled chlorine concentration contour plot after 72 

hours 
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4.2 Biofilm Corrosion Reactor Testing 

 

The field analysis component of the research involved the installation of the biofilm 

corrosion reactor within the pilot study water distribution system.  Figure 4.42 provides 

the field analysis breakdown. 

 

Field analysis utilising the biofilm corrosion reactor described in Section 3.3.1 was 

installed at three locations in the Ingham Water Supply Scheme, as detailed in Table 

4.11 and graphically shown in Figure 4.43.  The locations were chosen after taking into 

account accessibility of the location, safety, proximity to mains, tanks and other water 

network infrastructure.  The biofilm corrosion reactor had two experimental timeframes, 

one being a lengthy timeframe of around three and a half (3.5) years and the other 

around eight (8) weeks, with the coupons being removed at various times during the 

experimental timeframe. 

 

Table 4.11:  Biofilm corrosion reactor sites 

Reactor Street Location 

Reactor 1 Intersection Abbott Street / Cooper Street 

Reactor 2 Intersection Hardy Street / Burke Street 

Reactor 3 Intersection Atkinson Street / Hawkins Street 

 

Prior to installation and following removal of the coupon inserts, weight loss was 

determined using Equation 4.10. 

 

        (4.10) 

where 

 W = coupon weight loss (g) 

 Wi  = coupon initial weight (g) 

 Wf  = coupon final weight (g) 
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Figure 4.42:  Field analysis component 

 

Equation 4.11 uses weight loss, calculated from Equation 4.10, exposure period and 

exposed surface area of the coupon to obtain corrosion rate.  Due to the configuration 

of reactor and internal sleeve, the exposed surface area of the coupon is the curved 

surface, which can be calculated using Equation 4.12. 

   
 

  
 (4.11) 

where 

 CR = corrosion rate (g/(m2day) or gmd)) 

 W = coupon weight loss (g) 

 A = exposed surface area (m2) 

 T = exposure time (day) 
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     (4.12) 

where 

 A = exposed surface area (m2) 

 L = coupon length (m) 

 C = curve/arc length of exposed coupon surface (m) 

 

Appendix H provides the raw data results from the biofilm corrosion reactors. 

 

 

Figure 4.43:  Location of biofilm corrosion reactor installations 
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4.2.1 Reactor 1 – Intersection Abbott Street / Cooper Street 

 

Reactor 1 was installed on a service line on the 20th February 2007, containing eight 

(8) coupons, with dimensions as shown in Figure 4.44.  The exposure surface area of 

Reactor 1‟s coupons calculated as 0.075 m x 0.016 m equalling 0.0012 m2. 

 

Table 4.12 details the raw data gathered on the reactor coupons and calculated weight 

loss as per Equation 4.10.  Figure 4.45 provides a picture of a coupon taken from 

Reactor 1 after exposure.  Furthermore, Table 4.13 provides the calculated corrosion 

rate as per Equation 4.11.  Figure 4.46 graphs the reactor results for weight loss and 

corrosion rate. 

 

Figure 4.44:  Reactor 1 and 2 coupon dimensions 

 

Table 4.12:  Reactor 1 biofilm corrosion reactor raw data results 

Coupon ID Initial 

Weight 

Wi 

Removal 

Date 

Exposure 

Time 

T 

Final 

Weight 

Wf 

Weight 

Loss 

W 

(g)  (days) (g) (g) 

R1-1 61.4499 21/03/2007 29 61.3500 0.0999 

R1-2 62.5903 15/05/2007 84 61.6100 0.9803 

R1-3 61.6395 5/07/2007 135 60.3803 1.2592 

R1-4 62.9662 4/08/2008 531 61.6730 1.2932 

R1-5 63.0032 15/09/2008 573 61.7025 1.3007 

R1-6 61.5596 17/11/2008 636 60.2000 1.3596 

R1-7 61.7544 25/05/2009 825 60.3500 1.4044 

R1-8 59.9970 24/11/2010 1373 58.5800 1.4170 

 

2.4 cm 

0.8 cm 

1.6 cm 

7.5 cm 
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Figure 4.45:  Reactor 1 coupon after exposure 

 

Table 4.13:  Reactor 1 corrosion rate results 

Coupon ID Exposure 

Time 

T 

between coupons 

Weight 

Loss 

W 

Corrosion 

Rate 

CR 

between coupons between coupons 

(days) (g) (gmd) 

R1-1 
29 0.0999 2.8707 

R1-2 
55 0.8804 13.3394 

R1-3 
51 0.2789 4.5572 

R1-4 
396 0.034 0.0715 

R1-5 
42 0.0075 0.1488 

R1-6 
63 0.0589 0.7791 

R1-7 
189 0.0448 0.1975 

R1-8 
548 0.0126 0.0192 
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Figure 4.46:  Weight loss relative to exposure time for Reactor 1 

 

4.2.2 Reactor 2 – Intersection Hardy Street /Burke Street 

 

Reactor 2 was installed on a service line on the 14th March 2007, containing eight (8) 

coupons, with dimensions matching Reactor 1 as shown in Figure 4.44.  The exposure 

surface area of Reactor 2‟s coupons calculated as 0.075 m x 0.016 m equalling 0.0012 

m2. 

 

Table 4.14 details the raw data gathered on the seven (7) reactor coupons removed 

over the test period and calculated weight loss as per Equation 4.10.  Figure 4.47 

provides a picture of a coupon taken from Reactor 2 after exposure.  Furthermore, 

Table 4.15 provides the calculated weight loss and corrosion rate as per Equation 4.11.  

Figure 4.48 graphs the reactor results for weight loss and corrosion rate. 
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Table 4.14:  Reactor 2 biofilm corrosion reactor raw data results 

Coupon ID Initial 

Weight 

Wi 

Removal 

Date 

Exposure 

Time 

T 

Final 

Weight 

Wf 

Weight 

Loss 

W 

(g)  (days) (g) (g) 

R2-1 63.9067 15/05/2007 62 63.7900 0.1167 

R2-2 65.4699 5/07/2007 113 64.5262 0.9437 

R2-3 64.5078 4/08/2008 509 63.3060 1.2018 

R2-4 66.4930 15/09/2008 551 65.2250 1.2680 

R2-5 65.8003 17/11/2008 614 64.4382 1.3621 

R2-6 65.7599 25/05/2009 803 64.350 1.4099 

R2-7 62.6297 24/11/2010 1351 61.1000 1.5297 

 

 

Figure 4.47:  Reactor 2 coupon after exposure 
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Table 4.15:  Reactor 2 corrosion rate results 

Coupon ID Exposure 

Time 

T 

Weight 

Loss 

W 

Corrosion 

Rate 

CR 

 between coupons between coupons between coupons 

 (days) (g) (gmd) 

R2-1 62 0.1167 1.5685 

R2-2 51 0.827 13.5131 

R2-3 396 0.2581 0.5431 

R2-4 42 0.0662 1.3135 

R2-5 63 0.0941 1.2447 

R2-6 189 0.0478 0.2108 

R2-7 548 0.1198 0.1822 

 

 

Figure 4.48:  Weight loss relative to exposure time for Reactor 2 
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4.2.3 Reactor 3 – Intersection Atkinson Street / Hawkins Street 

 

Reactor 3 was installed on a service line on the 1st August 2006, containing eight (8) 

coupons, with dimensions as shown in Figure 4.49.  The exposed surface area of the 

coupon was calculated using Equation 4.8 to be 0.06 m x 0.01 m equalling 0.0006 m2. 

 

Table 4.16 details the raw data gathered on the reactor coupons and calculated weight 

loss as per Equation 4.10.  Figure 4.50 provides a picture of a coupon taken from 

Reactor 3 after exposure.  Furthermore, Table 4.17 provides the calculated weight loss 

and corrosion rate as per Equation 4.11.  Figure 4.51 graphs the reactor results for 

weight loss and corrosion rate. 

 

 

Figure 4.49:  Reactor 3 coupon dimensions 

 

 

Figure 4.50:  Reactor 3 coupon after exposure 
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Table 4.16:  Reactor 3 biofilm corrosion reactor raw data results 

Coupon ID Initial 

Weight 

Wi 

Removal 

Date 

Exposure 

Time 

T 

Final 

Weight 

Wf 

Weight 

Loss 

W 

 (g)  (days) (g) (g) 

R3-1 28.6824 21/03/2007 232 27.9500 0.7324 

R3-2 29.1376 15/05/2007 287 28.6300 0.5076 

R3-3 29.1405 5/07/2007 338 28.3509 0.7896 

R3-4 29.2767 4/08/2008 734 27.7720 1.5047 

R3-5 28.8916 15/09/2008 776 27.4023 1.4893 

R3-6 29.2338 17/11/2008 839 27.6599 1.5739 

R3-7 28.7635 25/05/2009 1028 27.0900 1.6735 

R3-8 28.4816 24/11/2010 1576 26.5000 1.9816 

 

 

Figure 4.51:  Weight loss relative to exposure time for Reactor 3 
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Table 4.17:  Reactor 3 corrosion rate results 

Coupon ID Exposure 

Time 

T 

Weight 

Loss 

W 

Corrosion 

Rate 

CR 

 between coupons between coupons between coupons 

 (days) (g) (gmd) 

R3-1 232 0.7324 5.2615 

R3-2 55 -0.2248 -6.8121 

R3-3 51 0.282 9.2157 

R3-4 396 0.7151 3.0097 

R3-5 42 -0.0154 -0.6111 

R3-6 63 0.0846 2.2381 

R3-7 189 0.0996 0.8783 

R3-8 548 0.3081 0.9370 

 

4.2.4 Combined Reactor Results 

 

Displaying the weight loss trends for the three (3) reactor sites on Figure 4.52, provides 

a snapshot and overview of corrosion at these locations and indicates that similar 

trends were experienced at each of the sites.  The corrosion trends also implies that 

there are three (3) key phases of the corrosion process which will be referred to as 

initial, intermediate and final phase of corrosion as shown in Figure 4.52. 

 

Figure 4.52 clearly shows that in the initial phase of corrosion, approximately the first 

six (6) months of coupon exposure, corrosion occurred quite rapidly, followed by the 

intermediate phase where corrosion rate slows considerably.  The final phase of 

corrosion has an even slower rate of corrosion, when compared to the intermediate 

phase and the rate doesn‟t tend to change. 
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Figure 4.52:  Weight loss relative to exposure time for Reactor 1, 2 and 3 

 

Upon running the EPANET network model simulation for velocity, it was evident that 

there were areas of high velocity, typically adjacent and extending from the source 

water/treatment points, and areas of stagnant water, typically adjacent to dead end 

pipes, as shown in Figure 4.53. 

 

 

Figure 4.53:  Velocity simulation after 72 hours 

Initial 

Intermediate 

Final 
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Table 4.18 provides a summary of the simulated velocity and corrosion rate results 

during the initial phase of corrosion within the reactors.  Although the velocities 

simulated are considered low, this comparison indicates that higher velocity results in 

higher corrosion rate.  It is expected that higher velocities would result in the supply of 

dissolved oxygen being greater than in those areas of lower velocity.  When the 

coupon would have had a clean surface, during the initial period, and higher velocity 

supplying more dissolved oxygen, it would be logical that higher velocity areas would 

have higher corrosion rates. 

 

Iron concentrations at the reactor sites taken from Hinchinbrook Shire Council general 

monitoring were used to understand the relationship between corrosion, velocity and 

iron release.  Table 4.18 provides the initial phase data, which indicates that iron 

release is greater in locations with higher velocity.  This observation is consistent with 

the trends found with corrosion rate of the coupons. 

 

Table 4.18:  Reactor initial phase simulated velocity, corrosion rate and iron 

concentration 

Reactor Street Location Simulated 

Velocity     

(m/s) 

Initial Phase 

Corrosion 

Rate         

(gmd) 

Iron 

Concentration 

(mg/L) 

Reactor 1 Intersection Abbott Street / 

Cooper Street 

0.16 13.34 1.29 

Reactor 2 Intersection Hardy Street / 

Burke Street 

0.37 13.51 3.30 

Reactor 3 Intersection Atkinson Street 

/ Hawkins Street 

0.09 5.26 0.88 

 

After the initial rapid phase of corrosion, it was found that the corrosion rate slowed 

during the intermediate and final phases.  It would be expected that during the initial 

phase, as corrosion occurred, scales would build up, providing a protective layer on the 

coupon and therefore resulting in a slower corrosion rate.  Furthermore, the reactor 

results indicated during the intermediate phase corrosion rate was higher in lower 

velocity locations, which would be due to the extent of corrosion scales formed during 
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the initial exposure period.  Table 4.19 provides a summary of the simulated velocity 

and corrosion rate results during the final phase of corrosion within the reactors. 

 

Table 4.19:  Reactor final phase simulated velocity and corrosion rate 

Reactor Street Location Simulated 

Velocity     

(m/s) 

Final Phase 

Corrosion 

Rate         

(gmd) 

Reactor 1 Intersection Abbott Street / 

Cooper Street 

0.16 0.20 

Reactor 2 Intersection Hardy Street / 

Burke Street 

0.37 0.21 

Reactor 3 Intersection Atkinson Street 

/ Hawkins Street 

0.09 0.88 

 

4.3 Accelerated Corrosion Laboratory Testing 

 

As part of the laboratory component of this research, as shown in Figure 4.54, 

potentiodynamic scans were utilised to assess corrosion via an electrochemical 

method. 

 

During a potentiodynamic scan, a graduated current is applied to the corroding surface 

and throughout the scan total anodic-cathodic exchange current is measured.  The 

anodic-cathodic exchange current was plotted (A’ and C’), otherwise known as the 

polarization curve, and the corrosion current (i’ or icorr) was found by determining the 

intersection of the anodic and cathodic partial exchange curves (a’ and c’), otherwise 

known as the Tafel slopes.  Figure 4.55 provides a standard polarisation curve 

illustrating the determination of icorr from Tafel slopes. 

 

Based on the results found from the polarisation curve, corrosion rate can be 

calculated via Equation 4.13. 
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 (4.13) 

where 

 CRacc = corrosion rate (mm/year) 

 icorr = corrosion current (A) 

 K = constant that defines units of corrosion rate (3272) 

 EW = the equivalent weight 

  = density 

 

Equivalent weight can be calculated using Equation 4.14 

 

   (∑
  𝑓 
  

)
  

 (4.14) 

where 

 nt = valence of element 

 ft = mass fraction (%) of the element within the metal 

 Wt = molecular weight of element 
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Figure 4.54:  Laboratory analysis component 
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Figure 4.55:  Standard polarisation curve 

Reprinted from AWWA M58 – Internal Corrosion Control in Water Distribution Systems, 

by permission. Copyright © 2011, American Water Works Association.  

 

Density can be calculated using Equation 4.15 

 

  
 

 
 (4.15) 

where 

  = density 

 m = mass 

 V = volume 

 

Accelerated corrosion testing was completed on water sampled within the Ingham 

Water Supply Scheme at the three (3) sites were the biofilm corrosion reactors were 

located, Ingham Depot Treatment Plant and River Pumping Station.  Additionally, 

Jonathan Ham carried out accelerated corrosion testing using simulated drinking water, 

under a number of different conditions, as part of his undergraduate thesis entitled 

“Evaluation Factors Affecting Corrosion in Drinking Water Distribution Systems”.  Both 

sets of testing were performed on 4E cast iron samples, which were found to have a 

density of approximately 7.04 g/cm3  as part of Jonathan Ham‟s undergraduate thesis. 
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4.3.1 Accelerated corrosion testing using simulated drinking water 

 

Accelerated corrosion testing was completed on simulated drinking water with differing 

pH and chlorine concentration.  The simulated drinking water was produced using 

distilled water, adjusting the pH with either hydrochloric acid or sodium hydroxide and 

adding sodium hypochlorite to obtain the desired chlorine concentration.  The 

simulated drinking water pH levels was based on the NHRMC Australian Drinking 

Water Guidelines (2004) recommendation of pH between 6.5 and 8.5 and maximum 

chlorine concentration levels was based on chlorine dosage for the Ingham Water 

Supply Scheme (2 mg/L) and the minimum based on the NHRMC Australian Drinking 

Water Guidelines (2004) (0.2mg/L).  Table 4.20 provides the matrix of simulated 

drinking water testing environments. 

 

Table 4.20:  Simulated drinking water testing environments 

[Cl] 

pH 

4.5 6.5 - 7 8.5 

0.2 mg/L    

1 mg/L    

2 mg/L    

 

Corrosion rates for the environments detailed in Table 4.19 are provided in Table 4.21, 

Table 4.22 and Table 4.23. 

 

Table 4.21:  Corrosion rates (mm/yr) for simulated drinking water with chlorine 

concentration of 0.2 mg/L 

pH 

Test Number 

1 2 3 4 

4.5 0.005778 0.006004   

6.5 0.004532 0.004532 0.004532  

8.5 0.006231 0.007930 0.004192 0.003965 



 

- 145 - 

 

Table 4.22:  Corrosion rates (mm/yr) for simulated drinking water with chlorine 

concentration of 1 mg/L 

pH 

Test Number 

1 2 

4.5 0.020392 0.014728 

6.5 0.012802 0.012802 

8.5 0.013595 0.016994 

 

Table 4.23:  Corrosion rates (mm/yr) for simulated drinking water with chlorine 

concentration of 2 mg/L 

pH 

Test Number 

1 2 3 

4.5 0.092899 0.082703 0.082703 

6.5 0.055513 OVERLOAD 0.021525 

8.5 0.022772 0.012462  

 

The results shown in Table 4.21, Table 4.22 and Table 4.23 have been graphically 

represented in Figure 4.56 and Figure 4.57.  Figure 4.56 shows that for chlorine 

concentrations less than 1 mg/L that corrosion rate is less than those rates found with 

chlorine concentration greater than 1 mg/L.  The results indicated that when chlorine 

concentrations are greater than 1 mg/L, lower pH water has higher corrosion rate.  

Furthermore, for water with a pH of 8.5 the corrosion rate has little change. 
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Figure 4.56:  Average corrosion rate versus chlorine concentration (Ham, 2010) 

 

Figure 4.57 illustrates that corrosion rate decreases for water containing a chlorine 

concentration of 2 mg/L with increasing pH and corrosion rates is relatively constant for 

water with chlorine concentrations of 0.2 mg/L and 1 mg/L with changing pH levels. 

 

 

Figure 4.57:  Corrosion rate versus pH (Ham, 2010) 
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Overall, these results indicate for chlorine concentrations between 0 – 1 mg/L, 

corrosion rate is relatively constant and not dependent on pH, however with chlorine 

concentrations between 1 – 2 mg/L, lower pH results in higher corrosion rates. 

 

Appendix I provides the details for determining the above, as completed as part of 

Jonathan Ham‟s undergraduate thesis. 

 

4.3.2 Accelerated corrosion testing utilising Ingham Water Supply 

Scheme samples 

 

Accelerated corrosion testing was completed on water sampled within the Ingham 

Water Supply Scheme, at the three (3) sites where the biofilm corrosion reactors were 

located, Ingham Depot Treatment Plant and River Pumping Station, as depicted in 

Figure 4.58.  Two (2) tests were completed for each site to ensure reproducibility of 

results.  The outcome of each test was the polarisation curve that was then used to 

determine icorr as shown in Figure 4.59.  Table 4.24 provides a summary of the 

accelerated corrosion testing results, with Appendix J providing all polarisation curves 

and calculations of corrosion rate for the sites. 

 

 

Figure 4.58:  Accelerated corrosion test sites 
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Figure 4.59:  Polarisation curve for Abbott Street 

 

Table 4.24:  Accelerated corrosion testing summary for Ingham Water Supply 

Scheme 

Sample 
Location 

Corrosion 
Rate 

 

Chlorine 
Conc 

pH 

 

Turbidity Heterotrophic 
Plate Count 

 (mm/year) (mg/L)  (NTU) (CFU/ml) 

Abbott Street 0.10763 0.36 7.175 <0.1 ~6 

Atkinson Street 0.10763 1.30 7.075 0.1 <1 

Ingham Depot 
Treatment Plant 

0.11330 1.62 7.055 0.7 <1 

Hardy Street 0.10763 1.13 7.145 <0.1 39 

River Pumping 
Station  

0.11330 1.82 7.070 1.3 <1 

 

In general, it was found that corrosion rate increases with an increase in chlorine 

concentration, whilst corrosion rates decrease with increase pH, as shown in Figure 

4.60 and Figure 4.61 respectively.  These results are consistent with those found 

during Jonathan Ham‟s undergraduate thesis study, however when comparing the 

corrosion rate values between the simulated water and field samples, the field sample 
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corrosion rates were considerable higher.  It is expected that this result is due to 

increased organics in the field water when compared to the synthetic water. 

 

 

Figure 4.60:  Corrosion rate versus chlorine concentration 

 

 

Figure 4.61:  Corrosion rate versus pH 
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Figure 4.62 illustrates the variation in corrosion rate relative to the sample water 

location.  The accelerated corrosion results indicate little relationship between 

heterotrophic plate count and corrosion rate however it appears that high turbidity 

results in higher corrosion rate.  This outcome is likely as increased turbidity is usually 

caused by high particular and organic matter, which can favourably assist the corrosion 

process. 

 

 

Figure 4.62:  Corrosion rate versus location 

 

4.4 Corrosion Model 

 

Baral (2006) developed a corrosion model based on the electrochemical degradation of 

iron within an environment, using a series of chemical equations.  These equations 

represented the following aspects of the corrosion model: 

 Basic corrosion reaction (Equation 4.16) ; 

 Extension of basic corrosion reaction with ferric ion (Equation 4.17); 

 Inclusion of the carbonate system; 

o Formation of bicarbonate (Equation 4.18); 
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o Formation of carbonate (Equation 4.19); 

 Inclusion of an iron precipitation model; 

o Precipitation of siderite (Equation 4.20) and 

o Precipitation of ferrous hydroxide (Equation 4.21). 

 

Fe(s) + ½O2 + 2H+  Fe2+ + H2O (4.16) 

Fe2+ + ¼O2 + H+   Fe3+ + ½H2O (4.17) 

CO2 + H2O   H+ + HCO3
- (4.18) 

HCO3
-   CO3

2- + H+ (4.19) 

Fe2+ + CO3
2-   FeCO3 (4.20) 

Fe2+ + 2OH-   Fe(OH)2 (4.21) 

 

Utilising the EPANET multi-species extension (MSX) program, the above chemical 

reactions were converted to mathematical expressions, defining the reaction rate for 

the chemical species being modelled.  The multi-species extension file, commonly 

known as the MSX input file, defined the: 

 Model title; 

 Computational options; 

 Chemical species being modelled; 

 Parameters and constants included in the mathematical expressions 

defining rate; 

 Mathematical rate expressions for species in pipes and storage tanks; 

 Initial conditions for chemical species; and 

 Report requirements for species, nodes and links. 

 

Figure 4.63 provides an extract from the corrosion MSX input file, with the full input file 

given in Appendix K. 
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Figure 4.63:  Corrosion MSX input file extract 

 

The MSX version used during this research was executed using the command prompt 

window, where the EPANET network input file is combined with the MSX input file and 

executed to produce the model results, which are provided in an output report file.  

Figure 4.64 provides a screen dump of the command prompt screen after executing the 

MSX program, with the “corrosioningham” MSX input file on the “ingham” EPANET 

input file. 

 

 

Figure 4.64:  Screen dump of executed MSX program in command prompt 

window 

 
  

 
 

      
       

         
      
      

 
 

     
    
    
     
     
    
    
    
    
     

 
 

        
        
        
        
        
        
        
      
        

 
[PIPES] 
;Basic Iron Corrosion, Extension of Basic Iron Corrosion – Fe2 
RATE Fe2 K1*O2*H-K2f*O2*H+K2b 
; Basic Iron Corrosion, Extension of Basic Iron Corrosion – O2 
RATE O2 -0.5*K1*O2*H-0.25*K2f*O2*H+0.25*K2b 
;Basic Iron Corrosion, Extension of Basic Iron Corrosion, Carbonate System – Bicarbonate, Carbonate 
;System – Carbonate – H 
RATE H -2*K1*O2*H-K2f*O2*H+K2b+K3f*CO2-K3b*H*HCO3+K4f*HCO3-K4b*H*CO3 
;Extension of Basic Iron Corrosion – Fe3 
RATE Fe3 K2f*O2*H–K2b 
;Carbonate System – Bicarbonate – CO2 
RATE CO2 -K3f*CO2+K3b*H*HCO3 
;Carbonate System – Bicarbonate, Carbonate System – Carbonate – HCO3 
RATE HCO3 K3f*CO2-K3b*H*HCO3-K4f*HCO3+K4b*H*CO3 
;Carbonate System – Carbonate – CO3 
RATE CO3 K4f*HCO3-K4b*H*CO3 
;Siderite Reaction – FeCO3 
RATE FeCO3 KS1*CO3 
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The outcomes from the executed MSX program or simulation include a report detailing 

the species for the pipes and links as nominated in the MSX input file.  Figure 4.65 

provides an extract from the corrosion MSX report file, whilst Figure 4.66 provides a 

graphical representation of the iron (Fe2+) concentration data over time. 

 

The multi-species extension has the ability to perform analysis on a number of nodes 

and links as specified in the input file.  The corrosion model simulation outcomes 

indicated that for all nodes and links, iron release is rapid during the initial exposure 

period, which support the findings from the experimental and field results from this 

research.  As the MSX extension utilises the stand-alone EPANET program 

components and capabilities, it is able to consider the impact and consequence of 

water transportation within the distribution system, mixing of differing water sources, 

pressure at each node and other factors specified in the network model file, in 

determining the final reaction results of the multiple species. 

 

 

Figure 4.65:  Corrosion MSX report file extract 
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Figure 4.66:  Corrosion MSX results graph for iron concentration over time 

 

4.5 Distribution Network, Field and Laboratory Analysis Sites 

 

Overall, a network model was developed based on the Ingham Water Supply Scheme 

and field and laboratory analysis performed on sites nominated in Figure 4.67.  The 

outcomes of the analyses were utilised to assist in the prediction of corrosion sites 

within the pilot drinking water distribution system as detailed in the following section. 

 

 

Figure 4.67:  Overall network, field and laboratory analysis sites 
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4.6 Prediction of Corrosion Sites 

 

At present, Hinchinbrook Shire Council, like many other drinking water providers, deal 

with most corrosion issues reactively as opposed to proactively.  Reactive response 

occurs when the system breaks down and needs repair or replacement to restore 

operation, however if a more proactive approach was established, maintenance and 

replacement occurs in a programmed manner, to prevent breakdowns and losses.  

Understandably, a proactive strategy to the maintenance and upgrade of the 

distribution system components results in clearly defined goals for the long term 

operation of the system and even more importantly, more accurate budgeting when 

compared to a reactive approach. 

 

By applying the relationships observed during this research to the EPANET network 

model, corrosion levels within the distribution system can be predicted.  The “Corrosion 

Hotspot Tool” is a corrosion prediction device for initial and final phases of the 

corrosion process within the distribution system.  Figure 4.68 displays the simulation 

results for the Ingham Water Supply Scheme after 72 hours for chlorine concentration 

and velocity.  Table 4.25 provides the key parameter information used for this model 

simulation. 

 

Table 4.25:  Key parameters for distribution network model shown in Figure 4.68 

Parameter Parameter Value 

River Water Source / Bore Water Source 90% / 10% 

Temperature 33C 

Bulk reaction coefficient -0.0149 

Wall reaction coefficient -0.03 
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Figure 4.68:  Simulation for chlorine concentration and velocity after 72 hours for 

network model with key parameters as detailed in Table 4.25 

 

During the initial phase of corrosion, the following relationships were found: 

 Higher velocity results in higher corrosion rate; 

 Higher velocity results in increased iron release; 

 Higher chlorine concentration results in higher corrosion rate; and 

 Higher pH results in decreased corrosion rate. 

 

Through regular monitoring of the Ingham Water Supply Scheme, it was found that pH 

does not vary greatly and therefore, for the initial phase of corrosion the most important 

relationships are: 

 Higher velocity results in higher corrosion rate; and  

 Chlorine concentration above 1 mg/L results in higher corrosion rate. 
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Therefore, when applied to the network simulation shown in Figure 4.68, the following 

Corrosion Hotspot Tool, given in Figure 4.69, provides a prediction for corrosion areas 

in the distribution system during the initial phase of corrosion. 

 

 

Figure 4.69:  Corrosion Hotspot Tool for initial phase of corrosion for network 

model with key parameters as detailed in Table 4.25 

 

During the final phase of corrosion, the following relationships were found: 

 Lower velocity results in higher corrosion rate; 

 Higher chlorine concentration results in higher corrosion rate; and 

 Higher pH results in decreased corrosion rate. 

 

Again eliminating pH from the Corrosion Hotspot Tool, Figure 4.70 provides the 

prediction of corrosion areas in the distribution system for the final phase of corrosion. 

 

Initial Phase 
Corrosion 
Hotspot 



 

- 158 - 

 

Figure 4.70:  Corrosion Hotspot Tool for final phase of corrosion for network 

model with key parameters as detailed in Table 4.25 

 

Overall, it was found that corrosion during the initial phase is concentrated in the centre 

of the distribution system, whilst corrosion during the final phase tends to occur on the 

outer lying or at the extents of the distribution system.  Utilising the Corrosion Hotspot 

Tool, Hinchinbrook Shire Council can plan for upgrades of existing cast iron pipes, in 

those areas where corrosion is more likely to occur and cause breaks and 

subsequently disruptions to the delivery of treated water to the customer.  This 

proactive approach will ensure improved operation and increased reliability of the 

distribution system. 

 

Figure 4.71 displays the simulation results for the Ingham Water Supply Scheme after 

72 hours for chlorine concentration and velocity, utilising the key parameters set in 

Table 4.26.  When the previously described theories are applied to the network 

simulation shown in Figure 4.71, the following Corrosion Hotspot Tool, given in Figure 

4.72 and Figure 4.73, provides a prediction for corrosion areas in the distribution 

system during the initial and final phase of corrosion respectively.  It was found that this 

simulation yielded similar results to the previous Corrosion Hotspot Tool model. 

Final Phase 
Corrosion 

Hotspot 
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Table 4.26:  Key parameters for distribution network model shown in Figure 4.71 

Parameter Parameter Value 

River Water Source / Bore Water Source 100% / 0% 

Temperature 33C 

Bulk reaction coefficient -0.0304 

Wall reaction coefficient -0.03 

 

 

Figure 4.71:  Simulation for chlorine concentration and velocity after 72 hours for 

network model with key parameters as detailed in Table 4.26 
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Figure 4.72:  Corrosion Hotspot Tool for initial phase of corrosion for network 

model with key parameters as detailed in Table 4.26 

 

Figure 4.73:  Corrosion Hotspot Tool for final phase of corrosion for network 

model with key parameters as detailed in Table 4.26 
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Figure 4.74 displays the simulation results for the Ingham Water Supply Scheme after 

72 hours for chlorine concentration and velocity, utilising the key parameters set in 

Table 4.27.  When the previously described theories are applied to the network 

simulation shown in Figure 4.74, the following Corrosion Hotspot Tool, given in Figure 

4.75 and Figure 4.76, provides a prediction for corrosion areas in the distribution 

system during the initial and final phase of corrosion respectively.  It was found that this 

simulation yielded similar results to the previous Corrosion Hotspot Tool models. 

 

Table 4.27:  Key parameters for distribution network model shown in Figure 4.74 

Parameter Parameter Value 

River Water Source / Bore Water Source 0% / 100% 

Temperature 33C 

Bulk reaction coefficient -0.0002 

Wall reaction coefficient -0.03 

 

 

Figure 4.74:  Simulation for chlorine concentration and velocity after 72 hours for 

network model with key parameters as detailed in Table 4.27 
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Figure 4.75:  Corrosion Hotspot Tool for initial phase of corrosion for network 

model with key parameters as detailed in Table 4.27 

 

Figure 4.76:  Corrosion Hotspot Tool for final phase of corrosion for network 

model with key parameters as detailed in Table 4.27 
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CHAPTER 5. CONCLUSION 

 

The aim of this research was to quantify key water quality parameters and evaluate the 

influence of these parameters on corrosion in a tropical water distribution system.   In 

particular, the following water quality parameters were investigated: 

 Chlorine concentration; 

 Flow velocity; 

 pH; 

 Iron release; and 

 Microorganisms/biofilm. 

 

The approach of this study was split into three (3) components: 

 Conduct a pilot study on a distribution system in the tropics and 

assemble, calibrate and validate a network model, based on this 

water distribution system; 

 Design, construct and install an economic Biofilm Corrosion Reactor 

to allow monitoring and evaluation of water quality parameters 

including biofilm and corrosion of infrastructure material found within 

the distribution system; and 

 Perform accelerated corrosion tests to investigate the effect of water 

quality parameters on corrosion rate. 

 

The outcomes of the study components provided knowledge and understanding on the 

performance of the drinking water distribution system.  This understanding, combined 

with the observed relationships found during this research, allowed the development of 

corrosion management strategies relevant to the Ingham Water Supply Scheme. 

 

In general, the following relationships were observed during this research and were 

consistent with compared literature sources: 

 Corrosion rate increased significant with chlorine concentration above 

1 mg/L; 
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 During the initial phase of corrosion higher velocity results in higher 

corrosion rate; 

 During the final phase of corrosion lower velocity results in higher 

corrosion rate; 

 Corrosion rate increased with a decrease in pH; 

 Higher velocity results in increased iron release and therefore 

increased corrosion rate; and 

 Corrosion rate increased with increase in microorganisms/biofilm. 

 

Overall, the combination of the simulated network model for the Ingham Water Supply 

Scheme and the observed results and relationships during this research, resulted in the 

development of the Corrosion Hotspot Tool for Hinchinbrook Shire Council.  The aim of 

the tool is to improve the management of the distribution system operationally and 

financially and also indicated some key aspects to monitor, in regards to corrosion such 

as chlorine residual levels. 

 

Furthermore, the research techniques and outcomes can be replicated with other water 

supply authorities, to assist in developing management strategies to improve drinking 

water quality and the operation of water treatment and distribution systems. 

 

5.1 Corrosion Management Strategies 

 

Appropriate corrosion management strategies come primarily from the drinking water 

providers having knowledge and understanding of the network system and how it 

performs.  This understanding, combined with the observed relationships found during 

this research, allows the development of certain corrosion management strategies 

relevant to the Ingham Water Supply Scheme. 

 

pH was found to impact on corrosion rate, however pH within the Ingham Water Supply 

Scheme were found to be consistent throughout the network, due to the pH correction 

performed on the source water at the treatment plant.  Therefore, pH is not likely to 

impact on the corrosion rates within the Ingham Water Supply Scheme. 
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Chlorine concentration was found to greatly impact on corrosion rates within the 

distribution system, especially at levels above 1 mg/L.  Within the Ingham Water 

Supply Scheme, it was found through the network simulation and measured field data, 

that a majority of the system has chlorine residual concentrations above 1 mg/L.  As 

previously stated, the adequate chlorine residual established in the Australia Drinking 

Water Guidelines is between 0.2 mg/L and 0.5 mg/L.  The chlorine residual levels 

found in the Ingham Water Supply Scheme are well above the required chlorine 

residual levels set in the guidelines.  Therefore, such management strategies may 

include: 

 Reducing chlorine dosage at the treatment plant ensuring appropriate 

chlorine residual is maintained within the system; and 

 Reducing chlorine dosage at the treatment plant and installing 

chlorine booster stations ensuring appropriate chlorine residual is 

maintained within the system. 

 

Overall, the combination of the simulated network model for the Ingham Water Supply 

Scheme and the observed results during this research, has resulted in the Corrosion 

Hotspot Tool being developed for Hinchinbrook Shire Council, to improve the 

management of the distribution system operationally and financially and also indicated 

some key aspects to monitor in regards to corrosion, such as chlorine residual levels. 

 

The Corrosion Hotspot Tool provides a basis for determining what cast iron pipes 

should be upgraded to polyvinylchloride or polyethylene pipes, by replacing those pipes 

that are likely to break due to corrosion.  Therefore, this type of management is aimed 

at preventing corrosion, rather than reducing corrosion rate within the distribution 

system.  Additionally, as polyvinylchloride or polyethylene pipes have a smoother wall 

surface or lower wall roughness, the ability for microorganisms and biofilm to build on 

pipe wall surface and promote microorganism influenced corrosion is reduced, and 

decreases head loss reducing pumping requirement within the network. 

 

Importantly, the results shown here are based on the Ingham Water Supply Scheme, 

as it is operating at this point in time.  Therefore, it is essential for the water supply 

authority to continue to monitor source water, treated water entering and throughout 
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the distribution system, consistent with this research to ensure understanding and 

appropriate management strategies are reviewed and implemented. 

 

5.2 Future Work 

 

 Investigation into the effect of dissolved oxygen individually and 

combined with other water quality parameters on corrosion rate; 

 Continue to maintain the EPANET network model to represent 

modifications and upgrade to the distribution system: 

 Continue to calibrate and validate the EPANET network model to 

improve the accuracy of the model as a prediction tool; 

 Continue collecting field data to deepen the understanding of the 

relationships between water quality parameters and corrosion rate; 

 Continue to monitor issues such as breaks and dirty water to 

determine relationships between these problems and corrosion rate; 

 Increase the amount of corrosion monitoring sites to improve the 

precision of the relationships between parameters and corrosion rate; 

 Continue to modify and update the Corrosion Hotspot Tool to 

represent the current water distribution system, treatment and source 

water; 

 Investigate the development of a more visually appealing version of 

the Corrosion Hotspot Tool mapping, possibly with parameter 

contouring and overlaying; 

 Utilise hotspot tool to determine and program upgrade and 

replacement areas; and 

 Investigate the possibility of integrate the research results into 

Geographical Information Systems to display simulation results from 

EPANET, EPANET-MSX extension, parameter monitoring and 

Corrosion Hotspot Tool. 
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APPENDIX A – PRESSURE RECORDINGS 
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APPENDIX B – PRESSURE CALIBRATION FILE 

 

Node Time Pressure (m) 

457 18 33.25 

457 28 33.25 

457 29.75 32.75 

457 42 32.75 

457 43.75 33.25 

457 52.5 33.25 

457 54.25 32.75 

457 66.5 32.75 

457 70 33.25 

308 49 33.75 

308 52.75 33.75 

308 53.5 33 

308 56.5 33 

308 57.25 33.75 

308 64 33.25 

308 69.25 33.25 

308 70 33.6 

563 10 33 

403 48.25 34 

403 50.25 33.75 

403 52.75 33.5 

403 53.75 33.25 

403 57.25 33.5 

403 60.25 34 

403 61.75 33.75 

403 64.75 33.5 
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403 66.25 32.5 

403 68.5 33 

403 70 33.75 

45 48.25 32 

45 51.25 31.25 

45 53.5 31.75 

45 61 31.75 

45 64.75 30.75 

45 70 31.5 

374 59.5 31.5 

374 61.75 31.5 

374 62.5 31.75 

374 69.25 31.75 

374 70 31.25 

2026 49 32.5 

2026 63.25 32.5 

2026 64 32.25 

2026 69.25 32.25 

2026 70 32.5 

2334 48.25 34.8 

2334 64 34.8 

2334 64.75 34.4 

2334 69.25 34.4 

2334 70 34.8 

240 48 31.7 

240 54 31.5 

240 60 31.7 

240 64 31.5 

240 70 31.7 
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405 52.75 32.5 

405 58 33.25 

405 64.75 33.25 

405 66.25 32 

405 70 32.6 

59 49 32.4 

59 61.75 32.4 

59 64 32.2 

59 70 32.2 
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APPENDIX C – FIRE FLOW CALCULATION WORKSHEETS 

 

Stone Street 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 12 179 26

Fire Hydrant 2 11.75 172 25

100

100 Cast Iron

4.04

hL = 0.9533 m

C 76.371 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 



 

- 187 - 

Cooper Street 

 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 13.25 131 19

Fire Hydrant 2 12.75 124 18

108

100 Cast Iron

4.95

hL = 1.2033 m

C 86.018 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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Neame Street 

 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 11.75 200 29

Fire Hydrant 2 11.625 193 28.0

92

100 Cast Iron

4.42

hL = 0.8283 m

C 86.175 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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Allingham Street 

 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 11.25 179 26

Fire Hydrant 2 11.125 165 24

85

100 Cast Iron

6.1

hL = 1.5315 m

C 81.768 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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Hardy Street 

 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 12.625 221 32

Fire Hydrant 2 12.375 207 30

98

100 Cast Iron

4.6

hL = 1.6565 m

C 63.825 Cast Iron

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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McKenzie Street 

 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 11 283 41

Fire Hydrant 2 11.25 276 40

99

100 AC

7.55

hL = 0.4533 m

C 212.066 AC

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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Jesson Street 

 

 

Elevation

(m)

Pressure

(kPa)

Pressure

(Psi)

Fire Hydrant 1 11 283 41

Fire Hydrant 2 11.25 276 40

75

100 AC

8.4

hL = 0.4533 m

C 203.095 AC

Length of Pipe (m) =

Diameter of Pipe (mm) =

Discharge through Flowed Pipe (l/s) =

hL = Cf (PU – PD) + (ZU – ZD)   

where 

 hL = head loss due to friction (m) 

 Cf = unit conversion factor (0.102 SI) 

 PU = pressure at upstream fire hydrant (KPa) 

 PD = pressure at downstream fire hydrant (KPa) 

 ZU = elevation at upstream fire hydrant (KPa) 

 ZD = elevation at downstream fire hydrant (KPa) 

 = (
 𝑓  

1.852

   
4.87

)

1/1.852

 
  

where 

 C = Hazen-Williams C-factor 

 Cf = unit conversion factor (10.7 SI) 

 L = length of test section (m) 

 Q = flow through test section (m3/s) 

 hL = head loss due to friction (m) 

 D = diameter of test section (m) 
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APPENDIX D – AQUASIM SYSTEM DEFINITIONS FOR CHLORINE DECAY 

 
********************************************************************** 
 
AQUASIM Version 2.1b (win/mfc) - Listing of System Definition 
 
********************************************************************** 
 
Date and time of listing:  11/28/2010  11:34:44 
 
 
 
 
 
********************************************************************** 
Variables 
********************************************************************** 
C0FRA:         Description:          Initial Concentration FRA 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.80003662 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              10 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
C1SRA:         Description:          Initial Concentration SRA 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.49373344 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              10 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
C2FRN:         Description:          Initial Concentration FRN 
               Type:                 Constant Variable 
               Unit: 
               Value:                2.2402054 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              10 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
C3SRN:         Description:          Initial Concentration SRN 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.089931113 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              20 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
CC:            Description:          Combined Chlorine 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------------- 
FCl:           Description:          Free Chlorine 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
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---------------------------------------------------------------------- 
FRA:           Description:          Fast Reacting Agents 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------------- 
FreeClData:    Description: 
               Type:                 Real List Variable 
               Unit: 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (15 pairs): 
                  0               2 
                  0.05            1.21 
                  0.1339          1.14 
                  0.2189          1.09 
                  0.3047          1.07 
                     .               . 
                     .               . 
                  1.661           0.84 
                  2.04            0.87 
                  27.9194         0.35 
                  51.9194         0.19 
                  73.4194         0.15 
---------------------------------------------------------------------- 
FRN:           Description:          Fast Reacting Nitrogenous 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------------- 
k0FRA:         Description:          Reaction Rate FRA 
               Type:                 Constant Variable 
               Unit: 
               Value:                35.428738 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              100 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
k1SRA:         Description:          Reaction Rate SRA 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.36649844 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              100 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
k2FRN:         Description:          Reaction Rate FRN 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.0093914525 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              100 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
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k3SRN:         Description:          Reaction Rate SRN 
               Type:                 Constant Variable 
               Unit: 
               Value:                4.5442657 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              100 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
kCC:           Description:          Reaction Rate CC 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.086025701 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              100 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------------- 
SRA:           Description:          Slow Reacting Agent 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------------- 
SRN:           Description:          Slow Reacting Nitrogenous 
               Type:                 Dyn. Volume State Var. 
               Unit: 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------------- 
TCl:           Description:          Total Chlorine 
               Type:                 Formula Variable 
               Unit: 
               Expression:           FCl+CC 
---------------------------------------------------------------------- 
Time:          Description:          Time 
               Type:                 Program Variable 
               Unit: 
               Reference to:         Time 
---------------------------------------------------------------------- 
TotalClData:   Description: 
               Type:                 Real List Variable 
               Unit: 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (15 pairs): 
                  0               2 
                  0.0333          1.33 
                  0.1178          1.17 
                  0.1997          1.17 
                  0.2847          1.16 
                     .               . 
                     .               . 
                  1.5272          1.01 
                  2.023           0.91 
                  27.9194         0.42 
                  51.9194         0.28 
                  73.4194         0.19 
********************************************************************** 
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********************************************************************** 
Processes 
********************************************************************** 
CC:            Description:          Reaction CC 
               Type:                 Dynamic Process 
               Rate:                 kCC*CC 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 CC : -1 
---------------------------------------------------------------------- 
FRA:           Description:          Reaction FRA 
               Type:                 Dynamic Process 
               Rate:                 k0FRA*FCl*FRA 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 FCl : -1 
                 FRA : -1 
---------------------------------------------------------------------- 
FRN:           Description:          Reaction FRN 
               Type:                 Dynamic Process 
               Rate:                 k2FRN*FCl*FRN 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 FCl : -1 
                 FRN : -1 
                 CC : 1 
---------------------------------------------------------------------- 
SRA:           Description:          Reaction SRA 
               Type:                 Dynamic Process 
               Rate:                 k1SRA*FCl*SRA 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 FCl : -1 
                 SRA : -1 
---------------------------------------------------------------------- 
SRN:           Description:          Reaction SRN 
               Type:                 Dynamic Process 
               Rate:                 k3SRN*FCl*SRN 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 FCl : -1 
                 SRN : -1 
                 CC : 1 
********************************************************************** 
 
 
 
 
 
********************************************************************** 
Compartments 
********************************************************************** 
R1:            Description:          Reactor 1 
               Type:                 Mixed Reactor Compartment 
               Compartment Index:    0 
               Active Variables:     CC, FCl, FRA, FRN, SRA, SRN, TCl, 
T 
                                     ime 
               Active Processes:     CC, FRA, FRN, SRA, SRN 
               Initial Conditions: 
                 Variable(Zone) : Initial Condition 
                 FRA(Bulk Volume) : C0FRA 
                 SRA(Bulk Volume) : C1SRA 
                 FRN(Bulk Volume) : C2FRN 
                 SRN(Bulk Volume) : C3SRN 
                 FCl(Bulk Volume) : FreeClData 
                 TCl(Bulk Volume) : TotalClData 
               Inflow:               0 
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               Loadings: 
               Volume:               1 
               Accuracies: 
                 Rel. Acc. Q:        0.001 
                 Abs. Acc. Q:        0.001 
                 Rel. Acc. V:        0.001 
                 Abs. Acc. V:        0.001 
********************************************************************** 
 
 
 
 
 
********************************************************************** 
Definitions of Calculations 
********************************************************************** 
Calc1:         Description: 
               Calculation Number:   0 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Step Size:            0.01 
               Num. Steps:           15000 
               Status:               active for simulation 
                                     inactive for sensitivity analysis 
********************************************************************** 
 
 
 
 
 
********************************************************************** 
Definitions of Parameter Estimation Calculations 
********************************************************************** 
Fit1:          Description: 
               Calculation Number:   0 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               active 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 FreeClData : FCl (R1,Bulk Volume,0) 
                 TotalClData : TCl (R1,Bulk Volume,0) 
********************************************************************** 
 
 
 
 
 
********************************************************************** 
Plot Definitions 
********************************************************************** 
plot1:         Description: 
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : FCl [0,R1,Bulk Volume,0] 
                 Value : TCl [0,R1,Bulk Volume,0] 
                 Value : FreeClData [0,R1,Bulk Volume,0] 
                 Value : TotalClData [0,R1,Bulk Volume,0] 
********************************************************************** 
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********************************************************************** 
Calculation Parameters 
********************************************************************** 
Numerical Parameters:    Maximum Int. Step Size:  1 
                         Maximum Integrat. Order: 5 
                         Number of Codiagonals:   1000 
                         Maximum Number of Steps: 1000 
---------------------------------------------------------------------- 
                         Fit Method:              secant 
                         Max. Number of Iterat.:  0 
********************************************************************** 
 
 
 
 
********************************************************************** 
Calculated States 
********************************************************************** 
Calc. Num.  Num. States  Comments 
0           15001        Range of Times: 0 - 150 
********************************************************************** 
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APPENDIX E – CHLORINE DECAY & BULK REACTION COEFFICIENT RESULTS 

 

River Water – 25-06-04 
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River Water – 18-11-04 
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Bore Water – 18-11-04 
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APPENDIX F – CHLORINE DECAY & BULK REACTION COEFFICIENT RESULTS 

FOR MIXTURE SAMPLES 

 

90% River Water 10% Bore Water 
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80% River Water 20% Bore Water 
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APPENDIX G – CHLORINE RESIDUAL RESULTS 

 

 

 

 

 

Node Hour MG/L

84 7 1.87

84 13 2.2

84 19 2.08

460 7 1.12

460 13 1.58

460 19 1.42

487 7 1.9

487 13 2.25

487 19 2.05

532 7 1

532 13 1.42

532 19 1.22

2170 7 1.7

2170 13 1.99

2170 19 1.81

Node Hour MG/L

84 8 1.85

84 15 2.01

84 22 1.96

84 28 2.05

460 8 1.05

460 15 1.24

460 22 1.15

460 28 1.07

487 8 1.87

487 15 2.02

487 22 1.95

487 28 2.05
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Node Hour MG/L

84 9 1.14

84 15 0.23

84 33 0.91

84 39 0.78

84 57 0.91

532 9 0.65

532 15 0.62

532 33 0.65

532 39 0.62

532 57 0.65

1020 9 1.59

1020 15 1.52

1020 33 1.55

1020 39 1.38

1020 57 1.58

Node Hour MG/L

84 7 0.82

84 20 0.63

84 35 0.85

84 45 0.71

84 60 0.87

532 7 0.6

532 20 0.58

532 35 0.61

532 45 0.6

532 60 0.63

1020 7 0.9

1020 20 0.82

1020 35 0.87

1020 45 0.79

1020 60 0.88
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Node Hour MG/L

84 7 0.96

84 20 0.45

84 35 0.85

84 45 0.72

84 60 0.87

532 7 0.63

532 20 0.57

532 35 0.61

532 45 0.58

532 60 0.62

1020 7 1.2

1020 20 1.1

1020 35 1.1

1020 45 1.05

1020 60 1.21
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APPENDIX H – BIOFILM CORROSION REACTOR RAW DATA RESULTS 
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REACTOR 1 Abbott Street Installation Date 20/02/2007

Coupon D Initial Weight (Wi) Removal Date Exposure Time (T) Exposure Time (T) Final Weight (Wf) Weight Loss (W) Weight Loss (W) Corrosion Rate (CR) Corrosion Rate (CR) Total Chlorine Free Chlorine Total protein Total cell count Glucose Heterotrophic plate count

between coupons between coupons between coupons

g days days g g g gmd gmd mg/L mg/L m g/ml cells/ml mmol/L cells/ml

R1-1 61.4499 21/03/2007 29 29 61 3500 0.0999 0 0999 2 8707 2 8707 0.18 0.16 775 9 3x107 0 6 2 0x102

R1-2 62.5903 15/05/2007 84 55 61 6100 0.9803 0 8804 9.7252 13 3394 0 06 0 03 2375 1 5x108 0.4 2 6x101

R1-3 61.6395 5/07/2007 135 51 60 3803 1.2592 0 2789 7.7728 4 5572 0 54 0 52 0 02 1.4x108 0 1.1x102

R1-4 62.9662 4/08/2008 531 396 61 6730 1.2932 0 0340 2 0295 0 0715 0.42 0 31 0 02 8 5x108 0 7 3x104

R1-5 63.0032 15/09/2008 573 42 61.7025 1.3007 0 0075 1 8917 0.1488 0 05 0 01 0 02 7 8x107 0 2.1x102

R1-6 61.5596 17/11/2008 636 63 60 2000 1.3596 0 0589 1.7814 0.7791 0.40 0.11 0 01 3.7x108 0 2.7x103

R1-7 61.7544 25/05/2009 825 189 60 3500 1.4044 0 0448 1.4186 0.1975 1 68 1 53 0 01 8 2x108 0 3 8x105

R1-8 59.997 24/11/2010 1373 548 58 5800 1.4170 0 0126 0 8600 0 0192 0.46 0.43 0 01 7 5x108 0 4x105

REACTOR 2 Hardy Street Installation Date 14/03/2007

Coupon ID Initial Weight (Wi) Removal Date Exposure Time (T) Exposure Time (T) Final Weight (Wf) Weight Loss (W) Weight Loss (W) Corrosion Rate (CR) Corrosion Rate (CR) Total Chlorine (mg/L) Free Chlorine (mg/L) Total protein Total cell count Glucose Heterotrophic plate count

between coupons between coupons between coupons

g days days g g g gmd gmd mg/L mg/L m g/ml cells/ml mmol/L cells/ml

R2-1 63.9067 15/05/2007 62 62 63.7900 0.1167 0.1167 1.5685 1.5685 0.04 0.03 115 8.9x107 0.2 4.9x105

R2-2 65.4699 5/07/2007 113 51 64.5262 0.9437 0.8270 6.0988 13.5131 0.50 0.44 0.01 2.5x108 0 2.1x105

R2-3 64.5078 4/08/2008 509 396 63.3060 1.2018 0.2581 0.4226 0.5431 0.06 0.00 0.01 4.2x108 0 2.3x105

R2-4 66.493 15/09/2008 551 42 65.2250 1.2680 0.0662 0.1001 1.3135 0.04 0.03 0.01 3.7x108 0 2.6x105

R2-5 65.8003 17/11/2008 614 63 64.4382 1.3621 0.0941 0.1277 1.2447 0.70 0.42 0.01 3.1x107 0 1.8x104

R2-6 65.7599 25/05/2009 803 189 64.3500 1.4099 0.0478 0.0496 0.2108 1.70 1.65 2.2 4.0x108 0 4.5x105

R2-7 62.6297 24/11/2010 1351 548 61.1000 1.5297 0.1198 0.0739 0.1822 1.15 0.94 1 4.2x108 0 5.2x105

REACTOR 3 Atkinson Street Installation Date 1/08/2006

Coupon ID Initial Weight (Wi) Removal Date Exposure Time (T) Exposure Time (T) Final Weight (Wf) Weight Loss (W) Weight Loss (W) Corrosion Rate (CR) Corrosion Rate (CR) Total Chlorine (mg/L) Free Chlorine (mg/L) Total protein Total cell count Total cell count Glucose Heterotrophic plate count

between coupons between coupons between coupons

g days days g g g gmd gmd mg/L mg/L m g/ml cells/ml cells/ml mmol/L cells/ml

R3-1 28.6824 21/03/2007 232 232 27.9500 0.7324 0.7324 5.2615 5.2615 0.5400 0.5300 775 9.3x107 9.3E+07 0.6 1.3x102

R3-2 29.1376 15/05/2007 287 55 28.6300 0.5076 -0.2248 -1.3055 -6.8121 0.7400 0.6100 400 1.7x108 1.7E+08 0.4 2.7x101

R3-3 29.1405 5/07/2007 338 51 28.3509 0.7896 0.282 1.3905 9.2157 0.9100 0.9000 0.02 1.4x108 1.3E+08 0 6.7x101

R3-4 29.2767 4/08/2008 734 396 27.7720 1.5047 0.7151 1.6238 3.0097 1.5300 1.0100 0.02 1.3x108 1.3E+08 0 2.4x103

R3-5 28.8916 15/09/2008 776 42 27.4023 1.4893 -0.0154 -0.0331 -0.6111 0.7300 0.7000 0.02 5.2x108 1.3E+08 0 1.3x103

R3-6 29.2338 17/11/2008 839 63 27.6599 1.5739 0.0846 0.1681 2.2381 0.8800 0.4700 0.02 7.7x108 7.7E+08 0 6.8x102

R3-7 28.7635 25/05/2009 1028 189 27.0900 1.6735 0.0996 0.1615 0.8783 2.2000 2.1600 0.02 3.8x107 3.8E+07 0 1.7x102

R3-8 28.4816 24/11/2010 1576 548 26.5000 1.9816 0.3081 0.3258 0.9370 1.3000 1.2100 0.01 3.8x107 3.8E+07 0 1.5x102
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APPENDIX I – JONATHAN HAM ACCELERATED CORROSION TESTING  

Raw Data from Corrosion Tests 

Contained in the following sections is the raw data obtained from each potentiodynamic 

polarisation test per environment along with the methods used to calculate the 

parameters required to determine the corrosion rates from the test results. 

Cast Iron Equivalent Weight Calculations 

The equivalent weight of cast iron was calculated using Equation 4.14 and the 

chemical composition of 4E cast iron shown below. 

 

The calculated value of was then compared to any equivalent weights found in 

literature in order to determine its validity. Due to the varying valences of elements 

found within cast iron, the following table was constructed in order to determine an 

average of all possible equivalent weights. 

Element   Fe C Si 

  Valence 2 3 2 4 -4 2 4 -4 

Fe 
2 X X 24.031 21.191 40.197 24.031 24.031 24.031 

3 X X 17.164 15.664 24.081 17.164 16.635 18.973 

C 

2 24.031 17.164 X X X 24.031 23.008 27.733 

4 21.191 21.191 X X X 21.191 20.391 24.018 

-4 40.197 40.197 X X X 40.197 37.412 51.751 

Si 

2 24.031 24.031 24.031 21.191 40.197 X X X 

4 23.008 23.008 23.008 20.391 37.412 X X X 

-4 27.733 27.733 27.733 24.018 51.751 X X X 

Mn 

7 24.031 24.031 24.031 21.191 40.197 24.031 23.008 27.733 

4 24.174 24.174 24.174 21.302 40.598 24.174 23.138 27.923 

3 24.222 24.222 24.222 21.339 40.733 24.222 23.182 27.987 

2 24.270 24.270 24.270 21.376 40.870 24.270 23.227 28.052 

S 

6 24.031 24.031 24.031 21.191 40.197 24.031 23.008 27.733 

4 24.060 24.060 24.060 21.213 40.278 24.060 23.034 27.772 

3 24.075 24.075 24.075 21.224 40.318 24.075 23.047 27.791 

-2 24.147 24.147 24.147 21.281 40.522 24.147 23.114 27.888 

P 

5 24.031 24.031 24.031 21.191 40.197 24.031 23.008 27.733 

3 24.069 24.069 24.069 21.220 40.301 24.069 23.042 27.783 

-3 24.181 24.181 24.181 21.307 40.618 24.181 23.145 27.933 
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Element   Mn S 

  Valence 7 4 3 2 6 4 3 -2 

Fe 
2 24.031 24.174 24.222 24.270 24.031 24.060 24.075 24.147 

3 17.164 17.237 17.261 17.286 17.164 17.179 17.186 17.223 

C 

2 24.031 24.174 24.222 24.270 24.031 24.060 24.075 24.147 

4 21.191 21.302 21.339 21.376 21.191 21.213 21.224 21.281 

-4 40.197 40.598 40.733 40.870 40.197 40.278 40.318 40.522 

Si 

2 24.031 24.174 24.222 24.270 24.031 24.060 24.075 24.147 

4 23.008 23.138 23.182 23.227 23.008 23.034 23.047 23.114 

-4 27.733 27.923 27.987 28.052 27.733 27.772 27.791 27.888 

Mn 

7 X X X X 24.031 24.060 24.075 24.147 

4 X X X X 24.174 24.203 24.218 24.291 

3 X X X X 24.222 24.251 24.266 24.340 

2 X X X X 24.270 24.300 24.314 24.388 

S 

6 24.031 24.174 24.222 24.270 X X X X 

4 24.060 24.203 24.251 24.300 X X X X 

3 24.075 24.218 24.266 24.314 X X X X 

-2 24.147 24.291 24.340 24.388 X X X X 

P 

5 24.031 24.174 24.222 24.270 24.031 24.060 24.075 24.147 

3 24.069 24.212 24.260 24.308 24.069 24.098 24.112 24.185 

-3 24.181 24.326 24.375 24.423 24.181 24.211 24.225 24.299 

 

Element   P 

  Valence 5 3 -3 

Fe 
2 24.031 24.069 24.181 

3 17.164 17.183 17.240 

C 

2 24.031 24.069 24.181 

4 21.191 21.220 21.307 

-4 40.197 40.301 40.618 

Si 

2 24.031 24.069 24.181 

4 23.008 23.042 23.145 

-4 27.733 27.783 27.933 

Mn 

7 24.031 24.069 24.181 

4 24.174 24.212 24.326 

3 24.222 24.260 24.375 

2 24.270 24.270 24.270 

S 

6 24.031 24.069 24.181 

4 24.060 24.098 24.211 

3 24.075 24.112 24.225 

-2 24.147 24.185 24.299 

P 

5 X X X 

3 X X X 

-3 X X X 

 

Cast Iron Density Calculations 

In order to calculate the density of the cast iron, several samples were weighed and 

measured prior to testing. The density was then calculated for each sample by dividing 
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its mass by its volume. The final density used in calculating the corrosion rates was an 

average of each samples density as shown below. 

Sample 
No. 

Weight 
(g) 

Width 
(cm) 

Length 
(cm) 

Depth 
(cm) 

Volume 
(cm3) 

Density 
(g/cm3) 

1 24 2 3.5 0.5 3.5 6.857143 

2 24.494 2 3.5 0.5 3.5 6.998286 

3 24.9256 2 3.5 0.5 3.5 7.1216 

4 24.3377 2 3.5 0.5 3.5 6.953629 

5 25.0792 2 3.5 0.5 3.5 7.165486 

6 24.44768 2 3.5 0.5 3.5 6.985051 

7 25.0782 2 3.5 0.5 3.5 7.1652 

8 24.7782 2 3.5 0.5 3.5 7.079486 

Averages 24.64257     7.040735 

 

Polarization Curves 

Shown in the subsequent pages are the polarization curves obtained from each test as 

well as the method used in order to calculate the corrosion current. 
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APPENDIX J – ACCELERATED CORROSION TESTING 
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Abbott Street Reactor Site Sample

Time 10:15 AM

Initial Cl2 Concentration 0.44 mg/L

Time 12:20 PM

Final Cl2 Concentration 0.36 mg/L

Decay Rate -0.0384 mg/L.hr

Initial pH 7.18

Final pH 7.17

Initial Temp 25.5 C

Final Temp 25.2 C

Ecorr icorr

PP1 -0.549 9.50E-06

PP2 -0.555 9.50E-06

K (mm/yr)= 3272

EW= 24.38

d (g/cm3)= 7.040735

Corrosion Rate (mm/yr)

PP1 0.1076

PP2 0.1076

0.1076

d

KEWi corr RateCorrosion 
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Atkinson Street Reactor Site Sample

Time 10:15 AM

Initial Cl2 Concentration 1.33 mg/L

Time 12:20 PM

Final Cl2 Concentration 1.30 mg/L

Decay Rate -0.0144 mg/L.hr

Initial pH 7.05

Final pH 7.1

Initial Temp 26.3 °C

Finial Temp 26.5 °C

Ecorr icorr

PP1 -0.559 9.50E-06

PP2 NA 9.50E-06

PP3 NA 9.50E-06

K (mm/yr)= 3272

EW= 24.38

d (g/cm3)= 7.040735

Corrosion Rate (mm/yr)

PP1 0.1076

PP2 0.1076

PP3 0.1076

0.1076

d

KEWi corr RateCorrosion 
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Depot Treatment Plant Site Sample

Time 3:00pm

Initial Cl2 Concentration 1.65 mg/L

Time 9:00am

Final Cl2 Concentration 1.62 mg/L

Decay Rate -0.0017 mg/L.hr

Initial pH 7.06

Final pH 7.05

Initial Temp 22 C

Final Temp 25.2 C

Ecorr icorr

PP1 -0.530 1.00E-05

PP2 -0.536 1.00E-05

K (mm/yr)= 3272

EW= 24.38

d (g/cm3)= 7.040735

Corrosion Rate (mm/yr)

PP1 0.1133

PP2 0.1133

0.1133

d

KEWi corr RateCorrosion 
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Hardy Street Site Sample

Time 3:00pm

Initial Cl2 Concentration 1.16 mg/L

Time 9:00am

Final Cl2 Concentration 1.13 mg/L

Decay Rate -0.0017 mg/L.hr

Initial pH 7.15

Final pH 7.14

Initial Temp 22.5 C

Final Temp 25 C

Ecorr icorr

PP1 -0.524 9.50E-06

PP2 -0.545 9.50E-06

K (mm/yr)= 3272

EW= 24.38

d (g/cm3)= 7.040735

Corrosion Rate (mm/yr)

PP1 0.1076

PP2 0.1076

0.1076

d

KEWi corr RateCorrosion 
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River Treatment Plant Site Sample

Time 3:00pm

Initial Cl2 Concentration 1.85 mg/L

Time 9:00am

Final Cl2 Concentration 1.82 mg/L

Decay Rate -0.0017 mg/L.hr

Initial pH 7.06

Final pH 7.08

Initial Temp 22 C

Final Temp 24.5 C

Ecorr icorr

PP1 -0.535 1.00E-05

PP2 -0.546 1.00E-05

K (mm/yr)= 3272

EW= 24.38

d (g/cm3)= 7.040735

Corrosion Rate (mm/yr)

PP1 0.1133

PP2 0.1133

0.1133

d

KEWi corr RateCorrosion 



 

- 230 - 

APPENDIX K – CORROSION MSX INPUT FILE 

 

[TITLE] 

Iron Corrosion 

 

[OPTIONS] 

RATE_UNITS HR ;Reaction rates are concentration/hour 

SOLVER  RK5 ;5-th order Runge-Kutta integrator 

TIMESTEP 360 ;360 sec (5 min) solution time step 

RTOL  0.001 ;Relative concentration tolerance 

ATOL  0.0001 ;Absolute concentration tolerance 

 

[SPECIES] 

BULK Fe2 UG ;Iron Fe2+ 

BULK O2 UG ;Oxygen 

BULK H UG ;Hydrogen 

BULK Fe3 UG ;Iron Fe3+ 

BULK CO2 UG ;Carbon Dioxide 

BULK HCO3 UG ;Bicarbonate 

BULK CO3 UG ;Carbonate 

WALL FeCO3 UG ;Siderite 

BULK OH UG ;Hydroxide 

WALL FeOH2 UG ;Ferrous Hydroxide 

 

[COEFFICIENTS] 

CONSTANT K1 36000  ;Basic Corrosion Reaction Rate 

CONSTANT K2f 3600  ;Ferric Forward Reaction Rate 

CONSTANT K2b 3600E-12  ;Ferric Backward Reaction Rate 
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CONSTANT K3f 3600e-7  ;Bicarbonate Forward Reaction Rate 

CONSTANT K3b 360  ;Bicarbonate Backward Reaction Rate 

CONSTANT K4f 3600E-11  ;Carbonate Forward Reaction Rate 

CONSTANT K4b 360  ;Carbonate Backward Reaction Rate 

CONSTANT KS1 0.000002 ;Siderite Reaction Rate 

CONSTANT KS2 0.000001  ;Ferrous Hydroxide Reaction Rate 

 

[PIPES] 

;Basic Iron Corrosion, Extension of Basic Iron Corrosion – Fe2 

RATE Fe2 K1*O2*H-K2f*O2*H+K2b 

; Basic Iron Corrosion, Extension of Basic Iron Corrosion – O2 

RATE O2 -0.5*K1*O2*H-0.25*K2f*O2*H+0.25*K2b 

;Basic Iron Corrosion, Extension of Basic Iron Corrosion, Carbonate System – 

Bicarbonate, Carbonate ;System – Carbonate – H 

RATE H -2*K1*O2*H-K2f*O2*H+K2b+K3f*CO2-K3b*H*HCO3+K4f*HCO3-

K4b*H*CO3 

;Extension of Basic Iron Corrosion – Fe3 

RATE Fe3 K2f*O2*H–K2b 

;Carbonate System – Bicarbonate – CO2 

RATE CO2 -K3f*CO2+K3b*H*HCO3 

;Carbonate System – Bicarbonate, Carbonate System – Carbonate – HCO3 

RATE HCO3 K3f*CO2-K3b*H*HCO3-K4f*HCO3+K4b*H*CO3 

;Carbonate System – Carbonate – CO3 

RATE CO3 K4f*HCO3-K4b*H*CO3 

;Siderite Reaction – FeCO3 

RATE FeCO3 KS1*CO3 

;Ferrous Hydroxide Reaction – FeOH 

RATE FeOH2 KS2*OH 

;Ferrous Hydroxide Reaction –OH 
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RATE OH -2*KS2*OH 

 

[TANKS] 

;Basic Iron Corrosion, Extension of Basic Iron Corrosion – Fe2 

RATE Fe2 K1*O2*H-K2f*O2*H+K2b 

; Basic Iron Corrosion, Extension of Basic Iron Corrosion – O2 

RATE O2 -0.5*K1*O2*H-0.25*K2f*O2*H+0.25*K2b 

;Basic Iron Corrosion, Extension of Basic Iron Corrosion, Carbonate System – 

Bicarbonate, Carbonate ;System – Carbonate – H 

RATE H -2*K1*O2*H-K2f*O2*H+K2b+K3f*CO2-K3b*H*HCO3+K4f*HCO3-

K4b*H*CO3 

;Extension of Basic Iron Corrosion – Fe3 

RATE Fe3 K2f*O2*H–K2b 

;Carbonate System – Bicarbonate – CO2 

RATE CO2 -K3f*CO2+K3b*H*HCO3 

;Carbonate System – Bicarbonate, Carbonate System – Carbonate – HCO3 

RATE HCO3 K3f*CO2-K3b*H*HCO3-K4f*HCO3+K4b*H*CO3 

;Carbonate System – Carbonate – CO3 

RATE CO3 K4f*HCO3-K4b*H*CO3 

;Ferrous Hydroxide Reaction –OH 

RATE OH -2*KS2*OH 

 

[QUALITY] 

GLOBAL  O2 0.000156 

GLOBAL H 1E-7 

GLOBAL Fe2 1E-10 

 

[REPORT] 

NODES  48 420 2170 ;Report results for nodes  
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LINKS  48 454 378 ;Report results for pipe  

SPECIE  Fe2 Yes 16 ;Report results for each specie 

SPECIE  O2 Yes 16 ;Report results for each specie 

SPECIE  H Yes 16 ;Report results for each specie 
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APPENDIX L – COPYRIGHT PERMISSIONS 

 

 

jc163040
Text Box
ADMINISTRATIVE DOCUMENTATION HAS BEEN REMOVED 
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