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Abstract 

In the UK, network sectorisation (DMAs) for leakage management is the driver of 

network topology. Water quality deteriorating mechanisms are kinetic in nature and 

hydraulic-dependent. Thus, the permanent closure of valves related to the sectorisation 

is expected to exacerbate these mechanisms. This impact has not been extensively 

studied and it remains uncertain. This thesis proposes a methodology to assess this 

impact by using surrogate hydraulic variables derived from an in-depth literature review 

and analysing the spatio-temporal distribution of historical discolouration complaints. By 

comparing and contrasting the characteristics of cohesive layers formed in WSNs with 

morphological and mechanical behaviour of biofilms, the role of biofilms in 

discolouration is identified and indicators to achieve and evaluate enhanced cleaning are 

discussed. Applying the proposed methodology to a large-scale case study of an 

operational network, comprised of 22 DMAs with various sizes, topologies, 

topographies, and number of boundary valves, showed that the sectorisation results in 

an increase in water age and decrease in flow velocity which are indicators of water 

quality deterioration and increased likelihood of discolouration incidents.  

To address the risk of water quality deterioration posed by DMAs, this thesis 

proposes a novel hybrid system of operation, DMAs with dynamic boundary, to enable 

water quality management whilst accounting for topological restrictions of DMA-based 

networks and without compromising the leakage detection functionality of DMAs. Three 

valve-scheduling controls are explored to increase the number of self-cleaning pipes 

within DMAs and reduce water age around the DMA boundaries by regulating the 

topology of DMAs and operation of control valves. Application of these controls also 

offers other advantages such as increasing the resilience of supply and reducing the time 

to respond to incidents. Further development and optimal frequency of the controls is 

subject to further understanding of accumulation processes and the spatio-temporal 

cleaning requirements within the networks.  
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1 Introduction 

1.1 Why does water quality and discolouration risk 

management matter? 

Wholesomeness of the transferred water is essential for the public health. 

Drinking water has been frequently the cause of diseases and customer dissatisfaction in 

the past (Bates 2000, Craun and Calderon 2001, Bruchet et al. 2007, Martin-Alonson et 

al. 2007, Paranthaman and Harrison 2010, Zhang et al. 2010, Barrett 2014, Islam et al. 

2013). Water quality incidents can originate from the source water, WTWs, WSNs, or 

customer plumbing. Gray (2008) investigated the origin of water quality incidents in the 

UK between 1990 and 2005 and reported that while in earlier years, WTWs failures 

caused majority of the incidents, in later years there is an increase in the proportion of 

incidents originating from WSNs. WSNs were suggested as the final challenge in 

delivering a water of acceptable quality to the consumers. 

Despite very high compliance rate of water utilities, microbiological and chemical 

violations with significant impact on customer health and satisfaction do still occur (Gray 

2008, Paranthaman and Harrison 2010). Investigating the type of water quality incidents 

by Gray (2008) showed that while microbiological failures remained a major issue 

between 1990 and 2005, discolouration became an important issue in later years. This 

was attributed to the condition of assets and also rehabilitation works carried out to 

alleviate the adverse impact of aging infrastructure. According to DWI data, there has 

been a continuous decreasing trend (except in 2013) in the number of discolouration 

complaints (brown, black and orange discoloured water) since 2006 but water 

companies in the England and Wales yet faced 44154 complaints in 2015 (see Figure 1.1) 

and discolouration complaints represent approximately half of the total complaints 

(appearance, taste and odour, and illness) to water companies over the same period. 

The significance of discolouration management can also be seen from the incident point 

of view where in the UK, according to DWI, over the period of 2009-2015, the peak 

number of ‘significant’ discolouration incidents occurred in 2015 (see Figure 1.2). A 

review of literature shows that occurrence of discolouration incidents is the major cause 

of customer complaints to water utilities not only in the UK but also worldwide (Boxall et 
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al. 2001, Prince et al. 2003, Boxall et al. 2003a, Lehtola et al. 2004, Boxall and Prince 

2006, Ryan et al. 2008, Husband and Boxall 2011, Vreeburg and Beverloo 2011). 

 

 

Figure 1.1 Number of discolouration (brown, black, and orange) complaints from 
2006 to 2015 in the England and Wales 

 

 

Figure 1.2 Number of significant discolouration incidents in the England and 
Wales between 2009 and 2015 
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In addition to aesthetic problems, discolouration can also represent 

deterioration of the microbiological and chemical quality of the water due to 

detachment of biofilms and re-suspension of sediments which can contain heterotrophic 

bacteria, fungi, coliforms, and organic matter (LeChevallier et al. 1981, McCoy and Olsen 

1986,, Zacheus et al. 2001, Vreeburg and Boxall 2007, Husband and Boxall 2010).  These 

findings highlight that reactive approaches to discolouration management can be a 

threat to the public health particularly when customers have been observed not to be 

cautious in times of incidents and water utilities face the consequences (Angulo 1997, 

O’Donnell et al. 2000, Byleveld et al. 2008). Reducing the occurrence of discolouration 

incidents is therefore paramount to water utilities to protect the public health and 

maintain the confidence of customers in using the tap water; rebuilding customer 

confidence can take a long time (Blette 2008). 

Current water quality regulations in the UK (HMSO 2000) require monitoring the 

maximum contamination level at customer taps thus, any potential for water quality 

deterioration in the WSNs needs to be thoroughly assessed and reviewed. From 2010, 

number of discolouration customer complaints has been used as a performance 

indicator in the assessment of water companies in providing the level of serviceability to 

the customers (Ofwat 2008). This has direct financial implications in the form of 

penalties and rewards (outcome delivery incentives, ODIs) (Ofwat 2014). In the light of 

the current stringent customer-focused regulatory regime, careless customer behaviour 

at the times of incidents and the potential threat to the public health and undermining 

the trust and confidence of customers in using the tap water, it is crucial to propose a 

proactive water quality and discolouration risk management strategy. 

1.2 Hydraulically-oriented design and operation of WSNs 

Water quality behaviour of WSNs and the potential for discolouration incidents 

are related to the hydraulic conditions which is in turn a function of the design and 

operation of the system. WSNs are traditionally oversized due to being designed to 

satisfy the peak diurnal demand (at a required minimum pressure) while considering the 

impact of seasonal variations, firefighting and failure conditions (Kirmeyer et al. 2000). 

Furthermore, to increase hydraulic integrity and reliability, WSNs are often designed to 

cope with possible rise in the future demand due to urbanisations and population 

growth. However, the growth of demand may not follow the predictions. The highly-
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looped topology for reliability and resilience in supply in conjunction with oversized 

pipes and storage tanks to cope with firefighting and population growth results in a 

system which is substantially oversized for normal daily demand conditions. Therefore, 

WSNs represent difficulties in water quality management due to low flow conditions and 

high water age (Kirmeyer et al. 2000, Prasad and Walters 2006).  

Management of the non-revenue water is an essential goal for water utilities 

given the pressures of population growth, water scarcity, and climate change. Water use 

has more than tripled since 1950s (Clark 2012) and it has been predicted to continue to 

rise by 55% by 2050 (UNESCO 2015). In the England and Wales, leakage in WSNs results 

in wasting 3365 million litres of water per day (Slater 2012).  A commonly-used leakage 

management strategy is DMAs. In the UK, since early 1980s, the topology of WSNs has 

been altered to accommodate the DMA concept. This was carried out by permanently 

closing a significant number of valves to divide the system into smaller areas to facilitate 

the extraction of hydraulic knowledge and detect abnormal changes in flow caused by 

pipe burst or leaks. In addition, by using pressure control devices the operational 

pressure is regulated to reduce the leakage through the existing leaks. Due to the 

success of DMAs in reducing burst and level of leakage water companies are reluctant to 

take on operational control strategies that result in compromising the functionality of 

DMAs. Therefore, it is essential to take account of the leakage-driven topology of WSNs 

and maintain the leakage detection functionality of DMAs in proposing operational 

control strategies for water quality and discolouration management. DMA concept has 

been mainly derived in accordance with hydraulic and cost considerations and the 

impact on water quality has been neglected to a great extent (UKWIR 1999, UKWIR 

2000, IWA 2007). Alterations to the topology of the network resulted from DMAs are 

expected to impact the hydraulics and water quality behaviour of the networks and 

needs investigations.  

1.3 Discolouration management in water supply networks  

Water utilities mainly use 3 approaches for discolouration management in 

WSNs: i) WTWs refurbishment, ii) mains rehabilitation/replacement, and iii) mains 

cleaning.  According to Ofwat, in the UK, around £8 billion and £18 billion have been 

spent on the improvement of WTWs and maintenance of WSNs, respectively, between 

1995 and 2011 (Ofwat 1995-2011). Despite the substantial capital and operational 



26 
 

investments, occurrence of discolouration remains a major operational problem. Whilst 

increasingly stringent regulations have been successful in halving the discolouration-

related customer complaints (brown, black, orange colour) in the England and Wales it 

still constitutes the greatest proportion of the total number of complaints (appearance, 

taste and odour and illness) and has only dropped by 9% since 2006 to 47% in 2015 (see 

Figure 1.3). 

 

Figure 1.3 Proportion of different types of customer complaints to water 
companies in the England and Wales in 2015 

Water companies withstand a huge financial burden of current management 

practices and not yet fully compliant with regulations. As utilities strive to supply water 

at a minimum cost (Ofwat 2000), solutions such as redesigning and reconstruction of 

WSNs taking into account the water quality criteria and implementation of a 

comprehensive pipe replacement programme to eliminate the adverse impact of 

infrastructure have certainly no practical value, given the time and budget constraints. It 

is noted that whilst these strategies should be kept in the discolouration management 

toolbox of water utilities, a novel and operational-focused discolouration management 

strategy is needed to enable keeping up with the pace of regulations in a cost-effective 

and sustainable manner. This is in line with the evolution of regulations where Ofwat is 

encouraging water companies to develop smart operational solutions (totex-based 

solution) rather than traditional capital-based solutions. Smart control strategies have 

been used to some extent in leakage and energy management in WSNs. It is important 
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to investigate the application of the emerging control strategies for proactive 

discolouration management. A summary of the research motivations in this thesis is 

shown in Figure 1.4. 

 

Figure 1.4 Research motivations 

1.4 Research questions 

In this study it is hypothesised that DMA topology has an adverse impact on 

water quality and risk of discolouration in WSNs and this can be alleviated by dynamic 
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Q1: What are the discolouration pathways, how are they influenced by various 

operational variables, and given the current limitations of water quality modelling and 
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Q4: Does DMA topology affect the consequence of discolouration incidents (i.e. 

number of discolouration customer contacts) in WSNs? 

Q5: Can we create self-cleaning conditions to alleviate the likelihood of 

discolouration in DMA-based networks without compromising the leakage detection 

functionality of DMAs? 

Q6: Can we enhance the level of biofilm removal to alleviate the likelihood of 

discolouration in DMA-based networks without compromising the leakage detection 

functionality of DMAs? 

Q7: Can we reduce the age of water to alleviate the likelihood of discolouration 

in DMA-based networks without compromising the leakage detection functionality of 

DMAs? 

1.5 Research objectives 

The overall aim of this research is to develop a proactive, sustainable and robust 

management strategy to maintain the high quality of finished water and reduce the risk 

of discolouration in DMA-based potable WSNs. This will be carried out by a programme 

of studies with the following detailed objectives: 

1. Systematic and comprehensive investigation of the water quality 

deterioration pathways and discolouration-related mechanisms in order to 

identify the influencing operational variables that can be used to assess the 

impact of changes in the topology and control of WSNs on water quality and 

likelihood of discolouration incidents. To maintain the practical value of the 

thesis, the limitations of the current operational environment including the 

current level and resolution of hydraulics and water quality modelling and 

monitoring in WSNs are taken into account. 

2. Investigate state-of-the-art knowledge and advances in understanding the 

mechanical and morphological characteristics of biofilms and compare and 

contrast with the characteristics of cohesive accumulations observed in 

WSNs in order to shed light on the role of biofilms and identify influencing 

operational variables that can be used to assess the impact of changes in the 

topology and control of WSNs on the level of pipe/biofilm cleaning. 
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Moreover, biofilm characteristics are used to discuss the impact of various 

diurnal flow profile on the level of pipe cleaning and select the best 

theoretical profile to achieve an enhanced level of biofilm cleaning. 

3. Investigate the spatio-temporal distribution, possible causes and origin of 

discolouration-related customer complaints in a large-scale case study 

network in order to identify the possible role of DMAs and hydraulic 

conditions/variables in increasing the likelihood of discolouration customer 

complaints. 

4. Investigate the impact of network sectorisation (DMAs) on water quality 

behaviour and likelihood of discolouration by evaluating the impact of 

changes in the topology of a large-scale section of an operational network on 

the surrogate operational variables selected in the above three objectives. 

Then, devise a novel system of operation to address the identified adverse 

impact of DMAs on water quality whilst accounting for topological 

restrictions and functionalities of DMA-based networks. 

5. Develop a methodology for the topological and operational control of DMA-

based networks to achieve cleaning conditions by maximising flow rate in 

pipes aiming at reducing the risk of discolouration whilst accounting for 

topological restrictions and functionalities of DMA-based networks. Evaluate 

the success of the methodology by applying it to a real-world case study 

network and determining the changes in the operational indicators selected 

in above four objectives compared to the traditional DMA-based networks 

for leakage management. Fine-tune the methodology to expand its benefits 

and minimise its impact on other network KPIs. 

6. Develop a methodology for the topological and operational control of DMA-

based networks to achieve enhanced cleaning based on the characteristics of 

biofilms aiming at reducing the risk of discolouration whilst accounting for 

topological restrictions and functionalities of DMA-based networks (flow 

reversal and pre-cleaning flow conditioning perspectives). Evaluate the 

success of the methodology by applying it to a real-world case study network 

and determining the changes in the operational indicators selected in 
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objectives 1 to 4 compared to the traditional DMA-based networks for 

leakage management. Fine-tune the methodology to expand its benefits and 

minimise its impact on other network KPIs. 

7. Develop a methodology for the topological and operational control of DMA-

based networks to alleviate the adverse impact of DMA topology for leakage 

management as well as the impact of cleaning methodologies proposed in 

objectives 5 and 6 on water age whilst accounting for topological restrictions 

and functionalities of DMA-based networks. Evaluate the success of the 

methodology by applying it to a real-world case study network. Fine-tune the 

methodology to expand its benefits and minimise its adverse impact. 

1.6 Structure of thesis 

Chapter 1 - Introduction: This chapter describes the importance of WSNs in 

protecting public health and preserving customer confidence in using the tap water 

which are the main goals of water utilities. It presents an overview of the drivers and 

motivations of this study, objectives of the research, structure of the thesis, list of 

publications, and a research map which shows the relation between these sections. 

Chapter 2 – Discolouration risk modelling in water supply networks: This 

chapter presents a comprehensive review of the mechanisms deteriorating the quality 

of water during transport in WSNs. Relevance and importance of the deteriorating 

mechanisms in relation to discolouration incidents is discussed, current models for 

modelling discolouration are presented and pros and cons of the models are pointed 

out. Operational variables influencing the rate and extent of deteriorating mechanisms 

are discussed, important role of the network hydraulics is highlighted and the 

components of a holistic management framework to reduce the likelihood of 

discolouration at the pipe level are introduced. The operational variables will be used to 

assess the impact of changes in the topology and control of WSNs on water quality and 

likelihood of discolouration incidents in chapters 3, 4, 5, and 6. 

Furthermore, a comprehensive review of the biofilm morphology and 

mechanical behaviour is presented and used to drive an ideal flow-based cleaning profile 

to enhance the pipe cleaning. Limitations of the profile are discussed and a pragmatic 

cleaning profile is proposed. This profile will be used in chapter 5 to achieve an 
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enhanced biofilm removal and pipe cleaning. Each component of the holistic control 

framework is discussed separately, knowledge gaps to advance the state-of-the-art are 

highlighted and a set of parameters/variables to evaluate the potential for 

discolouration incidents in WSNs is introduced. 

Finally, it presents a review of the equations governing the hydraulic behaviour 

and the transport of particles and dissolved substances in WSNs. The numerical methods 

proposed to solve the equations are described. Structure and functionality of DMAs and 

the currently-known impact of DMAs on water quality behaviour and likelihood of 

discolouration in WSNs are also reviewed. A relevant history of using control 

methodologies in WSNs for different purposes including water quality management is 

presented. A particular focus is given to the methodologies proposed for discolouration 

risk management, pipe cleaning, biofilm removal, water age management, and the 

methodologies for solving valve-scheduling problems. 

Chapter 3 – District metered areas and water quality management: This 

chapter presents the methodology for investigating the impact of DMAs on water quality 

and discolouration risk. The results of modelling the hydraulic behaviour of a case study 

area and spatio-temporal analysis of historic discolouration customer complaints to 

recognise the deteriorating hydraulic conditions that increases the risk of discolouration 

customer complaints are presented and the impact of DMAs in creating the hydraulic 

conditions is investigated. 

Results of modelling the hydraulic behaviour of a large-scale case study network 

in two configurations (DMA-based and non-DMA-based) are presented and pros and 

cons of the DMA-based and non-DMA-based topologies on water quality behaviour of 

the system under normal operating conditions, and the potential for discolouration 

incidents is discussed. A novel hybrid system of operation (DMAs with dynamic 

boundary) for simultaneous management of leakage and water quality in DMA-based 

networks is introduced. The identified adverse impact of DMAs and knowledge of the 

topological restrictions and functionalities of DMA-based networks will be used in the 

formulations of the cleaning and water age controls in chapters 4, 5, and 6. 

Chapter 4 – Dynamically reconfigurable district metered areas for flow 

maximisation and discolouration management: Components of the flow maximisation 
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control are collated and presented: objectives from chapter 2, constraints and decision 

variables from chapters 2 and 3. The solution algorithm is described and the application 

of the proposed control methodology is illustrated on an operational UK-based network. 

Results are presented and the level of cleaning achieved compared to the leakage 

management controls is discussed. The impact of the control on the other performance 

indicators including water age and pressure is investigated. Methodologies to minimise 

the adverse impact and maximise the extent of network cleaning are proposed and 

results are demonstrated. 

Chapter 5 – Dynamically reconfigurable district metered areas for biofilm 

cleaning and discolouration management: Components of the control formulation are 

collated and presented: objective from chapter 2, constraints and decision variables 

from chapters 2 and 3. The solution algorithm is described and the application of the 

proposed control methodology is illustrated on an operational UK-based network. 

Results are presented and the level of biofilm cleaning compared to leakage 

management controls are presented. The impact of the control on other performance 

indicators such as water age and pressure is investigated. Methodologies to minimise 

the adverse impact and maximise the extent of network cleaning are proposed and 

results are demonstrated. 

Chapter 6 – Dynamically reconfigurable district metered areas for water age 

control and discolouration management: Components of the water age control 

methodology including objective, constraints and decision variables are collated and 

presented. The solution algorithm is descried and the application of the developed 

control is illustrated on an operational UK-based network. Results are presented and 

assessed to determine the level of water age improvements achieved compared to the 

leakage management controls in the short-term and long-term operation of the system. 

The benefits of the water age control in alleviating the long-term impact of the cleaning 

controls proposed are also presented. 

Chapter 7 – Research overview, contributions, concluding remarks, and future 

works recommendations: This chapter presents an overview and summary of the 

motivations of the research. It also presents the key findings, concluding remarks and 

elucidates their significance in terms of advancing state-of-the-art knowledge (i.e. 

novelties of the research). Finally, it makes recommendations for academic research and 
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directions for future works to complement the proposed holistic discolouration 

management strategy and control methodologies. 

Chapter 8 – References 

1.7 Publications 

The following papers, based on the content of this thesis, have been published: 

1.7.1 Journal papers 

 Armand H., Stoianov I. I., & Graham N. J. D. (2015) A holistic assessment of 

discolouration processes in water distribution networks. Urban Water Journal, 

14 (3): 263-277. 

 Armand H., Stoianov I. I., & Graham N. J. D. (2017) Impact of network 

sectorisation on water quality management. Journal of Hydroinformatics, 20 (2): 

424-439. 

1.7.2 Conference paper 

 Armand H., Stoianov I., Graham N. (2015) Investigating the impact of sectorised 

networks on discolouration. 13th Computer Control for Water Industry 

Conference, CCWI 2015. Procedia Engineering, 119: 407-415. 

1.8 Research map 

Table 1.1 outlines the relation between research questions, objectives, chapters, 

and publications. 

Table 1.1 Relation between research questions, objectives, chapters, and 
publications 

Research objective Related research 
question 

Related thesis 
chapter 

Related publication 

Objective 1 Question 1 Chapter 2 Journal paper 1  

Objective 2 Question 2 Chapter 2 Journal paper 1 

Objective 3 Question 3 Chapter 3 Journal paper 2, 
Conference paper 

Objective 4 Question 4 Chapter 3 Journal paper 2, 
Conference paper 

Objective 5 Question 5 Chapter 4 - 

Objective 6 Question 6 Chapter 5 - 

Objective 7 Question 7 Chapter 6 - 



34 
 

 

2 Discolouration risk modelling in water supply networks 

2.1 Introduction 

Challenges of discolouration management in WSNs arise from the variety and 

often contradictory impact of operational variables that govern the rate and extent of 

discolouration pathways and their interactions. Discolouration management is further 

complicated by the dynamic, unsteady and stochastic behaviour of WSNs, the lack of 

holistic non-empirical-based and explicit water quality models, and the lack of 

continuous real-time water quality monitoring. The wide variety of reactions and 

interactions and the degree to which these are influenced by the external and stochastic 

variables represents a complex paradigm of management in the engineering domain and 

a difficulty in proposing a holistic and pragmatic strategy to maintain the quality of 

water and reduce discolouration risk in WSNs. There are emerging operational controls 

and optimisation methods mainly proposed for the leakage and energy management in 

WSNs. These methodologies can be used for water quality and discolouration risk 

management. In doing so, the constraints and requirements of DMA-based networks 

need to be taken into account due to DMA topology being an effective popular 

operational strategy for leakage management. Followings are the objectives of this 

chapter: 

 Present a thorough review of water quality deteriorating mechanisms, their 

interrelationships, associated controlling operational variables, and their impact 

on discolouration risk. 

 Identify and evaluate the applicability of using hydraulic variables in water 

quality and discolouration risk management programmes. This is to take into 

account the limitations of the current operational environment and to add to the 

practical values of the research outputs. 

 Present an in-depth review of literature to shed light on the impact of biofilms 

on discolouration risk and understand the impact of hydraulics on general 
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characteristics of biofilms aiming at defining an effective cleaning approach to 

reduce the associated risk of discolouration. 

 Present a review of literature to identify the constraints and requirements 

related to DMA topology and functionality and identify the current level of 

understanding the impact of DMAs on water quality and likelihood of 

discolouration in WSNs. 

 Present a review of emerging operational controls and optimisation methods 

used for the management of WSNs; a particular focus is given to water quality 

management and valve-scheduling controls. 

 Identify key gaps in the knowledge. 

2.2 Particles origin, composition, size 

WTWs contribute into the particle load into the WSNs. Sudden peaks in turbidity 

due to the backwash of filters were suggested as the main source (Vreeburg and 

Beverloo 2011). Vreeburg and Tankerville (2011) reported that 50% of the sediments 

load into WSNs is related to less than 10% of times associated with the high turbidity 

peaks from WTWs. Release of iron in soluble or particulate forms from the corrosion of 

metal pipes is another source of particles. Seth et al. (2004) observed a substantial 

increase in turbidity, and iron and manganese concentrations within the network 

compared to effluent of WTWs. Corrosion by-products are released, transported 

downstream and deposit in the pipes regardless of material as a result of flocculation 

and precipitation, binding to corrosion scales/pipe walls (Boxall et al. 2003b, Boxall and 

Saul 2005).  

Seth et al. (2004) characterised the materials in the discoloured water and 

reported a direct correlation between turbidity and total concentration of iron and 

manganese but that the ratio is not constant. Iron was the predominant element in the 

flushing samples irrespective of the pipe material and other metals such as lead, 

aluminium, zinc and copper were also present in particulate forms. Boxall et al. (2001) 

observed the distribution of the particles size to be repetitive irrespective of the source 

water quality and hydraulic regime. The sizes were effectively less than 0.05mm with an 

average of around 0.01mm and majority of the particles were considerably smaller than 
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0.005mm. Irrespective of the origin, composition and size of the particles, attachment of 

particles and accumulations on the pipe walls do occur. A few models have been 

proposed to quantify these accumulations which are explained in the subsequent 

sections.  

2.3 Discolouration risk modelling 

2.3.1 Gravitational sedimentation 

Gravitational sedimentation refers to the accumulation of particles in the pipe 

invert during low flow conditions. Settlement of particles is attributed to gravity and the 

terminal velocity of settlement (W0) for a single spherical particle in still fluid is 

calculated by utilising the following formula (Chanson 1999, p. 165): 

𝑊0 = √
4𝑔𝑑𝑠

3𝐶𝑑

(𝑆 − 1)               (2.1) 

In which, ds is the particle diameter, Cd is the drag coefficient, S is the specific 

gravity of the particle, g is the acceleration due to gravity. 

The use of Stoke’s theory (particular case of Equation 1 under laminar flow) in 

WSNs was questioned by Boxall et al. (2001) and Ryan et al. (2008). The former study 

suggested that time in excess of 2 hours is required for a particle with a diameter of 10 

µm to settle in a 100 mm diameter pipe and even in the quiescent flow conditions in 

WSNs, there is no significant settlement and particles are held in permanent suspension. 

A pilot-scale study by Smith et al. (1999) also showed no sign of sedimentation in typical 

dead-end areas in WSNs.  

However, van Thienen et al. (2011) and Pothof and Blokker (2012) suggested 

that sedimentation do occur under stagnation and low flow conditions; for example, 

sedimentation of iron flocs at flow velocities below 0.06 m/s was observed. Vreeburg 

and Boxall (2007) suggested the same sedimentation threshold. The Particle Sediment 

Model (PSM) proposed by Ryan et al. (2008), which is based on an extensive 

experimental programme, suggests a fixed sedimentation threshold of 0.07m/s (re-

suspension was observed when flow velocity exceeded 0.2m/s). The empirical 

relationship developed by Rabinovich and Kalman (2007) yields a sedimentation 
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threshold of 0.078m/s in a 100mm pipe for typical particle properties (ρ=1150Kg/m3 and 

d=0.05mm) in WSNs reported by Boxall et al. (2001). Ackers et al. (2001) suggested that 

particles smaller than 60 μm (silt and clay) are unlikely to settle once they become 

mobilised unless quiescent fluid conditions occur. The authors proposed and validated 

two sediment transport models for use in WSNs: (i) the formula derived by May (1994) 

to calculate the threshold of motion and transport of loose deposits as bedload (typical 

size of 1mm): 

𝐶𝑣 = 0.0386(
𝑑50

𝐷
)0.6(1 −

𝑉𝑡

𝑉𝐿

)4(
𝑉𝐿

2

𝑔(𝑠 − 1)𝐷
)1.5          (2.2) 

In which, d50 is the particle size corresponding to 50% by mass of all the particles 

in the sample and Vt is the threshold velocity calculated by: 

𝑉𝑡 = 0.125√𝑔(𝑠 − 1)𝑑50(
𝐷

𝑑50

)0.47          (2.3) 

 And (ii) the formula derived by Macke (1982) to calculate the threshold of 

deposition for loose sediments carried mainly in suspension (typical size 0.2mm): 

 𝑉𝐿 = √
𝐶𝑣(𝑠 − 1)𝑊𝑠

1.5𝐷2

0.0419𝜆3

5

          (2.4) 

In which, VL is the velocity sufficient to transport a given concentration of 

sediment without deposition, Cv is the sediment transport capacity (as volumetric 

concentration), D is pipe diameter, s is the specific gravity, λ is the Darcy-Weisbach 

friction factor and Ws is the fall velocity which can be calculated by Rubey’s equation: 

𝑊𝑠 = (√
2

3
+

36𝑣2

𝑑3𝑔(𝑠 − 1)
− √

36𝑣2

𝑑3𝑔(𝑠 − 1)
) √𝑑𝑔(𝑠 − 1)          (2.5) 

In which, d is the particle diameter, g is the acceleration due to gravity, s is the 

relative density and  is the kinematic viscosity. 

These formulas were derived for conditions with a sediment bed beneath the 

flow and a high sediment concentration in the flow (sewer systems) therefore, the 

authors recommended to be applied to WSNs with caution.  
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2.3.2 Non-gravitational accumulations 

Boxall et al. (2001) characterised the size and density of particles in flushing 

samples and suggested it is unlikely for gravitational force to be the cause of 

accumulation in pipes. This force is counteracted with turbulent forces which are greater 

even under low-flow conditions and this is more predominant for smaller particles which 

constitute the majority of particles in WSNs. The accumulation is due to cohesive forces 

between particles and pipes or between particles and particles. Discolouration is the 

result of mobilisation of the cohesive materials aggregated on/bounded to the pipe 

walls due to a prolonged presence of background concentration of particles in the bulk 

water (Boxall et al. 2001, Seth et al. 2004).  

2.3.2.1 Particle sediment model (PSM) 

PSM considers both gravitational sedimentation (see section 2.3.1) and non-

gravitational accumulation of particles (Ryan et al. 2008). PSM uses Fick’s law of 

diffusion and calculates the variations in particle deposition on the pipe wall as a 

function of particle concentration in the bulk water (C), particle concentration on the 

pipe wall (CW) and the ultimate steady-state concentration in the bulk water (𝐶∞). PSM 

is an empirical concentration-based model which does not explicitly consider hydraulic 

conditions. The relationship is as follows: 

𝛿𝐶

𝛿𝑡
= −𝛼(𝐶 − 𝐶∞)          (2.6) 

𝐶𝑊 = 𝛽𝐶∞          (2.7) 

In which, α is the decay coefficient and β is the wall mass coefficient; these are 

determined by calibration. 

2.3.2.2 Prediction Of Discolouration in Distribution Systems (PODDS)  

In the PODDS model, a profile is defined to correlate the discolouration potential 

of the accumulated materials to their strengths (Boxall et al. 2001): 

𝜏𝑠
′ =

𝐶𝑏 − 𝐶𝑚𝑎𝑥

𝑘
          (2.8) 

In which, 𝜏𝑠
′  (N m-2) is the yield strength of the current material layer, b is the 

dimensionless order of the relationship, C is turbidity potential (NTUm), Cmax (NTUm) is 
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the maximum turbidity potential or stored turbidity volume of the layers, and k (NTUm3 

N-1) is the gradient of the relationship. 

Husband and Boxall (2010) and Sharpe et al. (2010) identified the magnitude of 

the steady-state flow and resulting shear force as the factor limiting accumulations. The 

greater the flow velocity the lower the mobilisation of accumulated materials during 

high flow events. However, it is uncertain whether the greater velocity reduced the level 

of accumulation or whether the accumulation was the same but in a stronger form. An 

experimental study by Husband et al. (2008) showed that the material mobilisation 

decreases under an unsteady diurnal flow profile. A field study by Husband and Boxall 

(2010) supported this observation and revealed that an unsteady diurnal profile peaking 

at 0.6m/s is sufficient to achieve a self-cleaning condition. The findings of Husband et al. 

(2008), however, showed that a steady-state flow profile with a velocity of 0.65m/s was 

insufficient to achieve self-cleaning condition. The persistence of accumulation process 

under the steady-state flow rate was attributed to adaptation of the accumulation 

mechanisms to the hydraulic conditions.  

Studies by Husband et al. (2008), Cook and Boxall (2011) and Husband and Boxall 

(2011) showed that accumulation occurs in the form of layers with different cohesive 

strengths. Results of step-flushing trials to evaluate the regeneration process suggested 

that during the regeneration, layers with different strengths form simultaneously. A 

model was proposed to estimate the layer regeneration but it fails to account for the 

simultaneous formation of layers with different strengths (Boxall et al. 2001): 

∆𝐶𝑟 = 𝑃′∆𝑡𝑇𝑙𝜏𝑠
′ 𝑚          (2.9) 

In which, 𝛥𝐶𝑟  is the change in stored turbidity volume during the time step Δt, 𝑃′ 

is an empirical constant (time-based), 𝜏𝑠
′  is the yield strength of the current material 

layer, T is temperature, l and m are constants. 

More recently, Furnass et al. (2014) proposed a model that considers the 

formation of layers with different strengths. This model incorporates implicit coefficients 

to account for a variety of different mechanisms that contribute into the regeneration of 

cohesive layers such as biofilm formation, particle attachment from the bulk water, 

corrosion and scale formation. The model is site-specific and requires regular calibration 

under changing boundary conditions. 
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𝜕𝜑(𝜏, 𝑡)

𝜕𝑡
= {

−𝛽𝑒. (𝜏𝑎 − 𝜏)         𝜏𝑎 ≥ 𝜏, 0 < 𝜑 < 1
𝛽𝑟                              𝜏𝑎 < 𝜏, 0 < 𝜑 < 1
0                                         𝜑 ≤ 0, 𝜑 ≥ 1

          (2.10) 

In which, 𝜑(𝜏, 𝑡) is the relative amount of discolouration material bound to the 

wall with shear stress 𝜏, at time t. 𝜏𝑎 is the disturbing shear stress, 𝛽𝑒 is the erosion rate 

coefficient, and 𝛽𝑟 is the regeneration rate coefficient. 

To date, no quantitative and explicit relationship has been established to 

correlate the rate of accumulation with hydraulic conditions (or any other variables) 

without the need for site-specific calibrations. Cook (2007) proposed the rate of build-up 

of cohesive layers to be simply attributed to the iron concentration in the bulk water 

and to be a linear function of time (Husband et al. 2008). See Appendix A for a brief 

description of the mechanics of particle deposition on surfaces. 

The peak diurnal flow velocity (so called conditioning flow) and the resulting 

shear stress determines the strength of the accumulated materials and consequently 

discolouration risk. The occurrence of high flow events at magnitudes greater than the 

conditioning flow causes the detachment of layers and consequently discolouration. This 

is expressed by the following empirical relationship (Boxall et al. 2001): 

 

𝑅 =
𝑃(𝜏𝑎 − 𝜏𝑠

′ )𝑛

𝑄
          (2.11) 

In which, R is the rate of supply of accumulated materials, 𝜏𝑎 is the applied shear 

stress during the disturbing hydraulic condition, (𝜏𝑎 − 𝜏𝑠
′) is the additional shear stress 

in excess of the conditioning shear (𝜏𝑠
′), P and n are empirical parameters, and Q is the 

flow rate. 

Based on this model, discolouration occurs when the absolute value of the 

disturbing shear stress (shear force applied by the flow) exceeds the peak shear stress 

under which the accumulations are formed (forces binding the accumulated materials). 

Turbidity profiles observed during the stepped flushing of plastic pipes showed that 

there is an ultimate shear stress beyond which pipes can be considered fully clean and 

further increase in flow rate does not lead to release of further materials (Husband and 

Boxall 2010). However, the results of stepped increase in flow rate in cast iron pipes 
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showed no ultimate flow rate to achieve a fully clean pipe and in each step there is an 

immediate turbidity response followed by a progressive decay. See Appendix A for a 

brief description of the mechanics of particle detachment and re-suspension from 

surfaces. 

2.3.3 Re-suspension potential method (RPM) 

The re-suspension potential method (RPM) was proposed by Vreeburg (2007) to 

measure the mobility of accumulated materials (risk of discolouration) in pipes in 

response to a fixed disturbing hydraulic conditions. It assumes that detachment of 

accumulated materials occurs due to a hydraulic disturbance defined as an absolute 

change in flow velocity. The method involves increasing the flow velocity by 0.35m/s 

above the normal peak velocity for a period of 15 minutes for each pipe and measuring 

the turbidity. This method is based on a similarity that was observed in the turbidity 

profiles of various pipes during flushing. The discolouration risk of each pipe and priority 

for cleaning are then determined based on a ranking system. The application of the RPM 

is rather limited due to the cost of setting up and carrying out the “micro-flush” to 

derive the pipe ranking being of the same order as the cost of carrying out full-scale 

systematic flushing. 

During the flushing trials Vreeburg (2007) observed that pipes experiencing a 

peak flow velocity of 0.35m/s during normal operating conditions of the network were 

fully clean ('self-cleaning' conditions). Initially, Slaats et al. (2002) suggested a flow 

velocity of 0.4 m/s to achieve 'self-cleaning'. Later, after a more realistic demand 

estimation and field studies it was observed that pipes experiencing flow velocities 

between 0.2-0.25m/s show a very low fouling rate and can be considered self-cleaning 

(Blokker et al. 2010, Blokker et al. 2011). This is in agreement with the results of studies 

by Slaats et al. (2002) and Ryan et al. (2008) who also found re-suspension velocities 

thresholds around 0.2m/s. Blokker et al. (2010) observed pipes experiencing this 

threshold once in two days are self-cleaning.  

2.4 Internal Corrosion 

Corrosion can cause water quality deterioration by releasing corrosion by-

products into the bulk water and increase the likelihood of discolouration. There is a 

close liaison between turbidity and the amount of iron released from corrosion in metal 
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pipes (Sarin et al. 2003). An accelerated chlorine and chloramine decay in low-flow areas 

and dead ends was also attributed to the release of ferrous iron produced by corrosion 

processes (Williams 1958, LeChevallier et al. 1990, Kerr et al. 1998, Zhang et al. 2008). 

The reaction of disinfectants with corrosion scales has been reported to be the most 

significant contributor to disinfectant decay in WSNs and more important than the 

reaction with organic matter (LeChevallier et al. 1990, Kerr et al. 1998, Zhang et al. 

2008). See Appendix B for further information about the disinfectant decay in WSNs. The 

decrease in the concentration of disinfectants promotes further iron release and 

threatens the microbiological quality of the water. Corrosion can also contribute into the 

risk of discolouration through mechanisms linked to the biofilms formation (Tuovinen et 

al. 1980, LeChevallier et al. 1987, LeChevallier et al. 1996, Wang et al. 2012). A few 

models have been proposed to estimate the level of iron release (i.e. discolouration risk) 

associated with corrosion phenomena which are explained below. 

2.4.1 Iron release in the absence of corrosion scales 

In the absence of scales, corrosion by-products are directly introduced into the 

bulk water and cause discolouration if their concentration exceeds a particular threshold 

(Sarin et al. 2004). Therefore, the parameters that intensify the corrosion rate increase 

the discolouration risk. These mainly include the concentration of dissolved oxygen (DO) 

and the hydraulic conditions which promotes the radial transport of DO to the pipe 

surface. 

A model was developed by Naser and Karney (2007) to predict the corrosion-

related iron release into the bulk water by taking into account the reaction of iron (pipe 

material) with DO to form ferrous iron, its effect on pH, and considering cross-sectional 

effect under unsteady transient events. The results indicated that an increase in DO and 

pH increases the iron release. The authors noted a greater iron release in smaller 

diameter pipes that was attributed to the higher surface area to volume ratio. An 

increase in flow velocity was observed to result in a decrease in iron release. 

Theoretically, flow velocity can affect iron release in two contradictory ways: whilst 

increase in flow velocity promotes the corrosion rate by enhancing the radial transport 

of DO, it reduces the residence time and thus the amount of iron that is released into a 

unit volume of water. Therefore, results of this study indicates that the positive impact 

of reduction in residence time outweighs the adverse impact of the mass transfer and 



43 
 

overall, increasing flow velocity is a favourable way of reducing discolouration risk. The 

presence of corrosion scales was not considered in this study and this limits its 

applicability to the systems which have been in operation for a long time and pipe 

surfaces are covered by corrosion scales.  

2.4.2 Iron release in the presence of corrosion scales 

Detachment of iron particles from loose and porous scales under high hydraulic 

forces can pose a discolouration risk (Smith et al. 1999). A more important mechanism 

of iron release in the presence of scales is dissolution of the scales (Tuovinen et al. 1980, 

Sarin et al. 2004).  Iron release occurs under both flow and stagnation conditions. It was 

observed that the iron concentration significantly increases with stagnation time and 

under low-flow conditions (Smith et al. 1999, Slaats et al. 2002, Sarin et al. 2004). The 

iron release is intensified by the reduction in the concentration of oxidants (DO and 

disinfectants) in the bulk water (Smith et al. 1999, McNeill and Edwards 2000, Sarin et al. 

2004, Wang et al. 2009). The occurrence of frequent changes between flow and 

stagnation conditions promotes discolouration as regular depletion and replenishment 

of oxygen elevates the oxidation of ferrous iron (Smith et al. 1999). In investigations to 

assess the effect of stagnation-flow-stagnation conditions on discolouration it was 

observed that upon beginning the stagnation condition the turbidity steadily increases 

with time (Smith et al. 1999) and that it reaches a plateau after eight or more hours 

(Sarin et al. 2001, McNeill and Edwards 2001). Stagnation followed by a rapid flow 

velocity increase is the worst hydraulic conditions that promotes the occurrence of 

discolouration particularly during day time (Smith et al. 1999).  

Magnitude of daily flow velocity affects the corrosion rate and iron release. 

More dense and protective corrosion scales are formed under greater flow velocity 

which limits the diffusion of oxidants into corrosion sites and as a consequence 

corrosion rate (Jensen 1994, Fiksdal 1995). Effectiveness of chemical conditioning (e.g. 

increase in pH, alkalinity and Ca concentration) to reduce corrosion also increases with 

flow velocity. Two models have been developed to predict discolouration due to 

corrosion scale dissolution resulting from changes in the water chemistry. First model, 

which is an empirical statistical model, is as follows (Imran et al. 2005): 
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∆𝐶 =
(𝐶𝑙−)0.485(𝑁𝑎)0.561(𝑆𝑂4

2−)0.118(𝐷𝑂)0.967(𝑇)0.813(𝐻𝑅𝑇)0.836

101.321(𝐴𝑙𝑘)0.912
         (2.12) 

In which, ΔC is the change in colour (cpu), Cl-, Na, SO4
2- and DO  are in mg L-1, HRT 

is water age (days) Alk is the alkalinity in mg L-1 as CaCO3 and T is the temperature (℃). 

Another model (flux model) was developed by Mutoti (2003) to predict the iron 

release from corrosion scales in WSNs. This is a mathematical-empirical model which is 

based on zero-order kinetics which suggests that iron release Δ (Fe) (mg/m3) is a 

function of a flux term, pipe geometry, Reynolds number and water age as follows: 

∆[𝐹𝑒] =
4𝐾𝑚(𝐻𝑅𝑇)

𝐷
          (2.13) 

In which, HRT is hydraulic residence time (days), D is the pipe diameter (m) and 

Km is the flux term (mg m-2 day-1). The flux term has been defined as the rate of iron 

mass release per unit surface area.  

This model suggests that water age is an important variable in iron pick up.  The 

results illustrated that at the locations with laminar and stagnation conditions iron 

release can be one to two orders of magnitude greater than locations with turbulent 

conditions. This indicates the importance of eliminating dead ends to reduce 

discolouration. Another important finding of this model is the increase in iron release 

with decreasing pipe diameter. This was attributed to the larger ratio of surface area to 

volume in smaller pipes (Mutoti et al. 2007). 

2.5 Biofilms 

2.5.1 What is biofilm? 

Biofilm is a microbial community formed due to the preferential attachment of 

bacteria to surfaces. Formation of biofilms starts with entrapment and adsorbsion of a 

planktonic bacteria to the pipe wall. Upon receiving an energy source, metabolism 

occurs, the population increases and biofilm is formed. Once the bacteria attach to a 

surface, they secrete a sticky, hydrated gel known as extracellular polymeric substances 

(EPS) which adhere microbial cells within the biofilms together. Biofilms depict viscous 

and elastic behaviours (like slug slime) and they are categorised as viscoelastic materials. 
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Biofilm formation in WDNs is inevitable regardless of pipe material, disinfectant residual 

concentration, hydraulics, and treated water quality (Ridgway and Olson 1981).  

The following section gives a summary of the role of biofilms in discolouration. In 

the next three sections, the relationship between hydraulics and biofilm development 

and detachment (i.e. discolouration risk) is explained. See Appendix C for further 

readings on the impact of other operational variables on biofilms. 

2.5.2 Role of biofilms in discolouration 

The EPS produced by biofilms entrap corrosion products, debris and other 

particulates in the bulk water (Pederson 1990). Seth et al. (2004) attributed the 

presence of iron and manganese in non-metal pipes to the transport of corrosion by-

products that were adsorbed onto the biofilms. Ginige et al. (2011) observed a positive 

relationship between biological activity and deposition of iron and manganese in pipes. 

Detachment of biofilms due to change in flow dynamics was reported to cause a six-fold 

increase in iron and manganese concentrations in the bulk water. Although the role of 

biofilms as a sole cause of discolouration is still unclear there is no doubt about their 

contribution in material deposition and therefore, discolouration risk. Biofilms can 

promote corrosion (bio-corrosion) and iron release. Bio-corrosion indicates alterations 

to the corrosion process by microorganisms and their metabolic products (Lee et al. 

1980, Kerr et al. 1998, Sarin et al. 2004, Ginige et al. 2011).  

2.5.3 Biofilm conditioning and adaptation 

Biofilms are dynamic systems that are capable of adjusting their structure, 

morphology and mechanical properties in response to varying hydraulic conditions for 

survival. Generally, the thickness of biofilms reduces with increasing shear stress, while 

the amount of biomass and density increases with shear stress (Vieira et al. 1993, Melo 

and Bott 1997, Kwok et al. 1998, Liu and Tay 2002, Vrouwenvelder et al. 2010). A study 

by Leon Ohl et al. (2004) showed an increase in density and substrate diffusion with 

increasing flow rate. However, immediately after a decrease in flow rate, the biofilm 

density and substrate flux increased further and it took 1-3 weeks depending on the 

biofilm thickness (thinner biofilms adapts more quickly) to adapt to the new conditions. 

The positive relationship between shear stress and density are attributed to three 

phenomena (Vieira et al. 1993, Kwok et al. 1998): (i) the compaction due to physical 
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forces applied by the flow, (ii) an increase in the diffusion of nutrients into the biofilms 

due to removal of the fluffy and less dense material at the top of the biofilm, and (iii) 

biological mechanisms such as an increase in EPS production triggered for survival and 

to protect the biofilm from external forces. 

Stoodley et al. (1999d) reported a 38% increase in biofilm thickness under 

decreasing flow rate. In another study, Stoodley et al. (1999c) reported a 25% decrease 

in thickness due to an increasing shear force from 5.09 to 10.11N/m2. The reduction in 

thickness has been attributed to detachment and compression (Paul et al. 2012), where 

the transition between these phenomena has been reported to occur around a shear 

stress of 2N/m2; below this threshold detachment of upper parts of biofilms is dominant, 

whereas above this threshold compression of the basal layer is dominant. The thickness 

of biofilms is also influenced by the substrate load; a positive relationship between 

substrate load and thickness has been reported (Melo and Bott 1997, Kwok et al. 1998, 

Stoodley et al. 1999a). Results of studies by Choi and Morgenroth (2003) showed that a 

stepped decrease in shear stress (for 12 hours), prior to a stepped increase in shear 

stress to its previous level, enables achieving a greater detachment and that biofilm 

detachment is a function of the most recent shear stress history on the biofilms. 

The morphology of biofilms changes with the hydraulic conditions. Biofilms 

grown under laminar conditions consist of single cells with small cell clusters of 

hemispherical and cylindrical shape, while biofilms formed under turbulent conditions 

have many streamlined filaments and cell clusters are larger than those in laminar 

conditions (Stoodley 1999b, Stoodley et al. 2002). Biofilms grown under the laminar 

hydraulic conditions start to develop streamers when the flow changes to turbulent and 

the streamers contract when the flow changes from turbulent to laminar (Stoodley et al. 

1999b). Formation of the streamers is to reduce the fluid force exerted on the surface of 

the biofilm (Taherzadeh et al. 2009). Stoodley et al. (1999c) observed a reduction in 

length and expansion in thickness of streamers with decreasing shear stress, and vice 

versa. 

2.5.4 Biofilm sloughing – Internal strength 

Biofilm detachment is the result of three mechanisms (Ohashi and Harada 1996): 

Erosion – which is the continuous detachment of small sections of biofilms; Abrasion – 
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which is the result of collision of particles with biofilms; Sloughing – which is the 

sporadic detachment of large sections of biofilms. Generally, detachment occurs when 

the external disturbing force overcomes the internal cohesive strength of biofilms. 

Therefore, reducing the internal strength of biofilms enables a better biofilm 

detachment. 

Biofilms formed under greater shear stress represent greater cohesiveness 

(Ohashi and Harada 1996, Stoodley et al. 2002, Dunsmore et al. 2002, Rupp et al. 2005, 

Vrouwenvelder et al. 2010, Radu et al. 2012), a greater yield point (Stoodley et al. 2001, 

Dunsmore et al. 2002) and a greater elastic modulus (Korstgens et al. 2001, Stoodley et 

al. 2001, Dunsmore et al. 2002, Stoodley et al. 2002). Ohashi et al. (1999) observed that 

tensile strength of biofilms is positively correlated with elastic coefficient which is in turn 

related to the dry density of biofilms. Therefore, biofilms with greater density exhibit 

more strength and are harder to remove. The authors also observed that some biofilms 

with lower density had nearly the same tensile strength as those with higher density. 

This highlighted the influence of the microbial content (long flagella) of biofilms as an 

important factor affecting the elastic coefficient. 

Biofilms grown under quasi-steady diurnal flow profile with a greater peak 

velocity exhibit more cohesiveness and flushing of pipes is unable to completely remove 

the biofilms (Douterelo et al. 2013). In contrast, Abe et al. (2012) observed an inverse 

relationship between shear stress during growth and the cohesiveness of biofilms (this 

could be due to the small difference between the low and high growth shear stress 

values (0.120 Pa vs. 0.175 Pa) in this study). The increase in cohesiveness with shear 

stress has been attributed to the biological response of bacteria to produce denser EPS 

and alter the local ionic environment via chelation mechanisms (Ohashi and Harada 

1996, Stoodley et al. 2001, Stoodley et al. 2002).  

The relationship between biofilm age and its strength is still uncertain. In 

contrast to Ohashi and Harada (1994) who observed a positive relationship, results of 

studies by Ohashi and Harada (1996) and Picioreanu et al. (2000) showed a an inverse 

relationship. The decrease in strength with age was attributed to the increase of cavities 

at the biofilm/support surface with age (Ohashi and Harada 1996). 
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There is an agreement on increasing the cohesive strength with biofilm depth 

(Coufort et al. 2007, Derlon et al. 2008, Paul et al. 2012). For biofilms grown under shear 

stresses of 0.01Pa and 0.1Pa, the vertical structure of biofilms can be divided in 3 

sections (Coufort et al. 2007, Derlon et al. 2008): (i) a top zone closer to the bulk water 

interface (60% of dry mass) which sustains a shear stress in the range of 0.01-0.3 Pa; (ii) 

an intermediate section (20% of dry mass) which sustains shear stress in the range of 

0.3-2 Pa; (iii) and basal layer (20% of dry mass) which sustains shear stress up to 13 Pa. 

For biofilms grown under 0.3 Pa, the last two layers were only observed. Paul et al. 

(2012) reported the presence of basal layer which can resist shear stress up to 37Pa 

even when biofilms were grown under 0.01Pa. 

2.5.5 Biofilm sloughing – disturbing mechanisms 

Understanding the mechanical characteristics of biofilms enables achieving a 

better biofilm detachment. Biofilms use two general defensive mechanisms to survive 

under disturbing hydraulic conditions which is different from the growth conditions 

(Stoodley et al. 1999d, Korstgens et al. 2001, Stoodley et al. 2002, Shaw et al. 2004, 

Rupp et al. 2005):  

 Elastic solid-like behaviour over short time scale: elastic and reversible 

deformation gives biofilms the ability to absorb the stress energy and sustain 

transient stresses. 

 Viscous fluid-like behaviour over long time-scale: viscous behaviour and non-

reversible deformation gives biofilms the ability to restructure to reduce the 

detachment force applied on the biofilms and sustain long-lasting stresses. 

Below the growth shear stress, biofilms show elastic and viscoelastic solid 

behaviour, whereas beyond this threshold (elastic limit) biofilms start acting like 

viscoelastic fluids (Stoodley et al. 1999c). A creep curve for biofilms is shown in Figure 

2.1. Three important features of this Figure are: in the loading curve, increasing the 

shear stress up to the value experienced during growth, strain is directly proportional to 

the stress while beyond this point (horizontal dotted line in the Figure) the slope 

sharpens showing the smaller strain in response to the increased stress (increase in 

stiffness). Unloading curve illustrates the hysteresis representing the viscoelastic fluid 

behaviour. The difference between a viscoelastic solid and liquid is that in the former 
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the stress after a very long time equals 𝜎∞ = 𝜎(𝑡 → ∞) whereas in latter form 

𝜎(𝑡 → ∞) = 0 (Korstgens et al. 2001). 

 

Figure 2.1 Stress-strain curve of biofilms (adopted from Stoodley et al. 1999c) 

According to the described mechanical behaviour of biofilms, three sloughing 

mechanisms have been proposed in the literature. (i) sudden stepped increase in the 

shear stress to impose elastic failure; (ii) variations in shear stress with high frequency 

which can progressively make the biofilms thinner and ultimately result in detachment 

(low frequency shear fluctuations may allow the biofilm to repair itself biologically) 

(Stoodley et al. 1999c), and (ii) sustained, elevated shear stress to achieved time-

dependent failure of streamers as a result of necking phenomena (creep) (Stoodley et al. 

2002). 

Observations over a wide range of samples show that elastic relaxation of 

biofilms (i.e. time scale that biofilms require to respond to the transient mechanical 

stress for survival) is around 18 minutes despite the variations in other properties of the 

biofilms (Shaw et al. 2004). Rupp et al. (2005) reported a relaxation time of 12 minutes. 

Relaxation refers to the reduction in stress when strain is held constant. When the 

relaxation time is reached biofilms respond phenotypically to reduce the stress. 

Sustained high flow velocity can also lead to biological response of biofilms (production 

of slimes) and consequently stronger biofilms. Mathieu et al. (2014) observed an 

increase in the cohesive strength of biofilms after increasing the flow velocity and 

returning it to its normal value (high flow was maintained for 90 minutes). 
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Experimental studies by Maier (1999), Bakke (1986), Choi and Morgenroth 

(2003) and Horn et al. (2003) showed the success of stepped increase in flow rate and 

exposure to a sustained high flow rate in achieving biofilm sloughing. Lehtola et al. 

(2006) observed that even a gradual increase in flow rate can result in an immediate 

increase in particle counts, HPC, total number of bacteria and turbidity. Peyton and 

Charackliis (1993) and Telgmann et al., (2004) suggested that biofilms sloughing is a 

function of the variations in applied shear stress and not the absolute value. 

Quantitative studies to correlate the growth and detachment shear forces are very 

limited. Stoodley et al. (2002) proposed an empirical relationship (𝜏𝑑𝑒𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡 =

2.3 𝜏𝑔𝑟𝑜𝑤𝑡ℎ , R2 = 0.81) to determine the onset of detachment of cell clusters from 

biofilms. Mohle et al. (2007) suggested a ratio in the range of 200 to 1100 and reported 

that the presence of iron during the growth strengthens the biofilms. A study by 

Mathieu et al. (2014) showed that a rapid increase in flow velocity (<10 seconds) is an 

effective measure in reducing biofilm cells (by 56%). 

Biofilms with a greater thickness are more prone to sloughing (Ohashi and 

Harada 1994, Kwok et al. 1998, Picioreanu et al. 2000, Liu and Tay 2002, Leon Ohl et al. 

2004). A study by Manz et al. (2005) showed a drop in the local shear stress acting on 

the surface of the biofilm with increasing the Reynolds number from 5000 to 6000. This 

was attributed to the decrease in biofilm thickness. The local shear stress was observed 

to be three times greater than that exerted on the pipe wall based on the mean flow 

velocity, indicating the importance of biofilm thickness. The local shear stress acting on 

the biofilm was observed to approach the mean wall shear stress when the biofilm was 

exposed to highest Reynolds number (>9000) in the study (Manz et al. 2003). 

The flow of fluid over the biofilm surface applies detachment forces in the 

normal and tangential directions (Ohashi et al. 1999, Picioreanu et al. 2000). The 

adhesion strength of biofilms in the tangential directions was observed to be 100 times 

greater than the normal direction (Ohashi and Harada 1996). This suggests that the 

application of tensile forces is a more effective mechanism for detachment. A strongly 

positive relationship was reported between the elastic coefficient of biofilm and the 

tensile strength (Ohashi et al. 1999), such that the lower the elastic coefficient of the 

biofilm the easier it is to be removed by tensile forces. The dry density of biofilms is an 

indicator of the elastic coefficient (Ohashi et al. 1999). Thus, biofilms with a greater 
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density (i.e. those grown under greater shear stress) have more strength and are harder 

to remove. A summary of detachment models proposed for biofilms in literature is 

presented in Table 2.1. 

Table 2.1 Proposed detachment models for biofilms - rdet is the detachment rate, 
X is the biomass density, Lf is the biofilm thickness, μs is the specific growth rate, kdet is 

the detachment coefficient, and τ is the fluid shear stress 

Model Reference 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝐿𝑓 Peyton and Characklis (1992) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝑋 𝐿𝑓 Bakke et al. (1984), Melo and Bott (1997) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝑋 𝐿𝑓
2  Wanner and Gujer (1986) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝐿𝑓
2  Stewart et al. (1996) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝑋2 Bryers (1987), Trulear and Characklis (1982) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝜇𝑠𝐿𝑓 + 𝑘𝑑𝑒𝑡,0𝐿𝑓 Speitel and DiGiano (1987) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝜇𝑠 𝑋 𝐿𝑓 Peyton and Characklis (1993) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝜇𝑠𝑋𝐿𝑓
2  Stewart (1993) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝑋𝜏 Bakke et al. (1990) 

𝑟𝑑𝑒𝑡 = 𝑘𝑑𝑒𝑡𝑋𝜏0.58 Rittmann (1982) 

 

Biofilms grown under greater flow rates are characterised as streamlined wavy 

structure with smoother surface (Kwok et al. 1998, Stoodley et al. 1999a). The ripple-like 

and streamlined structure of biofilms highlights the importance of flow reversal in 

cleaning. Horn et al. (2003) reported the effectiveness of flow reversal in applying 

additional stress to the biofilms. In WSNs, the effect of flow reversal on biofilm sloughing 

has not been given much attention to date. Ahn et al. (2011) reported the effectiveness 

of reverse flushing implemented after a short time after flushing in the normal direction. 

Significant correlation (R2=0.9) between total suspended solid concentration and 

heterotrophic plate count was observed which can be an indication of biofilm removal. 

2.6 Decay of disinfectant Residuals 

The primary goal of water utilities is to maintain a detectable level of 

disinfectant residuals throughout WSNs to control the regrowth of microorganisms, 

provide a barrier against pathogens and prevent waterborne diseases, control the 

biofilm formation and overall, to maintain the microbial quality of water and reduce the 

risk to the public health. Disinfectants are dosed at the outlet of WTWs and before 

distribution, called secondary disinfection, and are often reinforced by installing booster 
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stations within WSNs. Chlorine is the most commonly-used secondary disinfectant. 

Despite its effectiveness chlorination represents shortcomings such as taste and odour 

issues (Bryan et al. 1973), formation of DBPs (see Appendix D) which could be toxic and 

carcinogenic (Rook 1974), reduced capability to inactive the bacteria attached to the 

particles and the pipe wall (LeChevallier et al. 1988), and reduction in the residual level 

with time (Chambers et al. 1995).  

Chlorine decays as it reacts with inorganic and organic substances. The reaction 

of chlorine with inorganics such as iron, manganese, sulphide, bromide, and ammonia 

(Zhang et al. 1992, Vasconcelos et al 1997, Kiene et al. 1998, DiGiano and Zhang 2005) 

occurs very fast in order of seconds whereas with organics occurs at a slower rate 

depending on the composition and level of reactivity of the organic substances. Chlorine 

also acts as antimicrobial agent and reacts with the microorganism (Wable et al. 1991). 

All proposed models for chlorine decay are inevitably a simplification of the real process 

due to the presence of various compounds which tend to react with chlorine through 

different mechanisms at different speeds. This simplification limits the applicability of 

chlorine models used by water utilities due to uncertainties about their accuracy and 

durability (Powell et al. 2000b).  

With respect to the location of reactions, decay of chlorine can be attributed to 

the bulk water (bulk decay) or the pipe wall (wall decay). Rates of the bulk decay and 

wall decay are influenced by many operational variables. See Appendix B for a summary 

of chlorine chemistry and how its decay (bulk and wall) is influenced by various 

operational variables. Appendix B also presents a summary of chloramine chemistry and 

its decay (chloramine is the second most-commonly used disinfectant).  Irrespective of 

the location of reactions and type of reactive substances decay of chlorine is kinetic in 

nature, thus, it is a function of time (Powell et al. 2000b, Brown et al. 2011, Clark 2012).  

2.7 Holistic discolouration risk management 

As pointed out in the introduction section, water utilities reduce the risk of 

discolouration by improvements of WTWs processes, pipe cleaning and pipe 

rehabilitation/replacement. Whilst continuing the current controlling measures is 

helpful but these are not sustainable approaches under the current financial, 

environmental and global pressures and cannot cope with the pace of regulatory 
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evolution and customer expectations. A more sustainable and robust management 

approach is to take advantage of the correlation between hydraulic conditions and 

discolouration pathways (see Figure 2.2). One such management practice involves 

regulating the hydraulic conditions to achieve a self-cleaning state by re-suspending the 

sediments and detachment of cohesive layers and biofilms in low concentrations before 

they would otherwise reach a level that presents a discolouration risk. It is the aim of 

this section to sum up the findings in the literature and characterise the hydraulic 

conditions required to achieve a holistic discolouration risk mitigation in WSNs.  

2.7.1 Biofilms and cohesive layers 

Observations during flushing trials have provided information about the nature 

of the cohesive layers formed on the pipe wall which are consistent with the studies 

concerning the mechanical behaviour of biofilms. These are briefly pointed out below: 

 Layers form with a stratified cohesive structure (Husband and Boxall 2011). 

Biofilms also show a stratified structure with increasing cohesiveness in depth. 

 The greater the rate of maximum diurnal flow the lower the mobilisation of 

layers under high flow events (Sharpe et al. 2010). Biofilms formed under greater 

velocity show greater cohesiveness. 

 A variable diurnal velocity profile peaking at 0.6m/s achieves a self-cleaning 

condition while a steady-state velocity of 0.65m/s is incapable of achieving the 

same level of cleaning. This can be explained by the influence of the recent shear 

history on the strength (conditioning) of biofilms. Periods of low flow conditions 

in the variable diurnal profile are likely to decrease the strength of layers, 

resulting in a more effective removal of layers during the peak velocity. 

 Accumulation of cohesive layers continues under high steady-state flow rate. 

This was attributed to the possible adaptation in the accumulation process 

(Husband et al. 2008). Biofilms are capable of adapting to their environment by 

adjusting their properties, such as their composition and structure. 

 The rate of change in flow is an important factor in detachment of cohesive 

layers (Aisopou et al. 2014). Biofilms are vulnerable to sudden stepped flow 

increases (i.e. elastic failure). 
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 A high flow velocity during flushing needs to be maintained until 2-3 times of 

pipe volume is discharged. This could be related to the susceptibility of biofilms 

to sustained high flow velocity (viscous failure). 

 Turbidity level observed during flushing trials drops (in many cases) during first 

15 minutes (Vreeburg 2007). The relaxation time of biofilms is around 18 

minutes. 

 The shear stress to achieve self-cleaning conditions in plastic and asbestos 

cement (AC) pipes was suggested to be approximately 1.2Pa. 80% of biomass is 

removed at a shear stress around 2Pa (the remainder of the biofilms (20%) is not 

detachable under shear stresses experienced in WSNs so pipes are effectively 

clean).  

 There is a positive relationship between material regeneration and temperature 

(Boxall et al. 2001). The rate of biofilm growth is also intensified by the increase 

in temperature. 

 

From the foregoing it is theorised that the cohesive layers accumulated in plastic 

pipes and the corroded surfaces and tubercles of metallic pipes are a mixture of 

microbial cell clusters, organic substances and inorganic particulates (chemical element 

such as iron, manganese and etc.) entrenched in a gel-like layer of EPS secreted by 

microorganisms. Thus, the accumulation exhibits a complex matrix/structure where the 

EPS most likely plays a protective role preventing the structural failure of the entire 

matrix under the effect of shear and lift forces exerted by the flow. The findings in 

literature about the impact of hydraulic conditions on mechanical characteristics of 

biofilms are used to discuss the impact of various diurnal flow profiles for cleaning the 

so-called cohesive layers formed in WSNs (see sections 2.7.5 and 2.7.6). 
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Figure 2.2 Mechanisms affecting water quality in a pipe: (1) settlement and attachment, (2) conditioning, (3) detachment and re-
suspension (adopted from Vreeburg 2007)
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2.7.2 Water age 

Water quality is described as a set of thresholds for a wide range of physical, 

chemical and microbiological variables (HMSO 2000). There have been studies to 

present the overall quality of water as an index. Sinha et al. (1994) suggested an index 

(0-100) that combines pH, turbidity, chlorine residual, conductivity and MPN (bacterial 

indicator). Sadiq et al. (2003) proposed a framework to evaluate the combined risk of 

water quality failures. There are two problems with using the proposed indices: firstly, 

these indices are not related to the risk of discolouration and the number of variables 

considered in each index is very limited, and secondly, given the current advances in 

water quality modelling and monitoring it is infeasible to track the variations in the 

physicochemical parameters within the networks. Deteriorating mechanisms affecting 

water quality are only partially and intuitively understood and interrelationships 

between influencing variables and deteriorating mechanisms cannot be currently 

modelled in a holistic manner (Sadiq et al. 2010). Full-scale investigation of water quality 

deterioration in WSNs remains an infeasible task due to heterogeneity of network 

assets, lack of continuous real-time data, dynamic nature and lack of understanding of 

the deteriorating mechanisms, dynamic and uncertain nature of network hydraulics due 

to stochastic nature of residential and industrial demands. 

Water age is commonly-used surrogate variable to represent quality of the bulk 

water. Water age, by definition, represent the time that water spends in the system 

before consumption and as a result, it is directly related to the mechanisms which are 

kinetic in nature, for instance, disinfectant decay and DBP formation. In the summer, 

water age can also be an indicator of the temperature of the bulk water. The greater the 

time that water is in the network (i.e. greater contact time with pipe wall) the greater 

the temperature of water. The rise in temperature and loss of disinfectant favours 

biofilm development, bacteria regrowth and iron release from the corrosion scales. 

Greater water age also corresponds to a lower level of DO and organic substances in the 

bulk water that can increase the detachment of sporadic fragments of biofilms due to 

starvation. Machell & Boxall (2014) investigated the correlation between water age and 

the overall water quality behaviour by acquiring long-term measurements of 15 water 

quality variables in two networks. Results of the study suggested a positive relationship 
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between water age and pH, temperature, conductivity, colour, and HPC. An inverse 

relationship between water age and chlorine concentration (free and combined) was 

also reported. The authors confirmed a correlation between water age and overall water 

quality behaviour of the networks but not with individual water quality parameters 

(unless along undisturbed flow routes). 

Despite previous recommendations that the systematic control of water age in 

WSNs is a cheap and effective solution to water quality problems (Brandt et al. 2004), 

the implementation of this approach by water utilities has been slow. There is no 

universal water age threshold that guarantees an acceptable quality of water, and two 

locations with the same water age do not necessarily have the same water quality as it 

depends on the initial bulk water quality, asset conditions and hydraulic behaviour of 

upstream pipes. The development of system-specific thresholds is required that 

considers the design and operation of the system and asset properties to maintain the 

physicochemical and microbiological quality of the bulk water within the regulatory 

limits. There is, however, a consensus that water with a smaller age is very likely to 

represent a better quality. 

2.7.3 Pipe residence time 

The management of pipe residence time is important from two perspectives. 

Firstly, it is an essential building block of nodal water age calculation. Secondly, it 

influences the concentration of suspended materials in the bulk water. A longer 

residence time allows for a greater bulk water uptake of iron released from the 

dissolution of corrosion scales. Similarly, longer residence time can lead to the 

settlement of particles in the pipe (depending on the duration and magnitude of low 

flow velocities) which represents future discolouration risk. In the absence of scales, an 

increase in flow velocity is desirable to reduce the level of iron uptake by the bulk water 

and also risk of particle settlement in the pipes. This increase in flow velocity can 

stimulate corrosion and subsequent iron release by enhancing the mass transfer of 

oxidants to the pipe wall. However, the positive effect outweighs the negative effects 

(Naser and Karney 2007).  

In the presence of scales, the situation is more complex and an optimum 

strategy is still unclear. The formation of scales supresses the effect of enhanced mass 
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transfer of oxidants to the pipe wall, therefore, reduced residence time can be 

successful in minimising iron uptake from corrosion sites. A high flow velocity may scour 

and detach particles from the scales. Loose and porous scales are believed to be 

susceptible to detachment under high hydraulic forces and can cause discolouration 

(Smith et al. 1999); particularly scales that are not rich in magnetite (Smith et al. 1997). 

Scales that are formed under greater flow velocity are denser and limit the diffusion of 

oxidants to the corrosion sites. In addition, the effectiveness of chemical conditioning of 

the water to reduce corrosion (e.g. increase in pH, alkalinity and Ca concentration) 

increases with flow velocity (Jensen 1994, Fiksdal 1995). Based on the current 

knowledge, an increase in flow velocity appears to be a desirable hydraulic conditions in 

the presence of scales, as well.  

At the single pipe scale, the greatest risk concerns metallic pipes with a greater 

age, lower diurnal velocity and smaller diameter. These pipes have greater surface area 

to volume ratio and are more likely to contain greater amounts of scales that are loose 

and porous. Flow reversal and stagnation (low flow velocity) needs to be avoided, and 

ideally, flow should be maintained as near to transitional hydraulic conditions as 

possible to reduce the iron uptake from corrosion scales. Given that transitional 

hydraulic conditions represent a narrow range of flow rate and cannot be operationally 

maintained, therefore, a turbulent flow condition is preferable to the laminar and 

stagnation conditions. 

2.7.4 Attachment and settlement 

The amount of deposits in a pipe is a function of flow velocity. Particle 

sedimentation occurs when gravitational forces overcome the effects of flow 

turbulence, and typically occurs when the minimum diurnal velocity is lower than 0.06-

0.07m/s. This hydraulic condition is frequently attributed to dead-end pipes but can also 

occur within the system in redundant loops and around hydraulic boundaries. 

Preventing such low flows is important for controlling the gradual accumulation of 

sediments. 

Alternatively, an increase in flow velocity transfers the suspended materials, 

from the bulk water to the pipe walls. This influences the rate of chlorine decay, 

corrosion and scale development and cohesive layer and biofilm formation. No universal 
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relationship has been derived so far to quantify the amount of accumulations based on 

flow conditions, bulk water quality and asset conditions. In the case of biofilms, the 

results are qualitative and occasionally inconsistent. A systematic investigation to 

quantify the effect of hydraulic conditions on biofilm development is needed in the 

presence/absence of chlorine, for different pipe materials and ages, and with/without 

an initial biofilm on the pipe wall. The investigations need to replicate the unsteady 

diurnal flow profile and microbial content of biofilms in WSNs. 

Currently, proposed empirical relationships attribute the rate of accumulation 

mainly to the concentration of particles in the bulk water. This is an emphasis on the 

importance of nodal water age and pipe residence time management. The PODDS model 

identifies the influence of temperature and maximum diurnal shear stress on the 

amount/strength of accumulations. This model incorporates implicit coefficients to 

account for the cumulative impacts of other operational parameters and complex 

mechanisms that influence the accumulations inside the pipes. Determination of these 

coefficients requires calibration by flushing at the pipe level which is labour intensive, 

and time consuming. Regular recalibration may be required to reflect the dynamic and 

variable nature of WSNs. 

The unknown rate of accumulation precludes the determination of an optimal 

frequency for cleaning and the length of pipes that should be subject to cleaning 

conditions simultaneously without exceeding regulatory turbidity limits. To minimise the 

risk, maximising the frequency of pipe cleaning is required. 

2.7.5 Conditioning and adaptation 

Conditioning (strength) of layers accumulated on the pipe wall is a function of 

diurnal conditions. As suggested in section 2.7.1, biofilms most likely govern the 

cohesive strength of layers. Biofilms are dynamic systems that adapt their properties 

according to their environment. This adaptation characteristics can be exploited to 

manipulate the mechanical properties and morphology of biofilms to enhance the 

cleaning effectiveness. Biofilms formed under lower flow rates exhibit less cohesiveness 

and have a greater thickness which are desirable properties for effective removal. The 

ultimate cohesive strength of biofilms depends on the most recent shear history acting 

on the biofilm; in one study a period of 12 hours before cleaning was found effective. 
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Investigations to define the duration of “most recent shear stress” under quasi-steady 

flow profile of WSNs are recommended. This enables quantifying the decrease in the 

cohesive strength of biofilms exposed to decreasing flow conditions and the duration of 

the low flow conditions required to achieve a particular reduction in strength. There is a 

need to develop a quantitative relationship to estimate the temporal and ultimate 

cohesive strength of biofilms as a function of quasi-steady flow profile for a given water 

quality. The specific composition biofilms in WSNs needs to be taken into account as the 

strength of biofilms is sensitive to the phenotypic and biological response of 

microorganisms. 

The adaptation properties of biofilms under varying hydraulic conditions can be 

exploited in two ways: either to increase the cohesive strength and reduce the likelihood 

of sloughing or to decrease the cohesive strength and increase the likelihood of 

sloughing (i.e. enhanced cleaning). Overall, two conditioning strategies can be defined 

for minimising the risk of discolouration at the pipe level: 

 Maximising the flow during non-peak demand times  (see the dotted profile in 

Figure 2.3(b)) 

 Minimising the flow during non-peak demand times  (see the dotted profile in 

Figure 2.3(c))  

In the former, the long-term risk of discolouration due to a gradual and 

continuous accumulation of more cohesive biofilms on the pipe wall can be problematic. 

Therefore, implementation of the second approach is recommended where the amount 

of biomass can be maintained at a controlled minimum level as a result of regular 

cleaning. In the PODDS model the conditioning of materials has been suggested to 

depend on the peak diurnal shear stress irrespective of the rest of the diurnal flow 

profile (see Figure 2.3(a)). As described previously, low flow conditions, which 

constitutes the major proportion of a diurnal flow profile, can affect the cleaning 

performance by changing the morphology and strength of biofilms. 

2.7.6 Detachment and re-suspension 

Increase in the maximum diurnal flow velocity to 0.2-0.25m/s leads to re-

suspension of sediments that have settled during low-flow conditions and discharge 
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them through customer taps at low concentrations (self-cleaning condition). This 

conclusion was drawn based on observation of areas that experience this flow velocity 

threshold every other day are self-cleaning. However, this does not necessarily mean 

that this is an optimum frequency. There is a need to identify the optimum frequency as 

a function of the bulk water quality and asset characteristics and hydraulic conditions. 

Alternatively, the equations by May (1994) and Macke (1982) can be used to estimate 

site-specific re-suspension threshold based on pipe and sediment characteristics. 

There are inconsistencies in the current guidelines for cleaning the cohesive 

layers in terms of the suggested thresholds and the type of the parameter used 

(velocity-based vs. shear-stress based). While utilising velocity thresholds is easier and 

more practical, shear stress is more accurate if the pipe diameter and roughness are 

accurately known. Dutch guidelines (Smit 2000) suggest a minimum velocity of 1.5m/s 

for pipe cleaning irrespective of pipe diameter, while the UK flushing guideline 

recommends different flow velocities for various pipe diameters (Miller 1994). May 

(1994) and Macke (1982) also suggested different velocities based on pipe diameters 

and pipe roughness. Friedman et al. (2004) suggested a velocity-based threshold of 

1.6m/s to achieve self-cleaning metal pipes. Husband et al. (2010) suggested a threshold 

of less than 0.75m/s for the cleaning of trunk mains (the accumulations occurred under 

a low flow of 0.04m/s). Alternatively, Ackers et al. (2001) suggested a shear stress of 1 

N/m2 to remove the weakly adhered sediment (new sediments) and 2.5 N/m2 for older 

deposits. Husband and Boxall (2010) and Cook and Boxall (2011) proposed 1.2N/m2 and 

0.7N/m2 for self-cleaning plastic pipes, respectively, and Boxall and Prince (2006) 

proposed 1.12N/m2 for self-cleaning asbestos cement pipes. 

Three approaches have been proposed for biofilm sloughing but yet 

unquantified. These include: (i) a sudden stepped increase in flow rate to exert an elastic 

failure; (ii) sustaining a high flow velocity sufficiently long to enforce detachment by 

necking phenomena; and (iii) fluctuation in flow velocity to cause necking. Of these 

approaches, the deliberate introduction of unsteady-state flow (approaches i and iii) 

into the system represent negative consequences such as pipe bursts and contaminant 

intrusion therefore, the implementation of the second approach is desirable. This 

mechanism coincides with mains flushing which is currently used for cleaning in WSNs.
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Figure 2.3 Schematic self-cleaning profiles: (a) self-cleaning profile suggested in the literature (PODDS) (b) self-cleaning profile 
suggested in this study to strengthen the accumulations (dotted line) and cleaning by maximising peak flow in reverse direction (C) ideal self-
cleaning profile suggested in this study to weaken the accumulations (dotted line) and cleaning by maximising peak flow in reverse direction
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Based on biofilm studies, two approaches can be used for biofilm cleaning: 

 A fixed shear stress threshold: 𝜏 ≥ 2𝑃𝑎 (growth shear stress up to 0.3Pa) 

 A detachment shear stress threshold as a function of growth shear stress (pipe-

specific): 𝜏𝑑𝑒𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡 = 2.3 𝜏𝑔𝑟𝑜𝑤𝑡ℎ , R2 = 0.81 (Stoodley et al. 2002) 

The first approach is more likely to apply to WSNs since the proposed threshold 

is close to thresholds suggested for self-cleaning plastic and AC pipes. However, 

according to the adaptation characteristics of biofilms the second approach appears 

more reasonable but the ratio needs to be validated for WSNs while considering the 

specific composition of biofilms. Most of the reported biofilm studies were laboratory-

based where biofilms formed under steady-state flow conditions which may not 

adequately represent the quasi-steady diurnal flow profiles in WSNs. Despite its 

importance, little attention has been given to biofilm sloughing in WSNs to understand 

the correlation between the growth and sloughing conditions, such as those suggested 

by Stoodley et al. (2002). Such correlations will enable control rules to be formulated 

and the cleaning effectiveness to be assessed. 

Currently, the duration of cleaning is determined based on real-time 

measurement of turbidity during flushing. In most cases, this coincides with 2-3 

turnovers of pipe volume. This review shows that exposing each pipe to approximately 

15-20 minutes of high flow rates can enhance the cleaning. This is based on the 

relaxation time proposed for biofilms and it can be used as an additional criterion to 

terminate cleaning.   

To enhance the level of cleaning and compensate for the unknown required 

frequency, the application of periodic and controlled flow reversal is favourable to 

achieve a better cleaning of biofilms which have a streamlined structure or are sheltered 

by corrosion scales. More investigations are required to quantify the impact of flow 

reversal on cleaning effectiveness. 
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Figure 2.4 Proposed control framework for holistic discolouration risk management
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Overall, increasing the flow velocity in the reverse direction to the normal flow 

(see Figure 2.3) and maintaining the elevated velocity for 15-20 mins appears to be the 

most effective cleaning strategy. Optimum frequency of the cleaning is unknown and 

magnitude of flow rate to achieve self-cleaning metal pipes is still uncertain. A summary 

of the discolouration mechanisms and hydraulic components of the holistic 

discolouration management at the pipe level is shown in Figure 2.4. 

2.8 Water quality modelling (numerical perspective) 

Early attempts to model water quality behaviour in networks was limited to 

steady-state conditions (Wood 1980, Males et al. 1985, Chun and Selznick 1985); the 

ultimate propagation of chemical substances (reactive or non-reactive) is determined 

when the system reaches equilibrium under a fixed operating and loading conditions. 

Later, Hart et al. (1986) and Liou and Kroon (1987) developed dynamic models (quasi-

steady) to track the propagation of chemical constituents within the networks under 

time-varying conditions including changes in tank water level, demand, and setting of 

controlling components. More recently, Uber (2009) developed multi-species model 

which enables the simulation of multiple reactive species and considerations of multiple 

physical and chemical processes. 

Commonly-used water quality models simulate the fate and transport of 

constituents assuming a plug-flow velocity and without considering fluid compressibility, 

inertia, unsteady shear stress, and pipe wall mechanical behaviour. Fernandes (2002) 

and Naser and Karney (2007) developed unsteady models which takes into account the 

impact of pressure transients on water quality.  

2.8.1 Transport equation 

The changes in concentration of dissolved reactive substances are given by 

advection-dispersion-reaction (ADR) equation as follows (Blokker et al. 2008): 

𝜕𝐶

𝜕𝑡
+ 𝑢

𝜕𝐶

𝜕𝑥
= 𝐸

𝜕2𝐶

𝜕𝑥2
+ 𝑓(𝐶)         (2.14) 

In which, t is the time, u is the mean flow velocity (m/s), x is the direction along 

the positive flow, C is the cross-sectional average concentration (mg/L), E is the axial 

dispersion coefficient (m2/s), and f(C) is the reaction function. 
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In advective transport the substance travels down a pipe with the same average 

velocity of water while in dispersion it is dispersed between adjacent parcels of water as 

it travels down a pipe (Bagwell and Barrett 2001). For most hydraulic conditions in 

WSNs, the longitudinal dispersion can be neglected and therefore transport of a 

substance can be represented by advective transport and the reaction (Rossman and 

Boulos 1996): 

𝜕𝐶𝑖

𝜕𝑡
= −𝑢𝑖

𝜕𝐶𝑖

𝜕𝑥
+ 𝑟(𝐶𝑖)         (2.15) 

In which, Ci is a particular substance concentration as a function of time t and 

distance x at pipe i, u is the flow velocity at pipe i, r (Ci) is the reaction rate as a function 

of concentration. For water age modelling 𝑟(𝐶𝑖) is constant and equal 1 to enforce the 

age of water to increase by one unit with each unit of time. 

In the situations where substance travels at a very low velocity in a long pipe 

dispersion can have significant impact and should be taken into account (Rossman and 

Boulos 1996). The transport equation allows for modelling the decay or growth of any 

chemicals within the system. See Appendix E for the details on how to define the 

reaction term. 

2.8.2 Mixing at pipe junctions 

Current water quality models are based on the assumption that the 

instantaneous and complete mixing of inflows occur at the junctions and the 

concentration of the outflows are equal and calculated by (Rossman and Boulos 1996): 

𝐶𝑖 =
∑ 𝑄𝑗𝐶𝑗 + 𝑄𝑠𝐶𝑠𝑗∈𝐼𝑘

∑ 𝑄𝑗 + 𝑄𝑠𝑗∈𝐼𝑘

          (2.16) 

In which, i subscribes the links leaving the junction, Ik denotes the set of links 

with inflow to junction k, Qj and Cj are the flow rate and concentration associated with 

inflows to the junction k, Qs and Cs are the flow rate and concentration associated with 

external sources at junction k. For water age modelling, the same equation is employed 

but C denotes the age of water rather than concentration and Cs is equal to zero. 
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2.8.3 Mixing in storage tanks 

Complete mixing within storage facilities is usually assumed and the change in 

the concentration is estimated by considering the inflow mass and concentration, 

outflow mass and concentration, and reaction (growing or decaying) within the tank as 

follows (Rossman and Boulos 1996): 

𝜕(𝑉𝑇𝐶𝑇)

𝜕𝑡
= ∑ 𝑄𝑖𝐶𝑖 − ∑ 𝑄𝑗𝐶𝑇 + 𝑅(𝐶𝑇)

𝑗∈𝑂𝑇𝑖∈𝐼𝑇

          (2.17) 

In which, VT is the volume of tank at time t, CT is the concentration within the 

tank at time t, Q is the flow rate, IT denotes the set of inflows to the tank, and OT 

denotes the set of outflows from the tank. 

The mixing regime of tanks may follow multi-compartment models (Rossman 

and Boulos 1996). By using the compartmentalisation technique, different equations 

were proposed depending on the locations of inlet and outlet pipes, number of 

compartments and whether the tank is subject to inflow and outflow simultaneously or 

one at a time (Clark et al. 1996). 

2.8.4 Numerical methods for solving advection-reaction equation 

Above equations form a set of differential and algebraic equations that needs to 

be solved to determine the chlorine concentrations at the junctions and storage tanks. 

Four numerical methods were proposed for the dynamic modelling of water quality in 

WSNs: finite difference method (FDM), discrete volume method (DVM), time-driven 

method (TDM), and event-driven method (EDM). These methods can be classified 

spatially into Enlerian and Lagrangian methods. In the Enlerian method, pipes are 

divided into some interconnected fixed volume segments and water quality parameters 

are determined at the boundaries of these segments as water travels through the pipes 

while in the Lagrangian method the quality of water is assessed in some variable-sized 

parcels of water as they flow through the system. The proposed numerical methods can 

also be classified temporally into time-driven and event-driven methods. In the former, 

state of the system is updated at some uniform time increments while in the latter it is 

updated when an event (i.e. operational changes) occurs (Rossman and Boulos 1996). 

See Appendix F for the details of the proposed numerical algorithms. 
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2.8.5 Hydraulic modelling 

All the numerical algorithms proposed for solving the transport equation require 

the determination of flow directions and flow velocity in all the links (i.e. simulating the 

hydraulic behaviour of the network).  

2.8.5.1 Governing equations 

Hydraulic modelling refers to determining pipe flow rates and nodal heads for a 

given network layout, pipes characteristics, and boundary conditions including nodal 

demands, head at the sources and setting of the dynamic components. This analysis 

consists of simultaneously solving the mass conservation equations at the nodes (linear 

algebraic equations) and energy conservation equations along the pipes (nonlinear 

algebraic equations). 

𝑀𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛: ∑ 𝑄𝑖𝑗 = 𝑞𝑗

𝑖

          (2.18) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛: 𝐻𝑖 − 𝐻𝑗 = ℎ𝑓          (2.19) 

In which, 𝑄𝑖𝑗  is the flow rate in link connecting nodes i and j, 𝑞𝑗 is the nodal 

demand at node j, and ℎ𝑓 = 𝐻𝑖 − 𝐻𝑗  is the head loss due to pipe friction in link 

connecting nodes i and j.  

There are three formulas for calculating the head loss (ℎ𝑓): Darcy-Weisbach 

(DW), Hazen-William (HW) and Chezy-Maning (CM).  

 𝐷𝑊:     ℎ𝑓 = 𝑓 
𝐿

𝐷
 
𝑉2

2𝑔
= 𝑓 

𝐿

𝐷
 

𝑄2

2𝑔𝐴2
          (2.20) 

In which, f is the friction factor, L is the pipe length, D is the pipe diameter, V is 

the mean flow velocity, and A is the cross-sectional area. 

𝐻𝑊:     𝑄 = 0.849 𝐶𝐻𝑊𝐴𝑅0.63𝑆0.54       𝑆𝐼 𝑢𝑛𝑖𝑡𝑠          (2.21) 

In which, CHW is the Hazen-William roughness coefficient, 𝑆 =
ℎ𝑓

𝐿
 is the slope of 

energy line, 𝑅 =
𝐴

𝑃
 is the hydraulic radius, P is the wetted perimeter, and A is the cross-

sectional area. 
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𝐶𝑀:     𝑄 =  
1

𝑛
 𝐴𝑅2/3𝑆1/2        𝑆𝐼 𝑢𝑛𝑖𝑡𝑠          (2.22) 

DW formula is physical-based but HW and CM equations are empirical-based. 

CM equation has been originally developed for open channels and is not usually used in 

WSNs (Walski et al. 2001). DW is a more accurate approach in computing the head loss 

as its friction factor coefficient varies with the flow regime. Its weakness is the 

discontinuity in the functions between laminar, transient and turbulent flow conditions. 

Furthermore, the Colebrook-White equation that is used to estimate f in the turbulent 

region is an implicit function.  

In DW, under laminar conditions (Re<2000), friction factor (f) is only a function of 

Reynolds number (Re):  

𝑓 =
64

𝑅𝑒
          (2.23) 

Under transitional flow regime (2000<Re< 4000), a cubic interpolation of the 

Moody diagram developed by Dunlop in 1991 can be used. Under turbulent conditions 

(Re>4000) the friction factor is a function of both Re and relative roughness of the pipe 

and can be determined by the equation below for the turbulent flow in the smooth 

pipes: 

𝑓 = 0.316 𝑅𝑒−0.25          (2.24) 

And, the following two explicit equations, which are the approximation to the 

implicit Colebrook-White equation, for the turbulent flow in pipes with rough walls 

(Swamee and Jain 1976): 

𝑓 =
0.25

(𝑙𝑜𝑔10(
휀/𝐷
3.7 +

5.74
𝑅𝑒0.9)2

          (2.25) 

Or the Haaland equation: 

1

√𝑓
= −1.8𝑙𝑜𝑔10 [(

휀
𝐷

3.7
)

1.11

+
6.9

𝑅𝑒
]          (2.26) 
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Churchill (1977), Chen (1984), and Swamee (1993) proposed formulas that 

overcome the discontinuity issues and enable the estimation of ‘f’ for the hydraulically 

transitional region. The greater accuracy of DW approach comes at the cost of greater 

computational time. Alternatively, HW approach, which is accurate enough for 

engineering/scientific applications can be used (Laroc et al. 2000).  

Since the early 1936, development of a computationally efficient and accurate 

hydraulic model has been the subject of many studies. Due to the computer processing 

constraints early models were relatively simple. With the increase in the computational 

power the efficiency and accuracy of the models were enhanced. From control 

perspective, in addition to efficiency and accuracy, models need to be transparent and 

tractable so that it can be easily modified and incorporate control methodologies; 

commercial and “off the shelf” modelling packages are not suitable due to the limited 

features and pre-specified model/user interactions. See Appendix G for a review of 

algorithms proposed for solving the hydraulic equations, classification of various 

hydraulic models, numerical methods proposed for modelling PRVs, and how to simulate 

pressure-driven analysis. 

2.9 District Metered Areas and water quality management 

2.9.1 DMA functionalities 

Water utilities are required to satisfy the increasing level of demand, preserve 

water resources, and maintain the cost of supply at an economically-possible minimum 

level. Loss of water from the networks through leakage and mains burst represents a 

challenge in minimising the cost of supply. Water loss is categorised as (i) apparent loss 

caused by meter inaccuracies or unauthorized consumption, and (ii) real loss 

(background loss) due to leakage or breaks on the mains and laterals (Nicolini and 

Zovatto 2009). An effective method to reduce the background loss is by long-term 

monitoring of network performance and gaining knowledge of the spatio-temporal 

variations in customer demands so that deviations in the normal hydraulic behaviour 

resulted from leaks and bursts can be identified. An effective approach is to partition the 

network into smaller areas (i.e. DMAs) so that hydraulic behaviour of each sector can be 

closely monitored and characterised. Hydraulic knowledge is gained by monitoring the 

inflow and outflow of each district at night when demand is the lowest. When significant 
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changes in flow profile are detected, leak detection is carried out by step testing where 

by systematic closure of valves within the DMA and monitoring the inlet flow, leaks are 

located (UKWIR 1999). In addition to facilitating the leakage detection, DMA’s 

functionality can extend to pressure management by installing PRVs at the inlets. This is 

to reduce the excessive pressure and subsequently background losses from the existing 

leaks and bursts and also to diminish the burst frequency (Vairavamoorthy and Lumbers 

1998, UKWIR 1999, Lambert 2001). 

Due to the success of network sectorisation (i.e. DMAs) in reducing the 

background loss (Mckenzie et al. 2002) water utilities are actively looking for reducing 

the size of DMAs to enhance the water loss management by increasing the likelihood of 

detecting smaller leaks, reducing the time required to detect mains burst/leaks, and 

enhancing the pressure management (UKWIR 1999). This requires a significant increase 

in the number of permanently-closed valves within the networks which can potentially 

accelerate the water quality deterioration and increase the risk of incidents through 

hydraulic pathways. A brief description of DMA structure/topology and various PRV 

controls employed for pressure management is presented in Appendix H. 

2.9.2 DMA design and water quality 

DMA design refers to determining the number and location of inlet/s and 

number and location of closed boundary valves (BVs). Size of DMAs is an important 

design variable; it is expressed as a number of properties and usually varies between 500 

and 3000. In urban areas, DMA size may be greater than 3000 properties due to housing 

density. DMA size greater than 5000 properties has not been recommended due to 

difficulty in identifying smaller bursts in the night flow profiles (UKWIR 1999). 

Size of DMAs is a function of economic level of leakage which is defined as the 

amount of leakage where it is more expensive to make reductions in leakage than to 

supply water from elsewhere. Size of DMAs is also influenced by the 

geographic/demographic factors (e.g. urban or rural, industrial areas), water utility 

preferences (e.g. ease of monitoring), and hydraulic conditions (e.g. limitations on valve 

closure to maintain the standards of service) (UKWIR 1999). Where possible, trunk 

mains and large distribution mains (greater than 300mm) should be excluded from the 

list of candidates for inlets to avoid costly meter installation and improve the accuracy of 
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flow measurements. Cascading structure is not popular due to the impact on the 

accuracy of leakage management (UKWIR 1999). Overall, size and design of DMAs is a 

trade-off between cost and effectiveness of leakage management (UKWIR 1999, UKWIR 

2000, IWA 2007). While a smaller DMA is more effective for leakage management it 

incurs a greater cost due to the need for closing a greater number of pipes particularly in 

highly-looped networks in the urban areas. UKWIR (2000) and IWA (2007) have 

recommended to check the impact of DMA design on water quality behaviour of the 

networks such as minimum and maximum level of disinfectant residuals, likelihood of 

sedimentation, water age distribution, and creation of stagnant zones and flow reversal. 

However, the guidelines on water quality do not specify a clear methodology on how to 

consider these factors and are vague. 

Traditionally, DMAs tend to be designed and commissioned by trial and error 

which mainly relies upon engineering judgement and hydraulic simulations. Methods for 

the automatic creation of DMA boundaries have also been proposed that consider DMA 

size and pressure constraints (Awad et al. 2009, Di Nardo and Di Natale 2011), or DMA 

size and the requirement that DMAs are fed independently from the trunk mains 

(Izquierdo et al. 2011, Di Nardo et al. 2013). More recently, Ferrari et al. (2014) 

proposed an approach that accounts for all three criteria. From literature, it is clear that 

water quality metrics have been neglected in the DMA design. This could be due to: 

 Unknown impact of DMAs on water quality  

 Unknown variables that need to be incorporated in design methodologies 

2.9.2.1 Impact of DMAs on water quality 

There are not many studies investigating the impact of network sectorisation on 

water quality behavior of WSNs. UKWIR (2000) and WRc (2000) simulated the 

susceptibility for sedimentation and variations in water age and chlorine residual and 

concluded that the negative impact of DMAs are observed in areas that are hydraulically 

stagnant, namely, between kept-shut boundary valves and last customers. It was also 

claimed that creation of DMAs causes both negative and positive impacts within the 

network and that the positive impacts compensate or slightly outweigh the negative 

impacts. More recently, the variations in water age of two networks were simulated 

under different designs (DMA-based vs non-DMA-based) and no systematic difference 
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was found, except for a cascading structure for which the water age increased (Grayman 

et al. 2009, Murray et al. 2010). 

Savic and Ferrari (2014) simulated the impact of DMA numbers and the number 

of closed valves on the water age behaviour of the network and observed a positive 

relationship between the number of DMAs and average water age. The increase in water 

age, however, was reported to be minor ranging from 20 to 55 minutes for the cases 

where the network was sectorised into 32 and 43 DMAs, respectively. Furthermore, this 

study highlighted the impact of DMA boundary (different number and location of 

boundary valves) on water age behaviour such that sectorisation of the network into the 

same number of DMAs did not result in the same water age performance. 

2.10 Water quality control and optimisation 

Studies on the optimisation and control of WSNs can be categorised in different 

perspectives based on the type of formulation (i.e. objectives, constraints, and decision 

variables) and solution algorithm and whether they are deterministic or consider 

uncertainties. In a very broad classification, the models can be categorised into design 

and operation. In the design perspective, optimisation usually aims at determining the 

diameters of pipes (decision variables) for a given layout to reduce the cost of the 

construction (objective) (Lansey et al. 1989, Maier et al. 2003). In the operational 

perspective, optimisation has been used for leakage reduction (Sterling and Bargiela 

1984, Jowitt and Xu 1990, Hindi and Hamam 1991, Savic and Walers 1995, Savic and 

Walters 1996, Reis et al. 1997, Nicolini and Zovatto 2009, Liberatore and Sechi 2009), 

operational cost reduction (Nitivattananon et al. 1996, Sakarya and Mays 2000, Ostfeld 

and Salomons 2004, Broad et al. 2010), complying with water quality criteria (Sakarya 

and Mays 2000, Peng et al. 2012), contaminant source identification (Laird et al. 2006) 

and determining the location and dosage of booster chlorinations (Tryby et al. 2002, 

Ozdemir and Ocaner 2005, Broad et al. 2010, Kang and Lansey 2010, Islam et al. 2013). 

Optimisation has also been used for calibration purposes (Nicolini et al. 2011). A brief 

review of the methods which are more relevant to this study either in terms of the type 

of objective and constrains considered (i.e. water quality criteria) or the type of decision 

variables (i.e. valve settings) are presented below. 
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Sakarya and Mays (2000) studied pump scheduling to minimise the cost of 

supply and maintain the disinfectant residuals within a specified range. Problem was 

formulated as non-convex nonlinear programming which was solved by a simulation-

optimisation technique by linking GRG2 algorithm with EPANET. Decision variables were 

length of time that each pump operates (independent variables), nodal pressure, pipe 

flows, concentration of disinfectant residuals at the nodes, and level of water at the 

storage tanks. Optimisation was subject to the following constraints: conservation of 

mass, conservation of energy, conservation of mass of disinfectant residuals, and bound 

constraints on pump operation times, nodal pressure and storage tanks’ water level. 

Ostfeld and Salomons (2004) investigated the cost minimisation in a multi-

quality WSN. Objective was to minimise a cost function comprised of purchasing, 

treatment and pumping costs. Decision variables were number of pumps in operation 

(binary variables), settings of control valves (real variables) and treatment removal ratios 

at WTWs (real variables). The only water quality constraint considered was a bound 

constraint on nodal concentrations. The authors postulated the inability of GRG2 

algorithm due to the problem being highly nonlinear, non-smooth with a large number 

of decision variables and constraints. GA (OptiGA) was coupled with EPANET to 

overcome these difficulties and solve the problem. 

Broad et al. (2010) also studied the cost minimisation considering pumping 

energy, chlorine usage, and construction and maintenance of new booster disinfection 

stations. The problem was formulated to determine the tank trigger levels to switch 

on/off the pumps and chlorine dosing rates at the source and booster disinfection 

stations while satisfying a minimum head and a minimum chlorine residuals level of 

0.1mg/l at the nodes. The problem was solved by coupling ANN and GA with integer 

coding; two ANNs were trained, one for hydraulic and one for water quality modelling.  

Peng et al. (2012) investigated the minimisation of heavy metal release due to 

multiple-source water blending by determining the ratios of water coming from 

different sources considering uncertainty in the water quality data such as chlorine 

concentration, pH, alkalinity and sulphates, and limitations on production capacity and 

delivery of the WTWs. Problem was solved by developing a methodology called fuzzy 

response surface optimisation which coupled response Surface models (Myers et al. 

2004) with min-operator fuzzy linear programming. 
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Valve-scheduling (i.e. determining the setting of control valves) has been vastly 

studied but mostly for leakage management purposes. Jowitt and Xu (1990) determined 

the setting of control valves to minimise leakage. They incorporated a term for pressure 

dependant leakage in the objective function. In addition to system equations, 

constraints were to maintain a minimum head at some critical nodes (e.g. highest 

elevation, remoteness from the source or those with maximum load), and constraint on 

the valve operational range. The resulting problem was highly non-linear due to the 

head loss relationship and the objective function. The authors linearised the non-linear 

equations by linear theory method (LTM) (Wood and Charles 1972, Isaacs and Mills 

1980) and then solved the resulting problem by linear programming methods (revised 

simplex method). 

Sterling and Bargiela (1984) investigated the setting of flow control valves to 

minimise the excessive nodal head at some reference nodes and consequently the 

volume of leakage. Since the number of control valves was significantly less than the 

number of nodes thus, pressure at each node cannot be controlled independently. 

Therefore, the authors selected a number of critical nodes such as those with highest 

elevation or maximum demand and attempted to reduce the excessive pressure only in 

these nodes. Constraints were the same as those used by Jowitt and Xu (1990) but the 

mass balance equations were based on heads to preserve the sparsity of equations and 

speed up the solution process. To solve this problem an equation was developed to 

relate the valve settings in the constraints to nodal heads in the objective function. The 

non-linear equations were linearized by Newton-Raphson method and solved by sparse 

revised simplex method. This method was selected to take advantage of the sparsity of 

the system and reduce the computational burden which is important for real-time 

applications. The authors suggested that the problem can also be solved by predictor-

corrector procedure however it presents a high computational cost. 

Hindi and Hamam (1991) considered the location of control valves as decision 

variables in addition to their settings in a leakage minimisation problem. Objective 

function was defined as weighted sum of the capital cost associated with valve 

installation (PRVs or closed gate valves) and the cost of leakage (assuming linear 

relationship between pressure and leakage). With respect to the location, decision 

variables were installing PRVs at a certain cost, installing closed gate valves at a certain 
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cost or does nothing. PRV settings were the other decision variables. Resulting problem 

was a non-linear mixed integer programming that was converted to a linear mixed 

integer programming by linearising the pressure-flow relationships by using separable 

curve linearisation (Williams 1989) which was then solved by the branch and bound 

method. 

Savic and Walers (1995) used the same objective function as in Sterling and 

Bargiela (1984) to minimise the excessive nodal heads for leakage management. 

However, the decision variables were the setting of isolating valves (closed/open). The 

problem was solved by combining GA (non-binary coding and a linear fitness function) 

(Holland 1975, Michalewicz 1996, Mitchell 1998, Goldberg and Voessner 1999) with LTM 

for evaluating the fitness of each candidate solution. By using graph theory the arcs 

were split into tree and co-tree sets which were then used to generate feasible initial 

population for the GA and identifying the energy loops for the LTM. In a later study 

(Savic and Walters 1996), the authors formulated a different problem by considering 

discrete decision variables. In addition, algorithms for analysing the network topology 

such as depth-first-search and breath-first-search were used to ensure connectivity is 

maintained and simplify defining the loops required for the LTM. 

Reis et al. (1997) used the same objective function as in Jowitt and Xu (1990) by 

considering leakage directly in the formulation rather than pressure as a surrogate for 

leakage. In addition to the valve settings, decision variables were extended to consider 

the location of flow control valves. The problem was solved by GA using a hybrid 

approach for the reproduction process that was reported to significantly reduce the 

number of function evaluations and consequently computation time. 

Vairavamoorthy and Lumbers (1998) formulated a valve scheduling optimisation 

problem to minimise leakage within the network subject to the bound constraints on 

nodal heads and valve settings. Valve setting was incorporated in the formulation as a 

diameter coefficient that can vary between zero (fully closed) and one (fully open), in 

the pipe head-flow relationship. The setting of the flow control valves was obtained by 

applying sequential quadratic programming where at each iteration a quadratic 

programming subproblem is solved.  
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In a multi-objective approach, Nicolini and Zovatto (2009) determined the 

number, location and settings of PRVs to minimise leakage and the number of valve 

installations under different demand conditions. The problem was solved by coupling 

NSGAΙΙ (Deb et al. 2002) and EPANET (Rossman 2000). The authors observed variability 

in final solutions resulted from the inability of the algorithm to decide between two 

options: introducing new valves or fine tuning the setting of existing valves. This was 

attributed to the choice of mutation operator. 

Liberatore and Sechi (2009) suggested a weighted multi-objective function for 

leakage management which was comprised of a penalty applied when pressure exceeds 

a maximum value and a term to consider the cost of valve installation. Decision variables 

were location and setting of PRVs. Scatter search meta-heuristic approach was used to 

solve the optimisation problem. In this method, the number of candidates (pipes) for 

valve location was reduced by performing hydraulic and piezometric analysis where the 

pressure contours were sketched and pipes that connect two nodes, one with pressure 

beyond the reference value and one within the permissible range, were chosen as 

suitable candidates for valve installation. EPANET was coupled with scatter search 

method, which exists in the OptQuest library in C developed by Laguna and Marti (2000), 

to determine the final locations and settings of the valves under the normal demand 

conditions. 

Wright et al. (2014) formulated a valve-scheduling optimisation problem to 

minimise the nodal head as a surrogate for leakage. The problem was solved by 

sequential convex programming which is an iterative method between a hydraulic solver 

and a linear optimisation solver. A novel modelling approach for incorporating control 

valves (PRVs) in the formulation were proposed and the linearisation method proposed 

by Jowitt and Xu (1990) were used to linearise the flow head loss relationship in each 

iteration. 

This review of literature shows that two approaches have been used to include 

the parameter that is optimised in the objective function: (i) incorporating the 

parameter directly into the objective function, (ii) or use a surrogate variable. Decision 

variables used in the literature were the number, location, and setting of control valves 

including isolating valves, FCVs and PRVs. Depending on the type of the valve, 

formulation may contain binary variables (isolating valves) or real variables (FCVs and 
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PRVs). Jowitt and Xu (1990), Vairavamoorthy and Lambers (1998), and Nicolini M. 

Zovatto L. (2009) incorporated the valve setting as a diameter multiplier in the 

formulation. Arauja et al. (2006) used pipe roughness as a surrogate variable for both 

valve setting and location. Wright et al. (2014) modelled the PRVs by adding an 

additional linear head loss to the link containing the valves. So, the total head loss 

through the control valves was modelled by the summation of two terms: an 

independent valve head loss term (decision variable) and a flow-dependant head loss 

across the valve for fully open position. This linear formulation simplifies the problem 

and helps with convergence. 

Depending on the type of decision variables (real, binary or integer) and type of 

the functions (linear or non-linear), number of objectives (single or multiple), the 

solution algorithms used in the literature can be categorised into two classes:  

 Mathematical programming: linear programming (e.g. simplex algorithm), 

nonlinear programming (e.g. GRG2), quadratic programming, and mixed integer 

linear or mixed integer nonlinear programming. 

 Evolutionary-based algorithms: GA for single objective formulations and NSGAII 

for multi-objective formulations.  

An essential requirement of the evolutionary-based algorithms is the use of 

hydraulic models to evaluate the fitness of candidate solutions and check the constraint 

violations. In the mathematical programming, however, two approaches can be used:  

 A simulation-optimisation approach where system equations (mass and energy 

balance constraints) are implicitly satisfied by using hydraulic models 

 A direct approach where the system equations are embedded in the 

optimisation formulation and all are solved simultaneously 

Generally speaking, the optimisation/control problem in WSNs is a non-linear 

problem due to the flow, head-loss relationship in the pipes. The non-linearity results in 

a harder problem to solve both in terms of finding the global optimum and 

computational costs. To solve such problems, either non-linearity can be maintained in 

the formulation and problem can be solved by non-linear solvers or non-linearity can be 

linearised and then the resulting linear problem can be solved by a linear solver. The 
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latter approach speeds up the solution process which is essential for real-time 

applications. Recently, Write et al. (2014) proposed a formulation that suits DMA-based 

networks and therefore, this study. In the formulation, control valves are modelled as 

PRVs and the valve setting is modelled as an additional head loss.  

This review shows that various advanced control methods have been proposed 

for pressure and leakage management and cost and energy minimisation in networks. 

Water quality criteria have only been considered in the form of constraints on the nodal 

water age and concentration of disinfectant residuals. Self-cleaning flow velocities, flow 

conditioning or flow reversal has not been considered in any study. There is clearly a 

need to develop controls for water quality management and minimise the risk of 

discolouration incidents. In the DMA-based networks, the control should also enable 

alleviating the negative impacts of network sectorisation (DMAs) on water quality and 

reducing the risk of discolouration by creating self-cleaning velocities.  

2.10.1 Water age management 

Parsad and Walters (2006) formulated an optimisation to minimise the water 

age in WSNs. Decision variables were the setting of isolating valves (open or closed) and 

the problem was solved by an evolutionary algorithm. The formulation was based on 

steady-state assumption meaning that the value of the objective function (i.e. final nodal 

water ages) for each combination of valve settings was calculated after reaching steady-

state conditions. Three objective functions were used: minimising the maximum water 

age, minimising the sum of demand-weighted average age of water and minimising the 

average of water age at all nodes. Results of the study showed that average age of water 

is a better water quality metric as it was representative of standard deviation, average 

and maximum age. Steady-state water age formulation is not suitable for this study (i.e. 

DMAs with dynamic boundary) as the network is constantly subject to change and 

reconfiguration on a diurnal-basis therefore, the system may never reach steady-state 

conditions (depending on the size of the system and variations in the setting of its 

dynamic components). 

In another study, Farmani et al. (2006) formulated a multi-objective optimisation 

problem to determine the best design of WSNs by considering cost, reliability and water 

quality. Fu et al. (2013) also formulated a multi-objective optimisation problem for the 
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design of WSNs. Six objectives were considered: capital cost, operational cost, hydraulic 

failure, leakage, and water age as an indicator of water quality. The decision variables 

were the size of pipes, location and size of storage tanks, and pump scheduling. The 

problem was solved by a multi-objective evolutionary algorithm called epsilon non-

dominated sorted genetic algorithm. The water age objective was to minimise the 

maximum water age of all demand nodes. This was the same objective function that was 

used in Farmani et al. (2006). In another study, Kurek and Ostfeld (2013) formulated a 

multi-objective optimisation problem to investigate the trade-off between pumping 

cost, water quality and tank sizing. Two water quality objectives were used: 

concentration of disinfectant residuals and water age. The later aimed at maintaining 

the water age at the demand nodes equal or less than 12 hours. The problem was solved 

by SPEA2. 

Finally, in a competition to propose a design methodology for the D-Town 

network (battle of the water networks II), water age was used as a performance criteria. 

The aim was to maintain the water age at the demand nodes equal or less than 48 

hours. Water age performance was calculated by summing up the demand-weighted 

water age at the nodes with water age greater than 48 hours (Marchi et al. 2013). Given 

the importance of water age the number of studies on its control and management is 

very limited. 

2.11 Conclusions 

Followings are the concluding remarks of the systematic and comprehensive 

review presented in this chapter:  

 Discolouration pathways can be mainly classified as re-suspension of 

gravitationally-induced sedimentation, detachment of non-gravitational 

accumulations on the pipe walls, iron release from corrosion processes, and 

detachment of biofilms. 

 Biofilms and associated EPS appears to be the governing factor in providing the 

cohesiveness observed in non-gravitational accumulations on the pipe walls. 

 Discolouration pathways are interrelated and influenced by many operational 

variables which represent a complex paradigm for management. 



81 
 

 Discolouration risk of a pipe is a function of three factors: i) diurnal profile of 

physicochemical and microbiological properties of the bulk water entering the 

pipe, ii) Physical characteristics of the pipe including material, diameter and age, 

and iii) diurnal hydraulic conditions of the pipe. Risk of discolouration exists in 

every pipe irrespective of material, size and diameter. The only exception is the 

self-cleaning plastic pipes. 

 Shape of the diurnal flow profile is the best indicator of discolouration risk of a 

pipe. 

 Reduction in discolouration risk can be achieved by regulating the diurnal flow 

profile of the pipes and water age management within the network. 

 Flow maximisation is an effective controlling measure for re-suspension of 

sediments, detachment of the ‘so called’ cohesive layers and discolouration risk 

management. 

 Effective biofilm cleaning can be achieved by applying flow reversal and using a 

pre-cleaning flow conditioning stage based on their adaptation characteristics to 

hydraulic conditions for survival. 

Following key research gaps were identified: 

 Rate, extent, and strength of biofilm formation as a function of hydraulic 

conditions, asset characteristics and bulk water quality whilst taking into account 

the composition of biofilms and quasi-steady diurnal flow profile in WSNs. 

 Relationship between the growth conditions and detachment conditions 

required for effective biofilm removal. 

 Duration and the hydraulic conditions required to achieve a desired reduction in 

the strength of biofilms. 

 Validation of biofilms being the governing factor in providing the cohesiveness of 

the so called ‘cohesive layers’ formed on the pipe wall. 
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 Duration of the cleaning conditions to be maintained to achieve maximum 

biofilm removal, in particular with respect to the relaxation time of biofilms 

taking into account the composition of biofilms in WSNs. 

 Flow conditions required to achieve elastic failures in biofilms. 

 Impact of flow reversal on biofilm removal and the level of pipe cleaning. 

 Lack of an explicit relationship to quantify the amount and strength of 

accumulations (i.e. discolouration risk) in pipes over time for a given bulk water 

quality profile, asset condition, and daily hydraulic conditions. 

 Self-cleaning condition in metallic pipes. 

 A more consistent and better definition of self-cleaning conditions (shear-stress 

based vs velocity-based approach, sedimentations vs. cohesive layer perspective, 

and the magnitude, frequency, impact of historic hydraulic conditions). 

 Further studies on the rate of iron release from corrosion sites in the absence 

and presence of corrosion scales. 

 Change in the strength of gravitationally-induced sediments over time. 

 Further study on the correlation between water age and water quality variables. 

 Ccapability in spatio-temporal modelling of water quality variables in WSNs. 

 Uncertainty regarding the impact of DMAs on water quality behaviour of WSNs 

and risk of discolouration. 

 Attention to water quality criteria in DMA design. 

 Operational control and optimisation methodologies for discolouration 

management from self-cleaning, flow reversal, flow conditioning, and water age 

perspectives. 
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3 District Metered Areas and water quality management 

As discussed in chapter 2, discoloration pathways and their interactions are 

influenced by many factors, of which, hydraulic conditions (i.e. diurnal flow profile of 

pipes) throughout the network being of paramount importance. Hydraulic conditions is a 

function of network design, operation and management. WSNs are traditionally 

designed to satisfy customer demands at an acceptable pressure with reliability and 

resilience in mind (Alperovits and Shamir 1977, Parsad and Nam-Sik 2004). Reliability 

and resilience of supply is generally achieved by increasing the number of loops and pipe 

diameters to maintain the quality of service under a predicted population growth and 

failure/firefighting conditions. The continuing need to reduce leakage and consequently 

the cost of supply has led to sectorisation of the network and the introduction of District 

Metered Areas (DMAs) (Diao et al. 2013, Alvisi & Franchini 2014, Laucelli et al. 2017). By 

introducing a significant number of permanently closed valves (kept-shut valves, Figure 

3.1), networks are partitioned into smaller discrete areas and leakage management is 

performed by monitoring flows and pressures.  

 

Figure 3.1 Examples of DMA topology showing the spatial distribution of 
boundary valves in the selected case study: (a) DMAs 2, 5 and 16, (b) DMAs 6 and 7 
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The resulting changes to the network topology and connectivity is expected to 

impact the hydraulic conditions and cause water quality deterioration. Furthermore, the 

intrinsic need of DMAs for valve closure creates more dead ends than would normally be 

found in a fully open system (UKWIR 1999, Farley 2010). This chapter aims at 

investigating the extent to which water quality behaviour of the networks and risk of 

discolouration incidents is influenced by the network segmentation (i.e. DMAs) and 

identify constraints that need to be considered in the design of DMAs to reduce the 

potential impacts on water quality.  

3.1 Aims and objectives 

The aim of this chapter is to propose a methodology to investigate the impact of 

DMAs on water quality behaviour of the network and risk of discolouration. This is to 

identify the constraints that need to be taken into account in the design of DMAs and 

formulating operational controls to minimise the adverse impacts on water quality and 

discolouration risk. This is achieved through following objectives: 

 Identify surrogate variables to assess the overall water quality behaviour of the 

networks 

 Identify surrogate variables to assess the likelihood of discolouration 

 Analyse the spatio-temporal distribution of discolouration-related customer 

complaints in a case study network aiming at: 

o Identifying the locations where discolouration customer complaints are 

more frequent 

o Identifying the possible causes and origin of discolouration customer 

complaints 

o Identifying the impact of DMAs on discolouration customer complaints 

 Model the impact of network sectorisation (i.e. DMAs) on overall water quality 

behaviour of the networks 

 Model the impact of network sectorisation (i.e. DMAs) on the likelihood of 

discolouration 
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3.2 Methodology 

3.2.1 Selection of surrogate hydraulic variables 

Various hydraulic variables (see Table 3.1), which helps with maintaining the 

water quality behaviour of WSNs and reducing the risk of discolouration, have been 

defined from published literature and discussion with water network operators. For the 

detailed explanation and relevance of these variables see section 2.7. 

Table 3.1 Surrogate hydraulic variables and associated risk component 

 

Component of 

discolouration management 

 

Surrogate hydraulic 

variable 

 

Threshold 

Risk component 

(likelihood or 

consequence) 

 

Nodal water age 

 

– 

No absolute threshold exists. 

Distribution of nodal water 

age should be characterised. 

 

Likelihood 

Pipe residence time (metal 

pipes) 

Diurnal flow velocity 

range 

≥0.06 m/s Likelihood & 

Consequence 

Self-cleaning condition 

(sedimentation) 

Maximum diurnal flow 

velocity 

≥0.2 m/s Likelihood 

Self-cleaning condition 

(strongly adhered materials) 

(plastic and AC pipes) 

 

Maximum diurnal shear 

stress 

 

≥1.2 N/m2 

 

Likelihood 

 

Cleaning (strongly adhered 

materials) (metal pipes) 

 

Maximum diurnal flow 

velocity 

No established threshold 

exists. A higher velocity 

reduces discolouration risk. 

 

Likelihood 

 

 

 

 

 

 

Biofilm cleaning 

Ratio of maximum diurnal 

velocity to average 

diurnal velocity (or shear 

stress) 

1.5 (2.3), the higher ratio is 

more likely to facilitate the 

cleaning process 

 

Likelihood 

Ratio of maximum diurnal 

velocity to minimum 

diurnal velocity (or shear 

stress) 

1.5 (2.3), the higher ratio is 

more likely to facilitate the 

cleaning process 

 

Likelihood 

Maximum diurnal shear 

stress 

≥2 N/m2 (when growth occurs 

between 0.01 and 0.3 N/m2) 

 

Likelihood 

 

 

Flow direction 

No established absolute 

thresholds exist for the 

magnitude and duration of 

flow reversal (and velocity) 

 

Likelihood & 

Consequence 
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Using these surrogate hydraulic variables obviates the need for performing 

water quality modelling which is not currently feasible due to the uncertainties related 

to asset conditions, understanding the deteriorating mechanisms, and the ability to 

track the variations in water quality variables throughout the network.  

3.2.2 Discolouration customer complaints analysis 

3.2.2.1 Spatial analysis 

The selected surrogate hydraulic variables are assessed at the locations of the 

customer complaints to identify the conditions that can promote discolouration. This is 

used to analyse the spatial distribution of the customer complaints and identify where 

within the network complaints are more frequent regardless of the cause and origin of 

the discolouration incident. Each discolouration complaint is associated with a 

neighbouring pipe based on a geospatial analysis, the hydraulic model and information 

from the discolouration complaint records (e.g. the customer address). The hydraulic 

conditions of the pipe is then simulated for a DMA-based network topology, which is the 

current setup under which the discolouration has occurred. 

3.2.2.2 Origin and cause of discolouration incidents 

Highly dynamic behaviour of WSNs, low spatio-temporal resolution of available 

water quality monitoring datasets, random locations and short-lasting nature of 

discolouration incidents, and unreliable water quality monitoring equipment preclude 

implementing field studies to accurately determine the origin and cause of incidents. 

Alternatively, spatio-temporal analysis of historical discolouration customer complaints 

can be carried out to identify the number of discolouration incidents and their possible 

causes and origins. To cluster the discoloration complaints associated with different 

events, three mechanisms, which are known to be the main causes of discoloration 

incidents (DWI 2013), can be selected: i) pipe bursts, ii) planned works, and iii) WTWs 

issues. Another cause of discolouration incidents is the mobilisation of materials from 

trunk mains (Cook et al. 2015, Husband and Boxall 2015). With regard to the origin of 

discolouration incidents, location can be divided into two categories with respect to the 

DMA inlet: i) discolouration incident originated upstream of DMA inlet, called ‘upstream 

issues’, and ii) discolouration incident originated within the DMA. The former category 
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contains discolouration incidents caused by WTWs breakthrough or mobilisation of 

materials from the trunk mains. Given the high level of sophistication, monitoring and 

management, WTWs are rarely the origin of discolouration incidents (direct 

breakthrough). If this should happen, this can be easily identified from the control room 

logs held by water companies. Therefore, the proportion of incidents related to WTWs 

or trunk mains can be easily identified. 

To determine the number of discoloration incidents related to the upstream 

issues, discoloration complaints are clustered based on their spatio-temporal 

specifications of the complaints and the time lag between the inlet water ages of DMAs 

from which discoloration complaints were received. An additional constraint is imposed 

such that the date and time of the customer complaints for the DMAs with greater inlet 

water age to be greater than the date and time of the customer complaints for the 

DMAs with smaller inlet water age. As an example, the first two clusters are defined as 

below. The number of clusters depend on the maximum water age within the network 

when the stead-state conditions is reached.  

 Customer complaints were received from different DMAs with 0-24 hours lag 

and the difference in inlet water age of associated DMAs was also between 0 

and 24 hours (cluster 1) 

 Customer complaints were received from different DMAs with 24-48 hours lag 

and the difference in inlet water age of associated DMAs was also between 24 

and 48 hours (cluster 2)  

To cluster the discoloration customer complaints caused by systematic flushing 

of the DMAs, the following constraint is imposed: 

 Discoloration complaints need to be in the same DMA as that in which flushing is 

performed and reported within 24 hours after the time of flushing  

Similar spatial correlation as for flushing is used to identify the discoloration 

customer complaints caused by a pipe burst. However, for temporal correlation, any 

discoloration complaints received between 24 hours before, and 24 hours after a pipe 

burst is assumed to be due to the pipe burst. This differs because it is assumed that it 

may take 0-24 hours for a pipe burst to be identified and repaired. 
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The remaining discoloration customer complaints, which were not correlated 

with the sources of hydraulic disturbances (flushing, pipe burst, other types of 

operational activities) or ‘upstream issues’, are further clustered to identify another 

cluster called ‘other incidents’ irrespective of the cause. Discoloration customer 

complaints received from the same DMA on the same day are considered to be caused 

by the same event. Based on the number of discoloration complaints corresponding to 

an event and their relative locations within the DMA discoloration incidents are further 

categorised into the following four clusters:  

 Single customer complaint on a single pipe (type 1) 

 Multiple customer complaints on a single pipe (type 2) 

 Multiple customer complaints on adjacent consecutive pipes (type 3) 

 Multiple customer complaints on scattered pipes within the system (type 4) 

The immediate upstream pipe which is in common between the routes supplying 

water to the customers who complained about discolouration is selected as the possible 

and indication of the origin of discoloration incidents. Thus, for discoloration incident 

“type 1” and “type 2”, the pipe related to the discoloration complaints is considered as 

the origin of the event. For “type 3”, the most upstream pipe in the sequence of pipes 

with discoloration complaints is considered as the representative of the origin of the 

incident. For “type 4”, hydraulic tracing is performed to identify the first upstream 

junction which is in common between supply routes of discoloration complaint locations 

and the immediate upstream pipe associated with this junction is considered as the 

origin of the discoloration event. Hydraulic conditions of the selected pipes is then 

determined by using the model. 

To evaluate the role of DMAs in generating the discoloration incidents, hydraulic 

conditions of the allocated pipes is compared in two different network configurations: 

the original DMA-based system and a non-DMA-based system where all DMA boundary 

valves are open. Simulations are run before and after valve closure to determine the 

percentage of complaints associated with naturally created dead-ends, which exist in 

every WSNs, and those related to the DMA-induced dead ends. 
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3.2.3 Impact of DMA sectorisation on water quality 

The impact of network sectorisation (i.e. DMAs) on water quality is assessed in 

two perspectives: i) overall water quality behaviour of the network, and ii) likelihood of 

occurrence of discolouration incidents, and iii) likelihood of discolouration incident 

detection. This is carried out by using the hydraulic model to quantify the variations in 

the specifically defined surrogate hydraulic variables for two network configurations: i) 

sectorised (DMA-based) and ii) aggregated (non-DMA-based).  

3.2.4 Case study network 

3.2.4.1 Network and hydraulic modelling specifications 

The case study network for this investigation is a UK-based water supply network 

that has been sectorised into DMAs (see Figure 3.2 for the schematic of the network and 

its connectivity). The case study serves approximately 35,540 customer connections and 

comprises 22 DMAs with a total length of approximately 345 km and a daily demand 

(including leakage) of approximately 23Ml/day. The network includes pipes of various 

materials (72.5% metal, 16.4% plastic and 11.1% AC pipes). The topology of the DMAs 

has been designed by trial and error and engineering judgement. All DMAs are single-fed 

with no outlets except one which is a water transmission main supplying water from 

WTWs to DMAs. 

The network model includes 12,136 nodes, 12,721 links and 191 permanently 

closed boundary valves. The hydraulic model has been calibrated by an external 

consultant based on 15-minute flow and pressure measurements for a period of one 

week as recommended by UK industry guidelines (Edwards et al. 2006). It is 

acknowledged that this may not accurately represent the diurnal flow velocities in pipes 

(Blokker et al. 2008), but, this is the best available and commonly-used resolution for the 

calibration of models used by water companies in day-to-day decision makings. Historic 

changes in the network topology and operational controls were also reviewed to ensure 

that the hydraulic model represents reasonably well the system behaviour within the 

period of investigation of discolouration customer complaints, 2005-2013. The network 

sectorisation was carried out in early 1990s and it has gone through various changes. As 

no information was available about the network topology prior to the initial 

sectorisation, non-DMA-based network configuration was created by opening closed 
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boundary valves associated with the network sectorisation. Minor changes were made 

to control rules to preserve the same boundary conditions for both network 

configurations.  

 

Figure 3.2 Layout of the case study area (1 source, 22 DMAs) – DMA 3 is the 
trunk main that transfers water from the source to the DMAs 

To determine the average water age at each node, extended hydraulic 

simulation was run for a period of 4 days and diurnal average age of the water in the last 

day of the simulation was considered as the average water age of the node. In this 

network 72 hours was required for the nodal water age to reach steady-state.  As 

discussed in section 2.7.2, there is no universal water age threshold that guarantees an 

acceptable quality of water. Alternatively, distribution of the nodal water age can be 

investigated. In this study, at the network level, average water age is calculated by 

taking the arithmetic average of the diurnal average water age of the nodes. Standard 

deviation is also calculated based on the diurnal average water age of the nodes. Dead-

end nodes are defined as those with water age equal or greater than 72 hours. 
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3.2.4.2 Historical discolouration customer complaint analysis 

The case-study network represents 792 discolouration customer complaints over 

a period of nine years between 2005 and 2013. Due to unavailability of flushing records 

between 2005 and 2008, the investigation period was reduced to 2008 to 2013 which 

represented 506 discolouration customer complaints. 

The spatio-temporal methodology explained in section 3.2.2.2 was used for 

clustering the customer complaints and identify incidents related to mains flushing and 

pipe burst repair. In this study, flushing and mains burst records were the only available 

data related to the hydraulic disturbances to the network. As discussed earlier, the roles 

of WTWs and trunk mains are combined and considered as ‘upstream issues’ which 

refers to incidents that are originated upstream of the DMA inlets. Inspection of the 

performance of WTWs supplying the area showed no discolouration originating directly 

from the WTWs for the period of this study. Therefore, ‘upstream issues’ only refers to 

discolouration incidents caused by the trunk mains in the case study area. 

3.3 Results 

3.3.1 Spatial analysis of customer complaints 

In this section, results associated with the hydraulic behaviour of the pipes with 

the history of discolouration complaints are presented to identify where (i.e. under what 

hydraulic conditions) customer complaints are more frequent. Distribution of the 

complaints with respect to asset specifications such as material and age was not 

investigated because most of the pipes in the case study area are metallic pipes with 

almost the same age. 

The analysis of the hydraulic conditions showed that the 80% of discolouration 

complaints were mainly from customers who receive water with the highest age in the 

network. Around 63% of the pipes associated with discolouration complaints have 

maximum diurnal flow velocities which do not exceed 0.06m/s. This low flow velocity 

facilitates the process of sedimentation, the formation of weakly-adhered cohesive 

layers and the increase in iron uptake by the bulk water.  In addition, nearly 18% of the 

pipes with historic discolouration complaints have a maximum diurnal flow velocity 

below the resuspension threshold of 0.2m/s and minimum flow velocities below 
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0.06m/s. These pipes could also experience sedimentation depending on the duration of 

the proportion of the flow profile which is consistently below the sedimentation 

threshold. It is noted that depending on the size and density of particles, sedimentation 

can still occur for flow velocities between the sedimentation and re-suspension flow 

velocity thresholds. In this study, a hydraulic condition called ‘dead-end-like’ is defined 

which refers to the hydraulic conditions usually found in the dead end areas of the 

networks, characterised by high water age, a minimum diurnal velocity below the 

sedimentation threshold and a maximum diurnal velocity below the re-suspension 

threshold. The pipes and nodes associated with this hydraulic condition are called ‘dead-

end-like’ pipes and ‘dead-end-like’ nodes, respectively. These are pipes and nodes with a 

high likelihood of discolouration.  

To assess the impact of the network sectorisation (DMAs) on discolouration 

complaints, hydraulic behaviour of the pipes allocated to discolouration complaints was 

modelled and compared under two configurations: the existing DMA-based system and 

the non-DMA-based system. It was observed that from the 80% of discolouration 

complaints which were related to dead-end-like hydraulic conditions, 25% were created 

by the closure of DMA boundary valves and 55% were related to the naturally-created 

dead ends at the extremities of the system. 

3.3.2 Origin and cause of discolouration incidents 

The numbers of identified discoloration incidents caused by trunk mains 

(upstream issues) were 18, 11 and 0 for groups 1, 2 and 3, respectively. These 29 

incidents constitute 9% of the total incidents in the case study network. The spatial 

distribution of the discoloration complaints associated with these incidents shows that 

during each incident 2 DMAs were mostly affected. Of these 29 incidents, 22 incidents 

caused 2 discoloration complaints each, 3 incidents caused 3 discoloration complaints 

each, 2 incidents caused 4 discoloration complaints each, 1 incident caused 7 

discoloration complaints and 1 incident caused 9 discoloration complaints. In total, 

‘upstream issues’ generated 77 customer complaints which constitute 15.2% of total 

customer complaints received between 2008 and 2013.  

Assessment of the hydraulic conditions of the pipes, where discoloration 

complaints resulted from trunk main issues were detected, indicates that 73.1% of the 
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customer complaints were received from the pipes that operate with the maximum 

diurnal flow velocity less than sedimentation threshold (0.06m/s). Of these, 43.9% was 

caused by the closure of DMA boundary valves. Water age analysis shows that 82.1% of 

the pipes experience significantly high water age (linear increase), of which 31.9% was 

generated by DMA boundaries. 

A similar analysis was carried out to identify the proportion of discoloration 

incidents caused by flushing activities. Results show that flushing caused 14 incidents 

which constitute 4.3% of the total incidents during the six years. Of these 14 incidents, 

10 incidents caused 1 discoloration complaint each, 3 incidents caused 2 discoloration 

complaints each, and 1 incident caused 6 discoloration complaints. Overall, flushing 

generated 22 customer complaints which constitute 4.3% of total customer complaints 

received between 2008 and 2013.  

Hydraulic analysis of the pipes that were flushed (represented by the immediate 

pipe on the main connected to the hydrant) showed that 12 flushing activities that 

caused discoloration incidents were performed in the areas of the network with 

maximum diurnal velocity greater than 0.25m/s (2 flushing activities occurred in areas 

with maximum diurnal velocity of 0.04m/s and 0.02m/s). However, discolouration 

complaints associated with these flushing activities were mostly received (68.2%) from 

pipes that undergo continuous sedimentation. Of these, 28.6% was created by DMA 

boundary valves. Water age analysis of the pipes with discolouration complaints showed 

that 90.5% of pipes operate under significantly high water age, of which 25% was 

created by the closure of DMA boundary valves. 

A similar analysis was carried out to determine the proportion of discoloration 

incidents related to the mains burst. In total, mains burst caused 39 discoloration 

incidents which constituted 12.1% of all discoloration incidents. Of these, 25 incidents 

caused 1 discoloration complaint each, 6 incidents caused 2 discoloration complaints 

each, 1 incident caused 3 discoloration complaints, 2 incidents caused 4 discoloration 

complaints each, 3 incidents caused 5 discoloration complaints each, 1 incident caused 7 

discoloration complaints, and 1 incident caused 11 discoloration complaints. Overall, 

mains burst generated 81 customer complaints which constituted 16% of total customer 

complaints received between 2008 and 2013.  
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The spatial distribution of the mains burst that caused the discoloration 

incidents showed that while 25.7% of bursts occurred in pipes with maximum diurnal 

velocity below the sedimentation threshold, 48.1% of the associated discoloration 

complaints were received from pipes with the same hydraulic behaviour. Of these, 

40.7% was attributed to the DMA topology.  Water age analysis showed that 70.9% of 

the pipes with discolouration complaints operate with significantly high water age, of 

these, 41% was due to the DMA structure. 

Overall, trunk main issues, flushing and pipe burst caused 35.5% of the 

discoloration customer complaints received during the six years. Spatio-temporal 

analysis of the remaining discoloration complaints resulted in identifying 228 

discoloration incidents. Of these, 179 discoloration incidents were attributed to the 

“type 1” (individual customer complaints) and 49 discoloration incidents were attributed 

to the cases where each discoloration incident caused multiple complaints ranging from 

2 to 9. The spatial distribution of the incidents with multiple discoloration complaints 

showed that 12 incidents were “type 2”, 22 incidents were “type 3”, and 15 incidents 

were “type 4”. 

Hydraulic analysis of the pipes associated with “type 1” incidents showed that 

59.8% of the pipes continuously operate with flow velocities that never exceed the 

sedimentation threshold. 35.8% of the pipes experience sedimentation only during low 

flow conditions and 3.9% operate with flow velocities always above the sedimentation 

trigger. Water age analysis showed that 82.1% of the pipes operate under significantly 

high water age. Similarly, velocity profiles of the pipes with discolouration complaints 

resulted from “type 2” incidents indicate that while all the pipes experience 

sedimentation at least during the low flow conditions, 66.7% of the pipes operate with 

flow velocities below the sedimentation threshold, and 75% of the pipes receives water 

with significantly high water age. It is noted that for ‘type 1’ and ‘type 2’ incidents the 

origin of incidents and the location of resulting customer complaints are assumed to be 

the same pipe (see Table 3.2). However, for ‘type 3’ and ‘type 4’ incidents the origin and 

location of resulting customer complaints are on different pipes, as explained below. 

Hydraulic analysis of the pipes selected as the origin of ‘type 3’ incidents showed 

that 40.9% of pipes experience sedimentation the entire day and 63.6% of the pipes 

receive water with high age. Hydraulic analysis of the pipes related to discolouration 
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complaints caused by ‘type 3’ incidents revealed that 68.9% of pipes operate with 

maximum diurnal velocity below sedimentation threshold and 86.4% of pipes receive 

water with high water age. 

Finally, hydraulic analysis of the pipes selected as the origin of ‘type 4’ incidents 

showed that 6.7% of pipes experience sedimentation the entire day and 26.7% of the 

pipes receive water with high age. Hydraulic analysis of the pipes related to 

discolouration complaints caused by ‘type 4’ incidents revealed that 51.2% of pipes 

operate with maximum diurnal velocity below sedimentation threshold and 87.8% of 

pipes receive water with high water age.  

Overall, in approximately 55% of the pipes with discolouration complaints 

resulted from 4 types of incidents, the maximum diurnal velocity never exceeds the 

sedimentation threshold and all receive a significantly high water age. In the assessment 

of the role of DMAs, it was observed that approximately 37% of pipes with low flow 

conditions and approximately 33% of nodes with high water age are caused by the 

network sectorisation (DMAs). 

Table 3.2 Hydraulic analysis of pipes identified as the origin and the location of 
detection of discolouration incidents 

 

Discoloration 

incident type 

Origin of incident (% of pipes) Detection of incident (% of pipes) 

Max diurnal velocity                                  

(<= 0.06m/s) 

High water 

age   

Max diurnal velocity    

(<= 0.06m/s) 

High water 

age            

Trunk main issues 0 0 73.1 82.1 

Flushing 14.3 21.4 68.2 90.5 

Pipe bursts 25.7 50 48.1 70.9 

Type 1 59.8 82.1 59.8 82.1 

Type 2 66.7 75 66.7 75 

Type 3 40.9 63.6 68.9 86.4 

Type 4 6.7 26.7 51.2 87.8 

 



96 
 

A summary of the hydraulic results is shown in Table 3.2. Columns 2 and 3 are 

associated with pipes that were identified as the origin of discoloration incidents and 

columns 4 and 5 are associated with the pipes that were identified as the locations of 

detecting the discolouration incidents.  

3.3.3 Impact of DMA sectorisation on water quality 

In this section, the impact of DMA sectorisation on the hydraulic conditions and 

consequently water quality behaviour of the network and the potential for 

discolouration incidents is presented. 

3.3.3.1 Water age 

The results of the extensive hydraulic analysis for the selected case study 

network show that the non-sectorised network topology decreases the number of nodes 

representing dead-end-like hydraulic behaviour from 7930 to 6065. It also reduces the 

average water age throughout the system (all nodes) from 55 hours to 46 hours when 

compared with a sectorised (DMA-based) network. However, non-sectorised network 

topology increased the standard deviation of the water age from 24 to 27 hours. A 

comparison of the nodal water age under the current DMA sectorisation and after 

opening the boundary valves reveals that the dead-end-like hydraulic conditions were 

eradicated in 17% of nodes (2062nodes, 6329 customer connections). The majority of 

these dead-end nodes resulted from the sectorisation of the network. The non-

sectorised (non-DMA) network resulted in dead-end-like hydraulic conditions in only 

1.6% of the nodes (189 nodes, 805 customer connections). These were mainly attributed 

to low flow conditions close to the hydraulic boundaries. Approximately half of the 

nodes (48%, 5863 nodes, 16805 customer connections) remained unchanged in the 

dead-end-like hydraulic zone, which is attributed to the natural dead-ends in the 

peripheral areas of the dendritic WSNs. Around 33% (4022 nodes, 11601 customer 

connections) of the nodes remained in non-dead-end-like zones.  

A comparison of the number of dead-end-like nodes for the sectorised (DMA-

based) and non-sectorised (non-DMA-based) networks is shown in Figure 3.3. Nearly all 

DMAs exhibited a reduction in the number of dead-end-like nodes when opening kept-

shut boundary valves and aggregating the DMAs. This reduction ranged from 2 in DMA 

21 to 588 in DMA 7. The only exceptions were DMA 8, in which the number of dead-end-
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like nodes increased by 4, and DMA 17 (39 domestic properties), in which the number 

remained unchanged. 

 

Figure 3.3 Comparison of the number of ‘dead-end’ nodes for the case study WSN 
for the closed (DMAs) and open (non-DMA-based) topologies 

Figure 3.4 shows the distribution of water age in each of the current DMAs for 

nodes with non-dead-end-like behaviour for the two network configurations. By defining 

changes in water age equal or greater than 2 hours as significant for a hydraulic 

simulation of 96 hours, the median water age was reduced for 12 DMAs after opening 

the boundary valves. DMA 17 is not included in the plot because it comprises of dead-

end nodes which preserve their water age for both network configurations. The water 

age increased slightly for 3 DMAs and it stayed the same for 7 DMAs. In addition to the 

box plots presented in Figure 3.4, cumulative histograms were also analysed in order to 

compare the number of DMAs that operate within different water age bands (e.g. 0-5 

hrs, 0-10 hrs, and so on) for the two network configurations and for the minimum, first 

quartile, median, third quartile and maximum water age. For all water age bands, with 

the exception of two water age bands in the maximum water age category (0-35 and 0-

50 hours), the number of DMAs operating within each water age band was greater in the 

non-sectorised network configuration.  
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Figure 3.4 Distribution of average water age within each DMA for the two 
topologies: a) DMA-based b) non-DMA-based (box plot shows max/min values (dotted 

lines) and upper quartile, median, lower quartile values (boxes)) 

Furthermore, the analysis of the water age distribution in each DMA shows that 

the standard deviation increased in 9 DMAs, remained the same in 11 DMAs and 

decreased in 2 DMAs after opening the boundary valves. The increases are attributed to 

nodes (customers) being supplied through a single DMA inlet in the DMA-based 

network, whereas in a non-DMA-based network the supply routes to the nodes can 

differ during the day as a consequence of its redundancy in connectivity. These results 

demonstrate that the sectorised (DMA-based) network topology introduces changes in 

the hydraulic conditions which are detrimental for water quality and discolouration. 

3.3.3.2 Flow Velocity  

The distribution of maximum diurnal velocities in each DMA for the sectorised 

and non-sectorised networks is shown in Figures 3.5(a) and 3.5(b), respectively. The 

results indicate that the introduction of DMAs generally reduces the median and 

maximum flow velocities and their interquartile ranges. Opening the boundary valves 

resulted in an increase in the median of the flow velocity for 19 DMAs, reduction in 2 

DMAs and it remained the same for 1 DMA. Similarly, the distribution of minimum 

diurnal velocities for the two network topologies is plotted in Figures 3.5(c) and 3.5(d), 

respectively. The non-DMA-based network topology showed an increase in the median 

flow velocities for 16 DMAs, a decrease for 3 DMAs and it remained the same for 3 
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DMAs. Similarly, the distributions of average diurnal velocities for individual pipes within 

each DMA for the two network topologies are plotted in Figures 3.5(e) and 3.5(f). The 

median flow velocities increased for 18 DMAs in the non-sectorised (non-DMA) network, 

while it decreased only for 1 DMA and it remained the same for 3 DMAs. In addition, 

there was an increase in the upper quartile and maximum flow velocity values. This 

shows an increase in the average flow velocity for at least 25% of the pipes within each 

DMA. 

Figure 3.5 demonstrates the distribution of maximum, minimum and average 

flow velocities within each DMA. To assess the potential for biofilm cleaning, the ratios 

of max/min flow velocities and max/average flow velocities were analysed for each pipe. 

The resulting histograms are plotted in Figure 3.6. Each bar represents the length of 

pipes associated with the specific ratio bin; for example, the second bar in Figure 3.6 (a) 

represents the length of pipes associated with velocity ratios equal or greater than 1 and 

smaller than 1.5. Figure 3.6(a) demonstrates that the non-sectorised network has 

increased the length of pipes, which is represented as a total length, with max/min 

velocities ratios equal or greater than 1 and smaller than 3. However, it has reduced the 

length of pipes with ratios equal or greater than 3 and smaller than 20. The length of 

pipes for ratios greater than 20 has increased in the non-sectorised network; these 

pipes, however, constitute a small proportion of all pipes. There are some pipes with 

negligible minimum diurnal velocities and as a result the max/min ratio becomes 

mathematically indefinable. The length of these pipes has increased from 62km in the 

sectorised network to 75km in the non-sectorised network.  

Figure 3.6(b) presents the length of pipes associated with different max/average 

flow velocities ratios. It is observed that while opening the boundary valves has 

increased the length of pipes associated with the max/average flow velocities ratios 

between 1 and 1.5, it has decreased the length of pipes with ratios between 1.5 and 2. 

The non-sectorised network has also increased the length of pipes operating at higher 

flow velocity thresholds but this number represents a negligible proportion of all pipes. 

Overall, a larger length of pipes with a total length of 250km has experienced a 

max/average flow velocity ratio of 1.5 or more in the sectorised network compared to 

the non-sectorised network (162km).  
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Figure 3.5 Distribution of maximum (a, b), minimum (c, d) and average (e, f) diurnal velocities within each DMA for the 
DMA topology (a, c, e) and non-DMA topology (b, d, f) 
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Figure 3.6 Relationship between the max/min diurnal velocity ratio (a) and the 
max/average diurnal velocity ratio (b) with pipe length for the DMA and non-DMA 

topologies 

 

With regards to the length of pipes undergoing flow reversals, the results showed 

that 11% of pipe length (approximately 37km) has experienced flow reversals in the non-

sectorised (non-DMA) network, while the corresponding value for the sectorised (DMA) 

network was only 1% (approximately 3km). This can be attributed to the increased 

redundancy in hydraulic connectivity. A summary of results to compare the water quality 

behaviour of both network configurations is given in Table 3.3. 
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Table 3.3 Comparison of surrogate hydraulic variables for the case study area under 
sectorised and open network topologies 

Surrogate hydraulic variables Sectorised 

(DMA) network 

Non-sectorised  

(non-DMA) network 

Average water age (all nodes ) (hours) 55 46 

Average water age (non-dead-end nodes ) (hours) 23 20 

Standard deviation of water age (all nodes) (hours) 24 27 

Standard deviation of water age (non-dead-end nodes) 

(hours) 

12 10 

No. of nodes with stagnation (dead-end nodes) 7930 (65%) 6065 (50%) 

Length of pipe with max diurnal velocity below 0.06m/s 

(continuous sedimentation) (m) 

190902 (55%) 149190 (43%) 

Length of pipes with max diurnal velocity between 

0.06m/s-0.2m/s (m) 

43795 (13%) 22600 (7%) 

Length of pipes with max diurnal velocity above 0.2m/s 

(self-cleaning) (m) 

109001 (32%) 171908 (50%) 

Length of pipes with min diurnal velocity below 

0.06m/s (intermittent sedimentation) (m) 

299324 (87%) 105605 (31%) 

Length of pipe experiencing flow reversal (m) 2933 (1%) 36933 (11%) 

Length of pipes with max/min velocity ratio of equal or 

greater than 1.5 

286789 (84%) 252197 (73%) 

Length of pipes with max/average velocity ratio of 

equal or greater than 1.5 

250174 (73%) 162435 (47%) 
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3.4 Discussion 

3.4.1 Discolouration customer complaints 

3.4.1.1 Spatial distribution 

80% of discolouration customer complaints were associated with the pipes that 

receive water with significantly high water age. Decay of disinfectants (and DBP formation) 

is a kinetic process and thus, is positively correlated to the time that water spends in the 

system. Such high water age often indicates the absence of disinfectant residuals. 

Disinfectant loss stimulates biofilm growth (LeChevallier 1999) and iron release from 

corrosion scales (Sarin et al. 2004). In the summer, greater water age can also be an 

indicator of higher water temperature which is known to accelerate chlorine decay (Powell 

et al. 2000), biofilms growth (Piriou et al. 1998), corrosion rate (Fiksdal 1995) and iron 

release (Imran et al. 2005). This is in agreement with the monthly distribution of 

discolouration complaints in the case study area as explained earlier. Increase in water age 

also implies a decrease in dissolved oxygen (DO) and nutrients that can increase the 

likelihood of biofilm sloughing due to starvation.  

These mechanisms can boost the concentration of particles in a unit volume of the 

bulk water depending on the magnitude of flow velocity. Under low flow velocities below 

the sedimentation threshold, concentration of particles in the bulk water becomes a 

function of the rate of particle settlement in pipe invert and rate of particle release into the 

bulk water. Analysis of the maximum diurnal flow velocity of the pipes with historical 

discolouration complaints showed that these pipes experience sedimentation either 

continuously (63% of the pipes) or intermittently (17% of the pipes). In long-term, this 

represents a significant risk of discolouration due to substantial sedimentation in the pipes. 

The low flow velocity also promotes the growth of biofilms with a ‘fluffy’ (low density) 

structure, greater thickness (Stoodley et al. 1999) and low cohesiveness (Radu et al. 2012). 

This increases the vulnerability of biofilms for detachment under disturbing hydraulic 

conditions. 
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The discussed mechanisms result in significant sedimentation in the pipe invert and 

formation of weak cohesive layers on the pipe wall which both promotes the likelihood of 

discolouration. However, occurrence of discolouration also requires a disturbing force to re-

suspend the sediments or overcomes the cohesive strength of accumulated layers. Re-

suspension of sediments is expected at flow velocity of 0.2m/s and the detachment of 

cohesive layers occurs when the magnitude of the disturbing force exceeds the cyclic 

maximum diurnal flow rate of a pipe.  

In WSNs with fixed layout and settings for dynamic components, the spatio-

temporal distribution of customer demands is the sole factor driving the flow through the 

network. It influence the magnitude and direction of diurnal maximum flow velocities of the 

pipes. Residential demands are described by intermittent rectangular flow pulses with 

random intensity, duration and frequency (Buchberger and Wells 1996). The random 

aggregation of these pulses can generate a flow disturbance with a magnitude sufficient for 

re-suspension. In particular this is important in the summer times where a greater 

unprecedented shear stress (i.e. detachment force) can be generated by the increase in 

customer demand and need for irrigation caused by the heat waves. Another reason for re-

suspension is the flow disturbance caused by pipe bursts. Dead-end-like hydraulic behaviour 

promotes corrosion due to either a decreased pH or increased bio-corrosion. Approximately 

66% of pipe bursts in the case study area occurred in pipes imitating the dead-end-like 

behaviour. The cause of the disturbing force can also be external and originate upstream of 

dead ends. Frequent occurrence of pressure transients in WSNs (Hoskins and Stoianov 

2013) and the propagation of energy associated with these events can reach the dead ends 

and create the sufficient force for re-suspension or detachment due to pipe vibration. 

3.4.1.2 Origin and cause of discolouration incidents 

In this study 15% of discolouration complaints were related to upstream issues. As 

there were no records of WTWs incidents/breakthroughs during the period of study, thus, 

these complaints were attributed to trunk main issues. In a study by Cook et al. (2015) 9% of 

discoloration complaints was observed to have been caused by trunk mains. 
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The majority of the pipes that were identified as the origin of discolouration 

incidents related to trunk mains issues, flushing, pipe bursts and type 4, were observed to 

experience the diurnal re-suspension velocity threshold of 0.2m/s:  

 100% of trunk mains experience maximum diurnal velocity ranging from 0.3m/s to 

2.5m/s 

 85.7% of pipes related to flushing that caused discolouration incident experience 

maximum diurnal velocity between 0.25m/s and 1.65m/s 

 51.3% of pipes related mains burst that caused discolouration incident experience 

maximum diurnal velocity ranging from 0.2m/s to 0.77m/s 

 80% of pipes related to “type 4” discolouration incidents that caused discolouration 

incident experience maximum diurnal velocity between 0.23m/s and 0.75m/s 

These percentages show that detachment of cohesive layers is most likely the 

dominant mechanism in generating the discoloration incidents as experiencing the re-

suspension threshold every day should prevent sedimentation in these pipes. For example, 

modelling the hydraulic behaviour of the trunk mains shows that these pipes operate with a 

maximum diurnal velocity in the range of 0.3m/s to 2.5m/s, a minimum diurnal velocity 

between 0.07m/s and 1.1m/s, and an average water age in the range of 0 to 30 hours.  

These Figures shows that sedimentation is unlikely to be a considerable contributing factor. 

The maximum diurnal velocity is the determinant factor in the conditioning 

(strength) of accumulated materials (Husband et al. 2008). Thus, these pipes are expected 

to accumulate strongly-adhered layers which resist detachment. However, occurrence of 

discoloration is also a function of the magnitude of the disturbing force (the difference 

between conditioning and disturbing shear forces) (Boxall et al. 2001) and the cumulative 

amount of detached materials from the pipes affected by the force.  

To minimise the risk of discolouration, rules should be formulated such that the 

length of pipes experiencing the cleaning conditions is maximised and all the pipes 

irrespective of the diameter and location (distribution mains vs. trunk mains) and their 
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maximum diurnal velocities (although those with maximum velocity below sedimentation 

threshold are more important) need to be considered. It is noted that in the management of 

discolouration not only the likelihood of an incident is important but also the consequence 

of the incident. Due to the strategic location of trunk mains any discolouration incident 

originating from these mains will have a greater impact in terms of the number of customer 

that will be affected downstream. Therefore, cleaning of trunk mains has to be taken into 

account in formulating any controls for cleaning the networks. 

3.4.1.3 Detection of discolouration incidents 

Irrespective of the cause and origin of the incidents, a significant proportion of the 

discoloration complaints are related to the pipes that operate under very low flow 

conditions (Vmax ≤ 0.06m/s). Such hydraulic conditions increase the likelihood of detection of 

an incident. Obviously, availability of customers is an essential factor in discoloration 

detection and the number of complaints. Low flow conditions increases the residence time 

through pipes, and consequently the likelihood of detecting the incident by customers 

before the re-suspended materials in the bulk water resettle at the bottom of the pipes (a 

study by Smith et al. (1999) showed that 40h of stagnation is required for ferric hydroxide 

flocs to settle). Furthermore, the number of junctions downstream of the origin of a 

discolouration incident can impact the likelihood of detection of the incident as a result of 

the mixing and dilution at the junctions. Therefore, long dead-end pipes with low flow 

velocity and smaller number of junctions represent the greatest likelihood of detection. In 

this study, a great proportion of the pipes with low flow conditions were associated with the 

naturally-created or DMA-induced dead ends at the extremities of the system. Re-

suspended sediments in the upstream pipes are carried with the bulk water into dead-end 

pipes and will remain in the pipes until it is discharged through customer taps (where 

discoloration is detected) or settle in the pipe (which represent a future risk of 

discolouration due to flow disturbance). For example, in this study, 73.1% of the incidents 

that originated upstream of DMA inlets (trunk main issues) were detected in the pipes that 

operate with very low flow conditions (i.e. dead-end-like behaviour) within the DMAs. 70% 

of the discoloration complaints caused by flushing of the non-dead-end pipes were received 

from downstream dead-end pipes. These percentages for mains burst and “type 4” 
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discoloration incidents were 40% and 50%, respectively. Analysis of the residence time 

between the locations of hydraulic disturbances and associated discolouration complaints 

and also considering that about 40 hours is required for resettlement of the suspended 

materials suggests that it is unlikely that re-suspended materials had sufficient time to 

travel to the dead ends, settle under the low flow conditions and then re-suspend again due 

to local disturbing conditions. Instead, re-suspended materials are directly detected by the 

customers before any resettlement occurs. 

Dead-end pipes can also increase the likelihood of detection of a discolouration 

incident by boosting the bulk water turbidity. The low flow conditions in these pipes can 

significantly increase the concentration of particles through different mechanisms. 

Significantly high water age in these pipes usually represents a very low or absence of 

disinfectant residuals. This increases the release of iron from tubercles (Sarin et al. 2004) 

which is an important mechanism in increasing turbidity under the high residence time and 

possible flow stagnation during night times (Smith et al. 1999, Slaats et al. 2002). It also 

stimulates biofilm development which is known to be a source of turbidity upon sloughing 

(Zacheus et al. 2001).  

Another factor increasing the likelihood of detection is the impact of pipe conditions 

(Al-Jasser 2011). Iron release and biofilm development are exacerbated in old metallic pipes 

due to corrosion and tuberculation. In this study, the majority of dead-end pipes related to 

the customer complaints was metal (92.7%) with a length-weighted average age of 77 years. 

These pipes are expected to have undergone significant tuberculation. Furthermore, the 

corrosion scales formed under the low flow velocity in dead-end pipes represent a greater 

risk of iron release due to a softer structure. 

Overall, analysis of the flow velocity of the pipes with discoloration complaints 

showed that 57% of the pipes operate with maximum diurnal velocity below the 

sedimentation threshold. These pipes are mostly located at the dead ends which are 

created due to the natural topology of the network or due to the closure of DMA boundary 

valves. Approximately 39% were caused by DMA boundaries. Analysis of water age shows 

that around 77% of the pipes operate under significantly high water age and approximately, 
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33% was due to the closure of DMA boundary valves. Overall, more than a third of dead-

end-like behaviour with historical discolouration complaints was attributed to the network 

sectorisation (i.e. DMAs).  

This indicates the important impact that the DMA design and the location of 

permanently closed valves can have on water quality incident management. As 

recommended by UKWIR (1999), UKWIR (2000), and IWA (2007), mains larger than 300mm 

(so called trunk mains) should not be selected for closure in the design of DMA boundaries 

to avoid water quality deterioration. In this study, however, it was observed that creating 

dead ends on smaller diameter pipes also represents a problem in particular with regard to 

the detection of discolouration incidents.  

The impact of dead ends on discolouration can be alleviated by timely cleaning. 

However, determining an optimum cleaning frequency is a difficult task. The occurrence and 

severity of a discoloration incident at a particular time and location is influenced by the 

specifications and the time of the last cleaning method used, the specifications of the 

steady-state diurnal flow profile between the cleaning and when the disturbing hydraulic 

conditions occur, the magnitude of the disturbing force, the pipe material and age, and the 

length of pipes affected by the disturbing force. This is further complicated by considering 

the uncertainties introduced by the impact of random disturbing flow conditions such as 

pressure transients, aggregation of customer demands, pipe burst, pump/valve 

malfunctioning, and operational activities of the utilities that can occur since the time of 

cleaning. Increasing the frequency of flushing can minimise the impact of aforementioned 

uncertainties and the likelihood of discoloration. However, given the substantial number of 

dead ends in the current networks, this is unappealing and impractical for water utilities to 

increases the number and frequency of dead ends flushing due to water wastage and being 

resource intensive. 

Furthermore, as discussed earlier, the particular hydraulic conditions that exist at 

the dead ends can increase the likelihood of detection of a discolouration incident. Regular 

cleaning can reduce the contribution of dead ends in boosting the concentration of particles 

in the bulk water. However, cleaning cannot fully clean the pipes (except self-cleaning 
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plastic pipes) the deteriorating impact still exists but at a lower rate. Furthermore, cleaning 

cannot address the greater likelihood of detection of incidents at the dead ends due to high 

residence time. This can be solely addressed by increasing the flow circulation at the dead 

ends. Therefore, to maintain the quality of water at the customer taps and reduce the 

likelihood of discolouration customer complaints it is recommended to reduce the number 

of dead ends and eliminate the dead-end-like hydraulic conditions throughout the system. 

This is the dominant condition at the extremities of the networks (naturally-created and 

DMA-induced dead ends) but also occasionally occur within the DMAs (e.g. hydraulic 

boundaries/tidal points).  

This discussion was focused on the impact of DMAs on areas with historical 

discolouration complaints. The discussion related to the impact of DMAs on the hydraulic 

conditions throughout the network and likelihood of discolouration at the system level are 

presented in the next section.  

3.4.2 Impact of network sectorisation (DMAs) on water quality 

3.4.2.1 Water age 

This investigation has demonstrated that network sectorisation (DMAs) can result in 

a substantial increase in the average nodal water age and the number of nodes with dead-

end-like hydraulic behaviour. The increase in water age is consistent with the results of 

previous studies by UKWIR (2000) and WRc (2000) that simulated the impact of network 

sectorisation by creating 4 DMAs in an urban network. These studies, however, reported a 

beneficial impact of DMAs in a rural network, which had excess capacity. Grayman et al. 

(2009) and Murry et al. (2010) also investigated the impact of DMA topology in two WSNs 

and reported no systematic change in water age with the exception for cascading DMAs 

(DMAs connected in series). Cascading sectors (DMAs) were not considered in this 

investigation as single-fed DMAs from water transmission mains are the predominant 

network connectivity model in the UK.  

The location of nodes with the largest increase in water age was observed to be not 

only in proximity to closed boundary valves as suggested by UKWIR (2000), but also further 
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upstream throughout the network. This is illustrated in Figure 3.7 in the form of long dead-

end stems (Figures 3.7(a) and 3.7(d)) and dead-end loops (Figures 3.7(b) and 3.7(c)). This 

result highlights the importance of optimal valve placements with the careful consideration 

of water quality criteria in the design and optimisation methodology for network 

sectorisation. In addition, the random (non-systematic) distribution of dead-end-like 

conditions at locations further upstream of boundary valves, and within DMAs, highlights 

the importance of optimally simplifying hydraulic models when formulating optimisation 

problems for sectorising networks and including water quality related indicators as 

constraints.   

 

 

Figure 3.7 Dead-end-like behaviour (black dots) caused by DMAs: (a) DMA 14, (b) 
DMA 5, (c) DMA 6, and (d) DMA 15 
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c d 
d c 
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3.4.2.2 Flow velocity 

The results from the case study network show that a sectorised (DMA) network 

topology increase the likelihood of sedimentation. This observation contradicts conclusions 

from previous UK studies (UKWIR 2000, WRc 2000) that fewer pipes would undergo 

sedimentation in a DMA-based system. However, no flow threshold values for this 

assessment had been provided. These studies also observed that the closure of valves 

caused sedimentation in proximity to the boundary valves, which is consistent with the 

observations of our study. Similar to water age, our study has shown that sedimentation is 

not only limited to boundary valves, but spread within DMAs. In fact, the pipes connected to 

the nodes with dead-end-like behaviour, illustrated in Figure 3.7, experience sedimentation 

either continuously or intermittently. The scattered and extensive distribution of these 

pipes show the potential limitations of flushing routines, which are mostly focused on pipes 

in close proximity to DMA boundary valves. 

Furthermore, the sectorisation of WSNs tends to reduce the maximum diurnal 

velocity in a large set of pipes. A reduced maximum diurnal velocity would indicate a lower 

potential for self-cleaning of pipes and a greater likelihood of discolouration in the DMA-

based system (Boxall et al. 2001). Only 2% of pipes in non-DMA-based system and 0.8% of 

pipes in DMA-based system experience a shear stress greater than 1Pa under normal 

operating conditions, which is near the self-cleaning threshold for plastic and AC pipes (1.2 

Pa) (see Figure 3.8). This result implies that the proposed self-cleaning threshold is rarely 

achieved under normal operating conditions in either of these network configurations.   

Considering the impact of the hydraulic conditions between maximum flow 

velocities for two consecutive days (i.e. minimum and average velocities) and their impact 

on the strength of the accumulated materials, the potential for discolouration in each DMA 

is greater for the sectorised (DMA-based) network. The accumulated material is likely to 

have lower strength due to the lower diurnal minimum and diurnal average velocities 

throughout each DMA. However, an assessment of the likelihood of discolouration also 

depends on the max/min and max/average diurnal flow velocities ratios for each pipe.  



112 
 

The suggested shear stress ratio of 2.3 for effective biofilm cleaning is equal to a 

velocity ratio above 1.5 based on the Darcy-Weisbach equation. As shown in Figure 3.6, the 

sectorised network is expected to have a higher cleaning capacity as more pipes experience 

max/min and max/average velocity ratios equal or greater than 1.5. To assess the potential 

for biofilm cleaning based on a threshold of shear stress of 2 N/m2, a distribution of the 

maximum diurnal shear stress within the system is shown in Figure 3.8. There are no pipes 

for both network configurations that experience such a high magnitude of shear stress. This 

demonstrates that carefully designed control strategies are required to optimally vary the 

hydraulic conditions in WSNs in order to increase the shear stress to a desired level. Further 

investigations about the impact of the hydraulic conditions between consecutive peak flows 

on the self-cleaning conditions and effective biofilm removal are needed.  

 

Figure 3.8 Distribution of shear stress for different topologies 

3.5 Conclusions 

WSNs are generally designed to continuously and reliably deliver potable water at a 

minimum cost. To reduce leakage and pressure management, the sectorisation of networks 

is often applied to WSNs without considering the impact on water quality. This chapter has 

proposed a methodology in order to study how and to what extent the water quality and 

discolouration potential may be affected by the sectorisation of networks. This study was 

carried out with reference to water age, particle accumulation mechanisms (gravitational 
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and non-gravitational) and biofilm behaviour, and their dependence on the hydraulic 

conditions, which strongly depend on the network connectivity. Surrogate hydraulic 

variables and associated thresholds have been derived both from literature and analysing 

the hydraulic conditions for locations with historical discolouration customer complaints.  

Based on a large scale case study of an operational network with twenty two DMAs, 

the adverse impact of network sectorisation was observed as: (i) an increase in average 

water age (approximately 9 hours); (ii) an increase in the number of nodes (and associated 

customers) which experience dead-end-like hydraulic behaviour (15%); (iii) a decrease in the 

maximum diurnal velocity; (iv) an increase in the length of pipes experiencing velocities 

associated with continuous sedimentation (12%) and intermittent sedimentation (6%); (v) a 

decrease in the length of pipes experiencing self-cleaning/re-suspension velocity (18%); and, 

(vi) a decrease in the length of pipes undergoing flow reversal (10%).  

Furthermore, this chapter has investigated spatio-temporal distribution and the 

cause and origin of discoloration customer complaints and the associated impact of network 

sectorisation (DMAs). Dead ends (naturally-created and DMA-induced) and associated 

hydraulic conditions (called dead-end-like behaviour) were identified as the locations that 

increase the number of discolouration customer complaints. The impact of operational 

activities and role of trunk mains in generating discolouration complaints within DMAs were 

investigated and followings were observed: 

 Trunk main issues, flushing and pipe bursts caused approximately 9%, 4% and 12% 

of discoloration incidents. 

 Trunk main issues, flushing and pipe bursts caused approximately 15%, 4% and 16% 

of discoloration customer complaints. 

 Trunk mains and distribution mains experiencing maximum diurnal velocity greater 

than 0.2m/s can cause discoloration incidents. This highlights the role of cohesive 

layer detachment in creating discoloration so, conditioning/cleaning of these pipes 

are recommended. 
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 More than a third of dead-end-like hydraulic behaviour with historical discoloration 

customer complaints was caused by network sectorisation (DMAs). 

Results of this study shows the need to minimise the impact of dead-end-like 

hydraulic conditions within the networks. This should be carried out by timely cleaning and 

enhancing the flow circulations in these areas. Changes to the network topology due to 

network sectorisation was observed to create dead-end-like behaviour not only in close 

proximity of closed boundary valves but also within the DMAs. This can be addressed by 

considering the surrogate hydraulically-based variables proposed in this study in the 

formulation of optimisation problems for redesigning current boundaries of sectors (DMAs).  

Alternatively, these variables could be used in developing and assessing the impact 

of control methodologies to reduce impact of DMAs on overall water quality behaviour of 

the networks and the likelihood of discolouration. Development of such controls is the 

subject of chapters 4, 5, and 6. 

3.6 DMAs with dynamic boundary 

Considering the tendency of water companies to maintain the current DMA 

boundaries for leakage detection but also interest in maintaining the quality of water and 

reduce the risk of discolouration, an operational strategy, called DMAs with dynamic 

boundary, is proposed to fulfil both objectives. The DMAs with dynamic boundary refers to 

a hybrid system of operation where the network dynamically reconfigures its topology to 

mitigate the adverse impact of DMAs on water quality, enables network cleaning and water 

age management, and yet allows for maintaining the leakage detection functionality of 

DMAs.  

In conventional DMAs, leakage/burst detection is performed by monitoring and 

comparing the flow profile at the DMA inlets at night when customer demand is the lowest 

(usually 12am-4am). During this period, the original configuration of DMAs including the 

locations of inlets, outlets, and closed valves needs to be maintained to enable comparing 

the flow profile of the same region with known topology and hydraulic conditions. Non-

leakage-monitoring times (i.e. 4am-12am) can then be utilised to reconfigure the DMAs and 



115 
 

enhance the flow circulation and generate the favourable hydraulic conditions for water 

quality management. Over this period, DMAs can be aggregated by opening the boundary 

valves to eliminate the adverse impact of DMAs on water quality such as the substantial 

increase in the number of dead ends and reduction in flow velocity within the network. 

Furthermore, by controlling the inflows into the DMAs and changing the location of inlets, 

this period can be used to generate desired hydraulic conditions within the aggregated 

DMAs for pre-conditioning and cleaning of accumulations in the pipes to reduce the 

likelihood of discolouration and water quality failures. DMAs are then segregated and revert 

back to their original topology for leakage monitoring by closing the boundary valves.  

Such operational management enables water utilities to shrink the size of DMAs, as 

desired for enhanced leakage management, because the potential adverse impact of DMAs 

on water quality, such as the increased number of dead ends and creating dead-end-like 

hydraulic behaviour within the DMAs, can be regularly addressed by opening the boundary 

valves and regulating the hydraulic behaviour of the DMAs. Creating self-cleaning conditions 

at the dead ends provides an invaluable flexibility to water companies in responding to 

incidents (e.g. mains burst) if rezoning the area should be needed to reduce the number of 

customers with no water or low pressure. The cleaner state and enhanced circulation at the 

dead ends allow for the rezoning to occur without posing any discolouration or health risks 

due to accumulations and stagnant water in dead-end pipes.  

Investigating the benefits and limitations of the DMAs with dynamic boundary for 

discolouration management and water quality management is the focus of next three 

chapters. In chapter 4, a control methodology is proposed to regulate the hydraulic 

conditions for pipe cleaning based on PODDS concept. In chapter 5, a control methodology 

is proposed to achieve enhanced pipe cleaning by considering the adaptation characteristics 

of biofilms/cohesive layers. Finally, in chapter 6, a control methodology is proposed for 

water age management. 
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4 Dynamically reconfigurable district metered areas for 

flow maximisation and discolouration management  

4.1 Introduction 

The rate and extent of accumulations in a pipe is a function of physical properties of 

the pipe, diurnal quality of the bulk water entering the pipe and diurnal hydraulic 

conditions. However, determining the exact amount and strength of accumulations (i.e. 

discolouration risk) over time is currently infeasible due to the complexity of involved 

mechanisms. Accumulation is a ubiquitous and inevitable process in all pipes (except those 

with self-cleaning hydraulic conditions) and depending on the magnitude of hydraulic 

disturbance and the characteristics of accumulations, a pipe can generate or contribute into 

a discolouration incident. Timely cleaning of each pipe helps in reducing the risk of 

discolouration. In addition to the reduced discolouration risk, controlling the accumulations 

in pipes can result in a decrease in the risk of chemical and microbiological water quality 

failures. Therefore, the network cleaning methodology proposed in this chapter for 

discolouration management also reduces the risk of compliance water quality failures.  

As discussed in chapter 3, sectorisation of the networks (DMAs) for effective leakage 

management has been the driver of networks topologies in the UK. It was demonstrated 

that the inherent characteristics of the network sectorisation, namely the introduction of 

kept-shut valves and restrictions on network connectivity, can increase the likelihood of 

discolouration incidents which can be observed as increased sedimentation, iron pick up by 

the bulk water and accumulation of less strong materials on the pipe walls. The benefits of 

DMAs for leakage management is well-documented therefore, it is essential that any 

network cleaning methodology for water quality management in DMA-based networks 

allows for maintaining the leakage management functionality of DMAs. This is the focus of 

this chapter. 

Findings in the chapter 2 are used to define the objective of a control problem for 

pipe cleaning in the context of DMAs with dynamic boundaries that was introduced in the 

chapter 3. The cleaning control is applied to an operational DMA-based network in the UK 
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and its performance is compared with various leakage management controls. Based on the 

latest advances in the discolouration risk management, a number of cleaning indicators are 

introduced and used to compare the performance of the case study network under 

different controls. Limitations of the control and its impact on other system performance 

indicators including pressure and water age are demonstrated and methods to enhance the 

level of cleaning and reduce its possible adverse impacts are proposed. The outcome of this 

chapter is to explore to what extent this novel method of dynamically controlling the 

network connectivity and hydraulic conditions in DMA-based networks could reduce the risk 

of discolouration. 

To the best knowledge of the author, to date, discolouration management and pipe 

cleaning have not been the subject of any studies related to the operational control of 

WSNs. As discussed in section 2.10, water quality criteria have been mostly used as system 

performance constraints such as maintaining a range or a minimum level of disinfectant 

residuals or water age at the nodes whilst reducing the operational cost or leakage. 

Therefore, this study is pioneering in proposing an operational control framework for pipe 

cleaning and discolouration risk management in DMA-based networks.  

4.2 Pipe cleaning – scientific background 

Discolouration incidents are the result of gradual accumulation of materials in pipes 

during normal operating conditions and sudden re-suspension during high flow events 

resulted from pipe bursts, pumps on/off, valve operation for flushing and rezoning, valve 

and pump malfunctioning, industrial demands and random aggregation of residential 

customer demands. Stochastic and in most cases uncontrollable nature of these events 

precludes considering the management of high flow events as a means for reducing the risk 

of discolouration. Instead, reducing the risk can be achieved by timely and regular cleaning 

the accumulated materials in low concentrations before reaching a visible level that causes 

customer dissatisfaction. This is the focus of the control formulated in this chapter. 

Diurnal flow profile of a pipe determines the magnitude, direction, frequency and 

duration of physical forces applied on the pipe wall. Therefore, it directly influences the rate 

and extent of discolouration-related mechanisms such as settlement and re-suspension of 
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sediments, and attachment, conditioning and detachment of cohesive layers within the 

pipes. Below, a brief review of the mechanisms involved in the accumulation of materials in 

a pipe are presented, impact of system hydraulics on the amount and strength of 

accumulations is discussed and objectives to reduce the risk of discolouration (from 

accumulation point of view, not disturbance) are introduced. According to the chapter 2, 

mechanisms that contribute into the accumulations of materials in a pipe are as follows: 

gravitational sedimentation, non-gravitational accumulation over the pipe circumference, 

corrosion and iron release, and biofilm formation. 

Sedimentation refers to the accumulation of materials in the pipe invert when flow 

velocity reduces to a level that the gravitational field overcomes the flow turbulence which 

retains the materials in suspension. Although the propensity for sedimentation depends on 

many variables such as fluid viscosity, the shape, size and density of the particle but it has 

been suggested that decrease in flow velocity below 0.06m/s (Vreeburg and Boxall 2007, 

van Thienen et al. 2011) and 0.07m/s (Ryan et al. 2008) increases the potential for 

sedimentation. Similarly, re-suspension of sediments is a function of aforementioned 

variables and it is site-specific. The magnitude of re-suspension velocity changes due to the 

sediments sowing cohesive characteristics over time. However, extensive experimental 

studies by Ryan et al. (2008) showed that re-suspension of particles occur at velocities 

above 0.2m/s. This agrees with the observations by Blokker et al. (2010) that the plastic 

pipes experiencing the peak diurnal velocity of 0.2-0.25m/s every other day can be 

considered self-cleaning. There have been only a few studies on the cleaning conditions of 

trunk mains (usually defined as the mains with diameter equal to or greater than 300mm). 

Vreeburg and Beverloo (2011) suggested the self-cleaning threshold of these pipes to be 

between 0.3-0.4m/s. This is in agreement with the suggestion by Husband et al. (2010) in 

that the self-cleaning conditions in trunk mains occurs at a velocity less than 0.75m/s. 

Non-gravitational accumulation refers to the build-up of materials over the pipe 

circumference due to cohesive forces. Formation of biofilms, accumulation of corrosion by-

products and transfer and attachment of organics, inorganics and bacteria from the bulk 

water to the pipe wall can all contribute to this type of accumulation. Absolute maximum 

diurnal flow velocity was suggested (Boxall et al. 2001) to determine the level of 
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cleaning/accumulation in pipes as it represents the maximum detachment force applied on 

the pipe wall. Depending on the pipe material, an ultimate threshold of shear stress was 

observed beyond which further increase in flow velocity did not lead to further material 

detachment and pipes were effectively clean (i.e. self-cleaning condition); 1.2Pa (Husband 

and Boxall 2010) and 1.12Pa (Boxall and Prince 2006) for plastic and AC pipes, respectively. 

Cook and Boxall (2011) reported a lower threshold (0.7 Pa) for plastic pipes. Extensive pipe 

flushing exercises showed that there is no such threshold for metal pipes (Husband and 

Boxall 2010). However, given the positive relationship between the magnitude of 

detachment force and the level of cleaning, increase in flow velocity/shear stress is 

desirable. 

Another factor influencing the level of cleaning and the duration of the cleaning 

force needed is the strength of accumulated materials. By comparing the characteristics of 

cohesive layers reported in literature and the general characteristics of biofilms in chapter 

2, it was proposed that biofilms most likely govern the strength of layers; organic and 

inorganic matters and corrosion by-products are trapped by the sticky gel (EPS) secreted by 

microorganisms. Therefore, the strength of accumulations is most likely a function of the 

strength of biofilms. Biofilms sloughing (i.e. cleaning) occurs when the external disturbing 

shear force overcomes the internal cohesive strength of biofilms. Biofilms are characterised 

as viscoelastic materials (Stoodley et al. 2002, Shaw et al. 2004, Rupp et al. 2005) that are 

able to adapt to different hydrodynamic conditions by adjusting their structure, morphology 

and mechanical properties (Stoodley 1999, Choi and Morgenroth 2003, Leon Ohl et al. 

2004). 

According to above theory and mechanical behaviour of biofilms, an effective 

cleaning mechanism is the exposure of biofilms to a sustained and elevated flow rate to 

achieve a time-dependent failure of streamers as a result of necking phenomena (creep) as 

proposed by Stoodley et al. (2002). Observations over a wide range of biofilm samples show 

that the time scale that biofilms require to respond to the transient mechanical stress for 

survival is around 18 minutes despite the variations in other material properties of the 

biofilms (Shaw et al. 2004). Rupp et al. (2005) reported a relaxation time of 12 minutes. This 

is used as a reference to set the duration for cleaning. In other words, the cleaning 
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condition (i.e. elevated flow rate) needs to be maintained for a maximum of 18 minutes 

before biofilms respond phenotypically to reduce the stress. Flushing trials in WSNs showed 

that maximum turbidity occurs 5-10 minutes after the commencement of flushing. Husband 

and Boxall (2015) and Vreeburg (2007) suggested 15 minutes to be sufficient in the 

assessment of the discolouration potential of the pipes. This coincides somewhat with the 

18 minutes suggested for biofilm detachment based on the analysis of different types of 

biofilms (Shaw et al. 2004). As hydraulic models are commonly calibrated and run based on 

15-min customer demands thus, application of cleaning condition for one hydraulic time 

step is considered sufficient to overcome the cohesive strength of layers and achieve an 

acceptable level of cleaning.  

With regard to the magnitude of cleaning force, except the bottom layer of biofilms 

(basal layer) which is attached to the pipe and has been observed to resist shear stress of up 

to 13Pa, significant proportion of biofilms grown under 0.01-0.3 Pa was suggested that can 

be removed when experiencing 2Pa shear stress (Derlon et al. 2008). A study by Paul (2012), 

confirmed the 2pa detachment threshold but basal layer was found to be resistant to 37Pa.  

This review shows that reducing the risk of discolouration can be achieved by 

increasing the pipe flow rate. However, magnitude and frequency of the flow increase 

cannot be determined. This is because in addition to the aim of cleaning (removal of 

gravitationally-induced sediments and/or cohesive layers), determination of these two 

parameters for a pipe depends on the rate of regeneration and strength of accumulations 

which are in turn a function of pipe material and various time-dependant factors such as 

pipe age and diameter, diurnal flow profile during normal operating conditions, history of 

disturbing hydraulic conditions, and quality of the bulk water entering the pipe. Despite 

huge efforts there is still a lack of knowledge that precludes determining the changes in the 

amount and strength of accumulations in a pipe over time and also determining the amount 

and strength of accumulations left on the pipe walls after each cleaning as a function of 

aforementioned variables.  

Ideally, a control framework for cleaning should distinguish between the 

discolouration potential of different pipes and existence of self-cleaning conditions. This is 
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required to select the minimum frequency of cleaning of each pipe and maximum length of 

pipes that should be exposed to cleaning conditions at the same time without exceeding the 

regulatory turbidity levels. There is a trade-off between cleaning frequency and length of 

pipes that can be exposed to the cleaning conditions; the greater the frequency of cleaning 

the greater the length of pipes that can be exposed to flow conditions. However, greater 

frequency usually implies an increase in operational cost, time and resources, thus, should 

be optimised. Given the current advances in discolouration risk modelling, optimal cleaning 

frequency cannot be determined by models and without implementing regular flushing for 

individual pipes. 

4.3 Indicators for the assessment of the level of pipe cleaning 

As seen from the scientific background presented in section 4.2, there are still 

inconsistencies in the guidelines for cleaning in terms of the type of parameters to be used 

(velocity-based vs. shear-stress based). Utilising velocity-based thresholds is more practical, 

given the uncertainty that exists about the pipe friction factors and calculation of shear 

stress. In this study, the main focus is given to velocity-based thresholds due to 

uncertainties about the pipe information in the model. The likelihood of discolouration of a 

pipe can be mainly categorised as follows: 

 High level of discolouration potential (risk category 1): pipes with maximum diurnal 

velocity below sedimentation threshold (0.06m/s selected in this study) - these 

pipes undergo continuous sedimentation and cohesive layers attached to the pipe 

wall are weak and vulnerable to detachment under high flow events.  

 Medium level of discolouration potential (risk category 2): pipes with minimum 

diurnal velocity below sedimentation threshold and maximum velocity below re-

suspension velocity (0.2m/s selected in this study) - these pipes undergo 

intermittent sedimentation and contain cohesive layers that are more strongly 

attached to the pipe wall compared to the category 1. 

 Low level of discolouration potential (risk category 3): pipes with maximum diurnal 

velocity equal or above re-suspension threshold - these pipes are expected to 
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contain negligible amount of sediments and cohesive layers are more strongly 

attached to the pipe wall compared to the categories 1 and 2. 

8 indicators are defined to compare the level of cleaning (i.e. discolouration risk) at 

the DMA and network levels: 

 Indicator 1: percentage of pipes operating in risk category 1. 

 Indicator 2: percentage of pipes operating in risk category 2. 

 Indicator 3: percentage of pipes operating in risk category 3. 

 Indicator 4: the sum of maximum diurnal velocity of pipes to assess the level of 

cleaning of cohesive layers. 

 Indicator 5: the sum of the ratio of maximum diurnal velocity to minimum diurnal 

velocity of the pipes to assess the level of biofilm cleaning. 

 Indicator 6: the sum of the ratio of maximum diurnal velocity to average diurnal 

velocity of the pipes to assess the level of biofilm cleaning. 

 Indicator 7: percentage of pipes that reach the shear stress of 2Pa to assess the level 

of biofilm cleaning. 

 Indicator 8 (assuming all the pipes are plastic): percentage of pipes that reach a 

shear stress of 1.2Pa to assess the level of cleaning of cohesive layers. 

4.4 Control problem formulation – Flow maximisation 

The objective function of the control is defined as the maximisation of pipe flow 

rates as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 ∑ 𝑘𝑖𝑄𝑖

𝑁𝑃

𝑖=1

          (4.1) 

In which, NP is the number of pipes in a DMA, Q is the pipe flow rate, and k is the 

sign coefficient defined as below:  
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{
𝑘𝑖

𝑡 = −1            𝑄𝑖
𝑡−1 > 0

𝑘𝑖
𝑡 = +1             𝑄𝑖

𝑡−1 < 0
          (4.2) 

This control aims at increasing the flow rate in the pipes in a DMA by adjusting the 

setting of PRVs at the DMA inlets subject to two types of constraints: system and 

operational. The former refers to the system equations including conservation of mass at 

the junctions and conservation of energy along the pipes. To model the control valves 

formulation proposed by Wright et al. (2015) is used where head loss through the valves 

(ΔH) is expressed as a sum of two components, head loss when valve is fully open and an 

additional head loss (), as follows:  

∆𝐻𝑖 = 휀𝑖

8𝑄𝑖
2

𝑔𝜋2𝐷𝑖
4 + 𝜂𝑖             𝑖 𝜖 𝑁𝑉          (4.3) 

In which, Q is the flow rate, g is the acceleration due to gravity, D is the valve 

diameter, ε is the minor loss coefficient for a fully open valve, and NV is the number of 

PRVs. 

To model the unidirectional characteristic of PRVs and that the valves only removes 

energy from the flow following inequality constraints are imposed to ensure that head loss 

and flow rate are in the same direction: 

−𝑄𝑖 ≤ 0             𝑖 𝜖 𝑁𝑉          (4.4) 

−𝜂𝑖 ≤ 0             𝑖 𝜖 𝑁𝑉          (4.5) 

Following the notation used in Todini and Pilati (1987) and the modifications to the 

global gradient algorithm proposed by Wright et al. (2014), system constraints (equality 

constraints) are defined by: 

𝑓(𝑄𝑖) + 𝐴12𝐻 + 𝐴13𝜂 + 𝐴10𝐻0 = 0                 𝑖 𝜖 𝑁𝑃          (4.6) 

𝐴21𝑄𝑗 − 𝑞𝑗 = 0                                                        𝑗 𝜖 𝑁𝑁          (4.7) 

In which, Q is a vector of flow rate, H is a vector of piezometric heads, A12 is the 

link-node incidence matrix, A21 is the node-link incidence matrix (𝐴12 = 𝐴21𝑇), A13 is the 
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link-valve incidence matrix, A10 is the link-fixed head node incidence matrix, NP is the 

number of pipes, NN is the number of junctions, and 𝑓(𝑄) is the nonlinear flow-head loss 

relationship which is generally defined as follows: 

𝑓(𝑄𝑖) = 𝐾𝑖𝑄𝑖|𝑄𝑖|
𝑛𝑖−1                 𝑖 𝜖 𝑁𝑃          (4.8) 

Using the Hazen-William approach: 

{

𝑛𝑖 = 1.85

𝐾𝑖 =
10.67

𝐶𝑖
1.85𝐷𝑖

4.87

                            𝑖 𝜖 𝑁𝑃          (4.9) 

To maintain the level of service to the customers and satisfy the required demand, a 

constraint on the minimum nodal pressure  is imposed by the following inequality 

constraint: 

𝐻𝑚𝑖𝑛 − 𝐻𝑗 ≤ 0                               𝑗 𝜖 𝑁𝑁          (4.10) 

To maintain the integrity of the system and reduce the risk of interruption in supply 

due to the mains burst, following constraints are imposed on the maximum pressure at the 

nodes and maximum flow velocity in the pipes, respectively: 

𝐻𝑗 − 𝐻𝑚𝑎𝑥 ≤ 0                               𝑗 𝜖 𝑁𝑁          (4.11) 

𝑉𝑖 − 𝑉𝑚𝑎𝑥 ≤ 0                               𝑖 𝜖 𝑁𝑃          (4.12) 

As demonstrated in Chapter 3, the kept-shut DMA boundary valves results in 

elevated risk of discolouration from both likelihood and consequence perspectives. Also, the 

reduced connectivity due to permanent closure of these valves reduces the reliability and 

resilience of supply and present difficulties for incident management. For example, 

currently, in case of the mains burst and the need for rezoning the network, DMA boundary 

valves are manually operated to alleviate the likelihood and severity of the interruption to 

customers’ supply. The manual valve operation represents three disadvantages: (i) opening 

the boundary valves that have been closed for long time, introduces water with significantly 

high age into the system and can pose a health risk. To alleviate the risk this is usually 

accompanied by pre-flushing which delays the process (ii) due to human error valves may 
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be left open which cause errors in the flow measurements and leakage detection, and (iii) it 

can generate pressure transients which can cause secondary mains burst or as shown by 

Aisopou et al. (2012) can cause discolouration. Therefore, in this study boundary valves are 

excluded as decision variables and are kept open at the time of flow control to achieve flow 

circulation around boundary valves, a resilient supply, and facilitate incident management. 

Decision variables are formulated as additional head loss (𝜂) at the DMA inlet PRVs. 

4.5 Control problem solution 

The above problem is solved by the sequential convex programming which is an 

iterative simulation-optimisation method proposed by Wright et al. (2014). This method 

consists of two main steps: firstly, linearsing the nonlinear term (flow-head loss relationship 

in pipes) by fixing  and solving the system constraints and secondly, solving the resulting 

linear programming problem by means of a linear solver. 

The model of the case study network was available in InfoWorks WS. To enable 

modelling the hydraulic behaviour of the network, which is required for the linearisation 

process, the .INP file was created and the EPANET-MATLAB wrappers were used to load the 

network into MATLAB and extract the required information for modelling by using EPANET 

programme’s toolkit APIs (application programming interface). The information includes 

number of nodes and pipes, elevation, demand, pipe length, diameter, and roughness. The 

incidence matrix was built by using the APIs which was then used to define A21, A12, and 

A10. As discussed in chapter 2, the global gradient proposed by Todini and Pilati (1987) is 

the most reliable approach for hydraulic analysis of networks. This algorithm was coded in 

MATLAB and modifications were made to incorporate the definition of the control valves as 

defined above. To calculate the head loss, Hazen-William equation was used as it was 

suggested to be more compatible with the sequential convex programming (Wright et al. 

2015). The optimisation problem was formulated and coded in MATLAB and then solved by 

interfacing MATLAB and cplexlp which is an off-the-shelf linear solver developed by IBM. 

Since some of the controls are applied at DMA level so the DMA membership of the 

pipes needed to be identified. By using the tracing tools in InfoWroks WS the membership 

of pipes was recognised and the pipe indices in the .INP file were extracted. To enable 
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pressure and water age analysis at the DMA level, the DMA membership of the nodes was 

determined by using the same method. 

4.6 Case study network and control scenarios 

The algorithm described in the previous section was applied to an operational case 

study network in the UK which consists of 2 single-feed DMAs (no outlets) with 3 boundary 

valves (BVs) supplying 3.8Ml/day. Figure 4.1 shows the model of the network which includes 

2308 nodes (813 demand nodes), 2370 links, with no pumps and tanks.  

 

Figure 4.1 Case study network model 

The case-study network is subject to different control scenarios and the level of 

cleaning (i.e. discolouration potential) of the system is compared based on the proposed 

cleaning indicators. The controls that are examined include: 

 Traditional leakage management (control 1): this control aims at determining the 

setting of PRVs at the DMA inlets to minimise the sum of nodal heads in the entire 

system at each hydraulic time step (15 minutes). 
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 Newly-proposed leakage management (control 2): this is similar to control 1 but BVs 

are open during the non-leakage monitoring times (4am-12am) (Wright et al. 2015). 

 Discolouration risk management: this control aims at determining the setting of 

PRVs at the DMA inlets to maximise the sum of flow velocity in pipes at each 

hydraulic time step (15 minutes) as defined in section 4.4. 

Based on the desired extent of cleaning, the latter is in turn classified into the 

following three controls: 

 Discolouration risk management in DMA 1 (control 3): in the first 4 hours (12am-

4am) of a control cycle (24 hours) traditional leakage management is implemented 

and then in the next 20 hours the pipes in DMA 1 is exposed to the cleaning 

conditions as defined in the section 4.4. 

 Discolouration risk management in DMA 2 (control 4): in the first 4 hours (12am-

4am) of a control cycle (24 hours) traditional leakage management is implemented 

and then in the next 20 hours the pipes in DMA 2 is exposed to the cleaning 

conditions as defined in section 4.4. 

 Discolouration risk management in entire system (control 5): during a control cycle 

(48 hours) control 3 is implemented in the first 24 hours and control 4 in the next 24 

hours. 

Except control 5 which has 48-hour control horizon all other controls are 

implemented on a 24-hour basis. In all controls the optimisation problem is solved every 15 

minutes. Since the network is reconfigured from control 1 to one of the controls 3, 4 or 5 

therefore, the optimal flow conditions under control 1 at time t-1 is used for the sign 

assignment in the objective function of controls 3, 4, and 5 at time t. At each control interval 

(i.e. 15 minutes), customer demands are assumed known and flow rate in the pipes are 

maximised subject to the constraints explained earlier. For real-time applications, accurate 

information on customer demands is essential for the success of the control. Minimum and 

maximum nodal pressure are limited to 10m and 120m, respectively. Maximum flow 

velocity in pipes is limited to 2m/s. 
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Single-fed DMAs (or generally less number of inlets) provides an easier monitoring 

and more robust controlling system in comparison to multi-fed DMAs. However, 

maintaining the original single-fed configuration of DMAs and controlling the same PRVs 

provides the same level of cleaning in terms of the length and location of pipes affected by 

the control. Pipes in the extremities of the network and on the routes to other boundary 

valves remain unaffected. Each of these valves can act as alternative potential inlets into the 

area and be controlled to expose other pipes, which are not affected under the original 

configuration of the network, to the desired cleaning conditions. These valves can be 

mutually coupled and controlled to investigate the enhancement in the level of network 

cleaning that can be achieved. Given that the case study area is isolated by 15 boundary 

valves which are shared either with the neighbouring DMAs or the trunk main, application 

of these valves according to the described scenario above results in a control horizon/cycle 

of 17 days. Location of the potential inlets (i.e. boundary valves) and their specifications are 

shown in Figure 4.2 and Table 4.1, respectively. Similar demand conditions and operational 

constraints as explained above for the other 5 controls is also used for the all-inlet control. 

 

Figure 4.2 Potential inlets in the case study area 
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To investigate the cleaning impact of the potential inlets, a new control is defined 

where each day during the non-leakage-monitoring hours (4am-12am) the network 

reconfigures itself to use a potential inlet to clean the network and then during the leakage 

monitoring period (12am-4am) it reconfigures back to traditional LM configuration with its 

original inlets; this control framework is called ‘all-inlet’ control in this chapter. The cleaning 

control starts with control 3 in the first day, control 4 in the second day, then in the next 8 

days the inlet of DMA 1 is changed (one inlet per day) while the original inlet to DMA 2 is 

kept open and DMA 1 is exposed to cleaning conditions. In the next 7 days, the inlet of DMA 

2 is changed (one inlet per day) while the original inlet to DMA 1 is kept open and DMA 2 is 

exposed to cleaning conditions. 

Table 4.1 Specifications of the potential inlets in the case study area 

DMA Inlet Diameter 
(mm) 

Average diurnal 
age (hrs) 

Average 
diurnal head 

(m) 

Elevation 
(m) 

 
 
 
 

DMA 1 

Original 254 8.5 126.7 59.0 

1 203.2 7.7 127.2 62.0 

2 101.6 64.8 119.2 24.0 

3 101.6 64.9 119.2 27.4 

4 254 64.9 119.2 28.7 

5 127 10.3 116.0 58.7 

6 177.8 10.3 116.4 60.7 

7 101.6 9.0 117.1 61.1 

8 101.6 9.0 117.1 58.1 

 
 
 
 

DMA 2 

Original 304.8 12.6 126.0 94.4 

1 177.8 65.8 115.8 55.3 

2 228.6 70.5 119.2 68.2 

3 76.2 68.0 135.3 74.4 

4 76.2 89.5 136.7 83.9 

5 203.2 14.0 125.7 90.8 

6 101.6 78.5 137.4 86.9 

7 101.6 78.5 137.4 83.2 
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4.7 Results 

Table 4.2 shows the values of 8 indicators for different network controls. Overall, 

control 5 is the best control representing the lowest discolouration potential, LM controls 

represent relatively the same performance and control 4 outperforms control 3. . A more 

detailed comparison of the controls 1 and 5 are presented below to quantify the most 

benefits that DM controls can provide relative to the traditional LM control. According to 

Table 4.2, implementation of the control 5 results in 11.0% increase in the length of pipes 

that reach the re-suspension velocity threshold (indicator 3), and 8.7% and 3.5% decrease in 

the length of pipes in risk categories 2 and 1 (indicators 2 and 1), respectively. 

Table 4.2 Values of cleaning indicators at the system level for control scenarios 

 
 

Network control 

Cleaning/accumulation indicators (system level) 

1 2 3 4 5 6 7 8 

Control 1 50.9 25.6 22.0 250 5132 2195 1.1 1.3 

Control 2 49.1 25.3 24.1 248 4798 2307 1.0 1.4 

Control 3 48.9 25.7 23.9 303 6869 2316 0.8 1.2 

Control 4 48.8 20.6 29.0 326 7477 2223 0.8 1.2 

Control 5 47.3 19.6 31.5 401 9450 2513 0.8 1.2 

 

Table 4.3 Changes in risk category of pipes – control 5 compared to control 1 

Risk category change Pipe length (m) 

 
Improvement 

1 to 2 712.3 

1 to 3 1304.1 

2 to 3 4968.3 

 
Degradation 

2 to 1 0 

3 to 1 0 

3 to 2 7.0 

 
Neutral 

Remain in 1 22923.1 

Remain in 2 11274.4 

Remain in 3 15648.8 
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Table 4.3 presents the changes in the risk category of the pipes under control 5 

compared to control 1. As seen, 6984.7m of the pipes (12.3% of total pipe length) 

experience reduction in the discolouration risk while only 7m of pipes experience an 

increase. Also, an additional length of 6272.4m of pipes can reach self-cleaning conditions 

under control 5. This represent 11% of the total pipe length in the network. 

Figure 4.3 shows the spatial distribution of the pipes associated with these changes 

under control 5 compared to control 1. As seen in Figures 4.3(a), 4.3(b) and 4.3(c) the 

majority of the pipes with improvements are located in DMA 2. This can be attributed to the 

special layout of DMA 1 which consists of a long main that supplies areas off that main and 

are essentially insensitive to the setting of boundary valves. Significant reduction in the 

discolouration potential is observed around the three BVs (Figure 4.3(a)) where maximum 

diurnal velocity increases from almost zero to above 0.2m/s and this was observed to occur 

for all three BVs. The next best improvements are shown in Figure 4.3(b) where the pipes 

that experience intermittent sedimentation under control 1 operate under self-cleaning 

conditions in control 5. Figure 4.3(c) shows a few scattered pipes within the system that 

although still undergoes sedimentation under control 5 but it is at a lower rate and 

intermittent. 

Figure 4.3(d) and 4.3(e) illustrate the pipes that experience continuous and 

intermittent sedimentation, respectively, under both controls. As expected, these pipes are 

mostly located at the extremities of the system (in particular pipes with continuous 

sedimentation in Figure 4.3(d)) and are related to the naturally-created dead ends (areas 

insensitive to the valve settings) or the DMA-induced dead ends created by the BVs 

between the case study network and adjacent DMAs. An improvement to the control 

framework is proposed in section 4.7.2 to address the discolouration risk resulted from 

these boundary valves. Finally, Figure 4.3(f) shows the pipes that experience no 

sedimentation under both controls. These pipes are mostly located on the main routes 

transferring water from the DMA inlets towards the BVs between the two DMAs. 
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Figure 4.3 Location of the pipes experiencing change or remain in the risk categories 
(red coloured) under control 5 compared to control 1 – a) 1 to 3, b) 2 to 3, c) 1 to 2, d) 

remain in 1, e) remain in 2, and f) remain in 3 

Although, these pipes represent no discolouration risk from the sedimentation point 

of view but there are still risks associated with the detachment of cohesive layers which 

were recognised as an important discolouration mechanism in chapter 3. Therefore, the 

absolute value of the maximum diurnal velocity above the self-cleaning threshold is 

important for further reduction in the discolouration potential of the pipes. Distribution of 

the flow velocity of the pipes with the velocity magnitude above or equal 0.2m/s is shown in 

Figure 4.4. As clearly seen, pipes achieve greater velocities under control 5. This is important 

from discolouration risk management perspective as these pipes are located upstream 

within the DMAs and discolouration incidents originating from these pipes can have 

substantial consequences due to the propagation impact. 
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Figure 4.4 Distribution of the pipes with maximum diurnal velocity equal or greater 
than 0.2m/s – 1) control 1 2) control 5 

4.7.1 Impact of cleaning controls on other system performance indicators 

In this section, the impact of the control scenarios on other network KPIs including 

water age and pressure is assessed. 

4.7.1.1 Water age 

To set the initial conditions required for comparing the water age performance of 

control scenarios, initial age of water was set to zero at all the nodes and simulation was run 

for 3 days under control 1 to reach steady-state conditions. The final age of water at each 

node after 3 days was then used as the initial conditions in a 28-day water age simulations 

under other control scenarios to capture the long-term impact of the dynamic 

reconfiguration. The simulations were carried out by using the EPANET-Matlab class (Eliades 

et al. 2016). Two measures were used to compare the water age performance of the system 

under different controls: the extent of dead-end-like conditions and the distribution of the 

nodal water age. 

There is no universally-accepted water age threshold indicative of an acceptable 

quality of water. In this study 72 hours was required for the nodal water age to reach 

steady-state under control 1. Therefore, this value was selected as the threshold to 
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distinguish dead-end-like nodes (i.e. the nodes with water age equal or greater than 72 

hours). The nodes were further categorised into demand and non-demand nodes. 

Performance of the system under each control based on these categories is shown in Table 

4.4. As seen, LM controls significantly outperforms the DM controls. Control 1 and control 5 

result in the least and the most number of dead-end nodes, respectively. 

Table 4.4 Number of dead-end-like and non-dead-end-like nodes under different 
control scenarios 

Network 
control 

Dead-end  
nodes  

Non-dead-
end nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Control 1 751 1557 106 711 

Control 2 844 1464 150 667 

Control 3 1336 972 491 326 

Control 4 1299 1009 253 564 

Control 5 1556 752 432 385 

 

 

Figure 4.5 Distribution of nodal water age for different control scenarios a) all nodes 
b) non-dead-end nodes 
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Figure 4.5 shows the distribution of the nodal water age (24-hr average during the 

last day of the simulation) for all the nodes and non-dead-end nodes at the system level. 

Comparing the performance of the controls 5 and 1 suggests that not only the number of 

dead-end nodes (both all nodes and demand nodes categories) increased (see Table 4.4) but 

also the average and maximum of the mean water age of the non-dead-end nodes at the 

system level (see Figure 4.5(b)). 

4.7.1.2 Pressure 

 

Figure 4.6 Distribution of the 24-hr average nodal pressure – a) DMA 1 b) DMA 2 c) 
entire system 

Reducing the risk of discoloration requires an increase in flow velocity which implies 

an increase in the head loss. Thus, a greater pressure is required at the DMA inlets to 

compensate for the additional head loss. To evaluate the impact of the additional head at 

the inlets on the pressure of the system, distribution of the nodal pressure (24-hr average) 

at the system and DMA levels under different control scenarios is shown in Figure 4.6. As 

seen, cleaning DMA 1 leads to 14.5m increase in the average pressure within the DMA 

Pressure (m) Pressure (m) Pressure (m) 
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(Figure 4.6(a)) and cleaning DMA 2 leads to 5.6m increase in the average pressure within 

the DMA (Figure 4.6(b)). At the system level (Figure 4.6(c)), cleaning DMA 1 and DMA 2 

leads to an increase of 8.9m and 3.9m, respectively. 

4.7.2 Enhancement in the extent of cleaning – ‘All-inlet’ control 

Table 4.5 presents the changes in the risk category of the pipes in the all-inlet 

control compared to control 1. After 17 days, 22583.7m of the pipes (39.7% of total pipe 

length) experience a reduction in discolouration risk and there is no pipes with an increase 

in risk. Also, an additional length of 19276.8m of pipes can reach self-cleaning conditions 

under all-inlet control. This represent 33.9% of the total pipe length in the network. In 

comparing to control 5, the all-inlet control achieved risk reduction in a further 15599m of 

pipes. 

Table 4.5 Changes in risk category of pipes – all-inlets control compared to control 1 

Risk category change Pipe length (m) 

 
Improvement 

1 to 2 3306.9 

1 to 3 9855.1 

2 to 3 9421.7 

 
Degradation 

2 to 1 0 

3 to 1 0 

3 to 2 0 

 
Neutral 

Remain in 1 11777.6 

Remain in 2 6821.1 

Remain in 3 15655.9 

 

Figure 4.7 shows the spatial distribution of pipes associated with changes in the risk 

categories presented in Table 4.5. Comparing Figures 4.7(a), 4.7(b) and 4.7(c) with 4.3(a), 

4.3(b) and 4.3(c) illustrates the additional improvements that can be achieved by using all 

the inlets relative to the two inlets in control 5. In contrast to control 5 where the reduction 

in discolouration potential occurs mostly in DMA 2, all-inlet control influence both DMAs. 

Significant reduction in the length of pipes experiencing sedimentation can be observed by 

comparing Figures 4.3(d) and 4.3(e) with Figures 4.7(d) and 4.7(e). These are mostly located 
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around the BVs between the two DMAs and in the vicinity of other BVs (in common with 

neighbouring DMAs) which under all-inlet control they act as new inlets to the area. 

 

Figure 4.7 Location of pipes experiencing change or remain in the risk categories 
(red-coloured) under all-inlet control compared to control 1 – a) 1 to 3, b) 2 to 3, c) 1 to 2, d) 

remain in 1, e) remain in 2, and f) remain in 3 

Figure 4.7(f) shows the pipes that at least once experience a maximum diurnal 

velocity of equal or above 0.2m/s under controls 1 and all-inlet. As discussed earlier, not 

only experiencing this threshold is important but also the increase in flow velocity above 

this threshold. In Figure 4.8 the distribution of the flow velocity for the pipes that meet this 

condition is plotted. The substantial increase under all-inlet control is clearly observed in 

comparison to controls 5 and 1.  
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Figure 4.8 Distribution of pipes with maximum diurnal velocity equal or greater than 
0.2m/s – 1) control 1 2) control 5 3) All-inlet control 

4.7.3 Impact of all-inlet control on other system performance indicators 

4.7.3.1 Water age 

To simulate the water age performance under all-inlet control, the similar initial 

conditions as explained in section 4.7.1.1 was used and simulation was run for 17 days and 

34 days where the network reconfiguration occurs twice per day: once LM to DM at 4am 

and then DM to LM at 12am. As seen in Table 4.6, the all-inlet control results in significant 

increase in the number of dead-end nodes which represents the worst performance 

amongst all controls. 

This could be attributed to the high water age at some of the inlets (see Table 4.1). 

Some inlets have an average age above or very close to the threshold considered in this 

study to identify dead-end-like nodes (72 hours). When these inlets are open they introduce 

significantly high water age into the system which can result in an increase in the number of 

dead-end-like nodes. 
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Table 4.6 Number of dead-end and non-dead-end nodes under different controls 

Network 
control 

Dead-end  
nodes  

Non-dead-
end nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Control 1 751 1557 106 711 

Control 2 844 1464 150 667 

Control 5 1556 752 432 385 

All-inlet control 
(17 days) 

1925 383 704 113 

All-inlet control 
(34 days) 

1927 381 704 113 

 

4.7.3.2 Pressure 

 

Figure 4.9 Distribution of the average nodal pressure at the system level - – 1) 
control 1 2) control 5 3) All-inlet control 

Distribution of the average nodal pressure at the system level is shown in Figure 4.9. 

As illustrated, control 5 and all-inlet control represent almost the same performance and 

they both result in an increase in the average pressure of the system from 40.9m in control 

1 to 47.3m and 46.5m, respectively. The average pressure for each node was calculated 
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over the specific control horizon of each control scenario which are as follows: control 1 (24 

hours), control 5 (48 hours) and all-inlet control (17 days). 

4.7.4 Alleviating the impact on water age and pressure 

As explained earlier, one hydraulic time step (15 minutes) should be sufficient to 

expose each pipe to cleaning conditions. Therefore, an investigation was carried out to 

identify at which time steps and under which configurations the maximum velocity of each 

pipe occurs so that reconfiguration of the system to be limited to these time steps only 

rather than keeping the reconfigured network for 20 hours. For each time step, if the 

maximum velocity of at least one pipe was equal or greater than 0.2m/s the time step and 

the configuration number were recorded. This yielded 1108 pipes which represents 58.9% 

of the total pipes in the network. It was observed that for most configurations the cleaning 

conditions occur at the peak demand times (i.e. time steps 27, 80, and 81) but there were 

other time steps for some of the configurations as well (e.g. time steps 22, 30, 46, 47, 39, 

and 90). 

4.7.4.1 Water age 

To evaluate the impact on water age, simulations were run where one day was 

allocated to each configuration and the reconfiguration of the network occured only at the 

identified time steps (i.e. in other time steps network configuration switches back to control 

1). As an example,  the first three days are as follows: in the first day (starting from 12am), 

control 1 is implemented the entire day; in the second day, configuration 1 is in place until 

time step 26, network is reconfigured to configuration 3 only at time step 27 and then back 

to configuration 1 for rest of the day; in the third day, configuration 1 is in place until time 

step 26, network is reconfigured to configuration 4 at time steps 27 and then back to 

configuration 1 up to time step 79, and at time step 80 it is reconfigured to configuration 4 

and then back to configuration 1 for the rest of the day and so on. 

Simulations were run for 17 days and 34 days and a significant reduction in the 

number of dead-end-like nodes to 880 and 882 was observed, respectively. This represents 

a significant reduction in the number of dead-end nodes compared to the scenario where 

each configuration was in place for 20 hours each day (1909 dead-end-like nodes). 
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Sensitivity analysis was performed to assess the impact of reducing the inlet water age at all 

the inlets to 10 hours on the water age performance of the all-inlet control. This only 

resulted in a negligible reduction in the number of dead-end-like nodes to 863 and 852 in 17 

days and 34 days, respectively. The system is sensitive to the cleaning/reconfiguration 

duration and that the impact of inlet’s water age on the performance is negligible. 

4.7.4.2 Pressure 

Distribution of the average nodal pressure at the system level for control 1, 5, all-

inlet and the all-inlet with the selected time step is shown in Figure 4.10.  

 

Figure 4.10 Distribution of the average nodal pressure at the system level – 1) 
control 1 2) control 5 3) All-inlet control 4) All-inlet control (selected time steps) 

 

As seen, restricting the cleaning periods only to the identified time steps is 

successful in maintaining the average nodal pressure of the system. All-inlet control with 

selected time steps results in only 0.2m increase in average pressure of the system 

compared to control 1. 
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4.7.5 Sensitivity analysis - impact of inlet water age on the all-inlet 

control 

A sensitivity analysis was carried out to evaluate the impact of water age at the 

inlets on the performance of the control and water age behaviour of the network. Water 

age at all of the inlets was set to 10 hours and 5 hours and simulations were run for 17 days 

(one control cycle). As seen in Table 4.7, reducing the inlet water age results in a reduction 

in the number of dead-end nodes. However, there is still a significant increase in the 

number of these nodes compared to traditional LM control. This implies that in addition to 

the inlet water age, another mechanism contributes into the increase in the number of 

dead-end nodes. This can be attributed to the impact of switching the inlets and can result 

in pockets of water moving forward and backward in the system which in turn result in 

aging the water. Table 4.8 presents the result of the same sensitivity analysis for control 5 

where the water age at the original inlets of the DMAs were reduced to 5 hours. As seen, 

this has only led to negligible decrease in the number of dead-end nodes and the number of 

dead-end nodes with demand is constant. 

 

Table 4.7 Impact of inlet water age on the water age behaviour of the network after 
cleaning (all-inlet control) 

Inlet water age (hrs) Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end 
nodes with 

demand 

Non-dead-end 
nodes with 

demand  

Original water age at 
inlets (17 days 

simulation) 

1925 383 704 113 

Water age reduced to 
10 hours at all inlets 
(17 days simulation) 

1837 471 658 159 

Water age reduced to 
5 hours at all inlets 

(17 days simulation) 

1816 492 643 174 
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Table 4.8 Impact of the sequence of reconfiguration scenarios related to control 5 on 
the water age behaviour of network 

Sequence of 
reconfigurations 

Inlet water 
age 

Dead-end  
nodes  

Non-dead-
end nodes  

Dead-end 
nodes with 

demand 

Non-dead-end 
nodes with 

demand  

Control 3 then 
control 4 

Original 1558 750 432 385 

Control 3 then 
control 4 

Both inlets 
reduced to 

5 hours 

1554 754 432 385 

 

4.7.6 Sensitivity analysis - impact of the sequence of cleaning and inlet 

water age 

In this section, the impact of the sequence of implementation of the reconfiguration 

scenarios (i.e. changing inlets) on the final water age behaviour of the network is 

investigated. In the section 4.7.5, the original inlets of DMA1 and DMA2 were active in the 

first two days followed by alternating the inlet of DMA1 in the next 8 days whilst keeping 

the original inlet of DMA2 active and then alternating the inlet of DMA2 in the next 7 days 

whilst keeping the original inlet of DMA1 active. In the new sequence in this section, the 

new inlet alternates between DMA1 and DMA2. For example, after the first two days where 

the original inlets of both DMAs are active, on the 3rd day inlet1 of DMA1 is active, on the 4th 

day inlet 1 of DMA2, on the 5th day inlet2 of DMA1, on the 6th day inlet 2 of DMA2 and so 

on.  

Comparing the results in Tables 4.7 and 4.9 shows that the new sequence of inlet 

operation in this section results in elevated number of dead-end nodes. However, the 

system appears to be more sensitive to the water age at the inlets under the new sequence.  

As seen, reducing the water ages at the inlet to 10 halves the number of dead-end demand 

nodes. 
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Table 4.9 Impact of the sequence of reconfiguration scenarios and inlet water age on 
the water age behaviour of network after all-inlet cleaning 

 
Inlet water age (hrs) 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end 
nodes with 

demand 

Non-dead-end 
nodes with 

demand  

Original water age at 
inlets (17 days 

simulation) 

2183 125 800 17 

Water age reduced to 
10 hours at all inlets 
(17 days simulation) 

1579 729 430 387 

Water age reduced to 
5 hours at all inlets (17 

days simulation) 

1573 735 430 387 

4.7.7 Sensitivity analysis - number of controlled boundary valves 

DMA topology imposes a substantial number of kept-shut boundary valves to the 

networks. Exploitation of all boundary valves for water quality management may not be 

economically justified as converting the current manually-operated valves to remotely-

controlled incurs capital and operational costs that may not be offset by the provided 

benefits. In addition, the deteriorating impact of the boundary valves in the permanently 

closed position on the water quality behaviour of the network and likelihood of 

discolouration would not be the same. Furthermore, the potential benefit of the boundary 

valves in terms of generating the desired cleaning conditions within the DMAs can be 

different. A sensitivity analysis was carried out to investigate the cleaning benefits that can 

be achieved by different number and combination of remotely-controlled boundary valves 

(see Table 4.10). 

In scenarios 1 to 6, DMA1 was subject to cleaning and in scenarios 7 to 12, DMA2. In 

scenario 1 to 3 and 7 to 9, 1 BV was only remotely-controlled (i.e. fully open during non-

leakage-monitoring times) and the other two BVs remained closed all the time. In scenarios 

4 to 6 and 10 to 12, 2 BVs are remotely-controlled (i.e. fully open during non-leakage-

monitoring times) and 1 BV remained closed all the time. Cleaning is implemented from 

4am to 12am and the sum of maximum diurnal velocity of all the pipes is used to compare 
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the performance of control scenarios in cleaning the pipes. Overall, all the scenarios related 

to cleaning DMA2 result in a cleaner system except scenario 9 which in fact represents the 

greatest risk of discolouration amongst all scenarios. Comparing the scenarios for cleaning 

DMA1 shows that combination of 2 valves (BVs 1 and 3) results in the least risk of 

discolouration. However, scenarios with the 2BVs do not necessarily result in a cleaner 

system compared to scenarios with 1 open BV.  This observation is also applicable for 

scenarios related to DMA2. 

Table 4.10 Impact of the number and location of open boundary valves on cleaning 

Scenarios Sum of max 
velocity 

Inlet 
DMA 1 

Inlet 
DMA 2 

BV1 BV2 BV3 DMA subject 
to cleaning 

Scenario 
1 

395.5 Control Control Fully 
open 

Kept-
shut 

Kept-
shut 

DMA 1 

Scenario 
2 

373.9 Control Control Kept-
shut 

Fully 
open 

Kept-
shut 

DMA 1 

Scenario 
3 

395.9 Control Control Kept-
shut 

Kept-
shut 

Fully 
open 

DMA 1 

Scenario 
4 

395.5 Control Control Fully 
open 

Fully 
open 

Kept-
shut 

DMA 1 

Scenario 
5 

407.9 Control Control Fully 
open 

Kept-
shut 

Fully 
open 

DMA 1 

Scenario 
6 

377.0 Control Control Kept-
shut 

Fully 
open 

Fully 
open 

DMA 1 

Scenario 
7 

477.4 Control Control Fully 
open 

Kept-
shut 

Kept-
shut 

DMA 2 

Scenario 
8 

410.8 Control Control Kept-
shut 

Fully 
open 

Kept-
shut 

DMA 2 

Scenario 
9 

367.4 Control Control Kept-
shut 

Kept-
shut 

Fully 
open 

DMA 2 

Scenario 
10 

495.7 Control Control Fully 
open 

Fully 
open 

Kept-
shut 

DMA 2 

Scenario 
11 

507.8 Control Control Fully 
open 

Kept-
shut 

Fully 
open 

DMA 2 

Scenario 
12 

431.5 Control Control Kept-
shut 

Fully 
open 

Fully 
open 

DMA 2 

 

Another sensitivity analysis was carried out to compare the performance of the 

control algorithm in following two scenarios:  

 One pipe is only subject to cleaning conditions 
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 All pipes in one DMA are subject to cleaning conditions 

Results of the analysis showed that in the single pipe formulation, pipes can achieve 

their potential maximum cleaning velocity. Whereas, in all pipe formulation, some pipes 

may achieve their potential maximum cleaning velocity but some may not achieve their 

maximum velocity as in the case of single pipe formulation. It was also observed that forcing 

to maximise the flow in a particular pipe may result in the sum of maximum velocity of pipes 

throughout the system to drop. However, as cleaning is carried out in one hydraulic time 

step, the adverse impact would be negligible as the duration is not long enough to allow for 

any settlement and sedimentation to occur. It is noted that in single pipe formulation the 

problem becomes intractable so all-pipe formulation at the DMA level is recommended. The 

individual or group pipe formulation can be beneficial in addressing the localised issues (e.g. 

customers with chronic discolouration issues) within the DMAs. 

4.8 Conclusions 

Increasingly stringent regulations and emphasis on the customer satisfaction urges 

water companies to reduce the likelihood of discolouration incidents. This chapter presents 

a novel control framework for the DMA-based networks that enables water companies to 

reduce the discolouration potential in the WSNs without significantly compromising the 

pressure and water age performance of the system. To the best knowledge of the author, 

discolouration management has not been considered in the operational 

optimisation/control methodologies proposed for WSNs to date. 

The control framework was applied to an operational case-study network and its 

benefits in terms of reducing the likelihood of sedimentation and cleaning/conditioning of 

cohesive layers were quantified. 8 cleaning indicators were defined to assess the level of 

cleaning of networks and compare the performance of the cleaning controls with the 

controls proposed for leakage management. Results of the study showed that reduction in 

the likelihood of discolouration can be achieved by adjusting the heads at the original inlets 

of the DMAs and opening the boundary valves. Further enhancement in cleaning can be 

provided by exploiting the DMA boundary valves shared with neighbouring DMAs as 

potential inlets. By limiting the cleaning periods to specific times of the day, identified by 
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the length of pipes that reach their maximum velocity (usually peak demand times), the 

impact of the cleaning control on the pressure (average over the control horizon) and water 

age (number of dead-end-like nodes) of the network can be significantly alleviated (almost 

eliminated). Depending on the number and location of the BVs that are used in the control 

framework different areas of the network can be targeted for cleaning and different levels 

of cleaning can be achieved. The control framework proposed in this study allows water 

companies to shrink the size of DMAs to enhance leakage management as the deteriorating 

water quality impacts of the DMA boundary valves, around the boundary valves and within 

the DMAs, can be frequently addressed by aggregating the DMAs and regulating the PRV 

inlet settings. 
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5 Dynamically reconfigurable district metered areas for 

biofilm cleaning and discolouration management  

5.1 Introduction 

The control methodology proposed in Chapter 4 aimed at cleaning gravitationally-

induced sediments and the so-called cohesive layers (PODDS approach) by flow 

maximisation. This chapter proposes a control methodology for biofilm removal for 

discolouration and water quality management. An effective biofilm detachment requires a 

pre-cleaning flow conditioning stage for reducing the strength of adherence of biofilms to 

the pipe wall and then flow reversal for detachment. To the best knowledge of the author, 

biofilm cleaning has never been the objective of any operational controls proposed for 

WSNs. 

Discolouration incidents are frequently attributed to the occurrence of flow reversal 

resulted from valve operations, pipe bursts, and valve/pump malfunctioning. As discussed in 

chapter 2, the morphology of biofilms formed under turbulent flow conditions is an 

indication of their vulnerability to the flow in the reverse direction compared to the 

direction under which they are grown. Thus, intentional and regular application of 

controlled flow reversal can be an effective measure to enhance the level of pipe cleaning. 

Furthermore, based on the fact that the cohesive strength of biofilms is a function of recent 

hydraulic conditions, a flow conditioning stage before cleaning can be applied to reduce the 

cohesive strength of biofilms and enhance the level of cleaning. This chapter proposes a 

two-stage control methodology for biofilm cleaning in DMA-based networks. The control 

consists of two optimisation problems: i) a pre-cleaning flow conditioning stage and ii) 

generating flow reversal for effective cleaning. This is carried out in the context of DMAs 

with dynamic boundary that was explained in section 3.6. In the next section, a brief review 

of the scientific findings on biofilms including morphology and adaptation characteristics is 

presented and the correlation with the hydraulic conditions is discussed. This is then used to 

formulate and solve the optimisation problems and propose some indicators for assessing 
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the level of biofilm cleaning in sections 5.3 to 5.6.  The proposed controls are applied to an 

operational case study network in the UK and its success and limitations are identified.  

5.2 Biofilm cleaning – Scientific background 

Flow reversal is a suitable disturbance mechanism to enhance the level of pipe 

cleaning due to increased level of shear stress. Occurrence of irregular and uncontrolled 

flow reversal due to operational activities such as changing the settings of control elements 

(valves and pumps), pipe bursts or stochastic change in customer demand is known to be a 

major cause of discolouration incidents. Scientific studies on the physical impact of flow 

reversal on the detachment of accumulated layers on the pipe wall or re-suspension of 

sediments in the pipe invert are limited. A study by Ahn et al. (2011) showed that flushing in 

the reverse direction causes a significant increase in total suspended solid (TSS) 

concentration and it is a successful means to enhance the cleaning even when implemented 

immediately after flushing in the normal direction. This can be attributed to the adaptation 

of sediment and cohesive layers to the direction of flow, the ability of biofilms to adjust 

their 3-D shape and structure in response to hydraulic forces, and also the accumulations 

and biofilms which are sheltered by the corrosion scales.  

Biofilms grown under turbulent flow and greater shear conditions are characterised 

with a streamlined wavy structure compared to biofilms grown under lower shear 

conditions (Kwok et al. 1998, Stoodley et al. 1999a). The ripple-like and streamlined 

structure of biofilms may be an indication of the importance of flow reversal in exerting a 

greater detachment force on the biofilm surface facilitating the biofilm removal at lower 

flow velocities. Horn et al. (2003) reported the effectiveness of flow reversal in applying 

additional stress to the biofilms. This is supported by the study by Ahn et al. (2011) who 

observed a high positive correlation between the elevated TSS and heterotrophic plate 

count in reverse flushing trials (R2=0.9). Gillham et al. (2000) observed the effectiveness of 

the localised flow reversal generated during flow pulsation in removing biofilms from pipe 

walls in the food industry. This was attributed to the increased vortex shedding, local shear 

stress and stress reversal. 
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With respect to the duration of the cleaning, flushing trials showed that maximum 

turbidity occurs 5-10 minutes after the commencement of flushing and Vreeburg (2007) 

suggested 15 minutes to be sufficient in the assessment of the discolouration potential of 

the pipes. 15 minutes has also been suggested by Husband and Boxall (2015). This coincides 

with the 18 minutes suggested for biofilm detachment based on the analysis of different 

types of biofilms (Shaw et al. 2004). As hydraulic models are commonly calibrated for 15-

min customer demand thus, application of cleaning condition for one hydraulic time step is 

considered sufficient to achieve an acceptable level of detachment of the cohesive layers. 

Effectiveness of flow reversal in cleaning the pipes depends on the magnitude of 

flow during the reversal and the strength, shape and thickness of accumulations at the time 

of the flow reversal (i.e. cleaning):  

 Greater flow magnitude during the flow reversal indicates a greater disturbing force. 

In addition, at greater velocities the thickness of the boundary layer between the 

flow and pipe wall decreases and as a result, accumulated layers on the pipe wall 

will be more exposed to the disturbing force which can result in an enhanced 

cleaning. 

 Biofilms formed under turbulent flow was reported to have ripple-like streamlined 

shape that will increase the detachment force on biofilms during flow reversal.  

 Greater thickness of the accumulations implies a greater exposure to the disturbing 

force therefore, an enhanced cleaning. 

 Biofilms formed under lower flow rate are less strong and more susceptible for 

removal during disturbance. 

Engineering the biofilm properties (increasing the thickness and reducing the 

cohesive strength) to achieve an enhanced cleaning is called pre-cleaning flow conditioning 

in this study. Biofilms are characterised as viscoelastic materials (Stoodley et al. 2002, Shaw 

et al. 2004, Rupp et al. 2005) that are able to adapt to different hydrodynamic conditions by 

adjusting their structure, morphology and mechanical properties (Choi and Morgenroth 

2003, Leon Ohl et al. 2004, Stoodley 1999). Effective cleaning of biofilms is a function of 
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hydraulic forces under which they grow (this determines its composition and strength) and 

the disturbing hydraulic conditions, which determines the cleaning force. This indicates the 

significance of diurnal and quasi-steady flow profile of the pipes which represents the 

growth conditions. Choi and Morgenroth (2003) observed that biofilm strength is a function 

of the hydraulic conditions during the last 12 hours before being exposed to the disturbing 

force/cleaning condition. Although, in their study biofilms were exposed to a steady-state 

flow, which is different from quasi-steady diurnal flow in WSNs, but it affirmed the 

dependency of biofilm strength on immediate growth conditions. With respect to the 

magnitude of cleaning force, except the bottom layer of biofilms (basal layer) which is 

attached to the pipe and was observed to resist shear stress of up to 13Pa, significant 

proportion of biofilms grown under 0.01-0.3 Pa was suggested to be removed when 

experiencing 2Pa shear stress (Derlon et al. 2008). A study by Paul (2012), confirmed the 

2pa detachment threshold but basal layer was found to be resistant to 37Pa. 

From the presented summary of the scientific findings it is clear that quantifying the 

details and specifications of the diurnal flow profile for pre-cleaning flow conditioning and 

effective biofilm cleaning is not yet certain and findings are mainly qualitative. Below are 

the findings that are known with an acceptable degree of certainty: 

 Increasing the flow rate in the reverse direction is effective in cleaning the biofilms 

and the enhancement in cleaning sediments and the so called ‘cohesive layers’. This 

is the basis for defining the objective function of flow reversal control in section 5.4. 

 There is a positive relationship between the flow rate magnitude and cohesive 

strength of biofilms, therefore, to reduce the strength flow-in-pipe needs to be 

minimised. This is the basis for defining the objective function of the flow 

conditioning control in section 5.5. 

This lack of knowledge in literature is reflected in defining the indicators for the 

assessment of biofilm cleaning. 11 indicators have been defined to investigate the impact of 

various durations of the ‘recent hydraulic conditions’ (previous time step, last 12 hours, and 

last 24 hours) on the level of biofilm cleaning. In addition, in some indicators the flow 

velocity of 0.2m/s, which is the self-cleaning threshold for cleaning gravitationally-induced 
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sediments, is considered as the minimum flow velocity required during the cleaning. Finally, 

since the cleaning is carried out after LM therefore the maximum diurnal flow velocity 

during the LM might have an impact on the strength of biofilms and cleaning therefore, in 

some of the indicators this is taken into account. 

5.3 Indicators for the assessment of the level of biofilm 

cleaning 

11 indicators to compare the level of enhanced pipe cleaning and biofilm cleaning 

(i.e. discolouration potential) at the pipe level are as follows: 

 Indicator 1: absolute magnitude of flow velocity during flow reversal equal or 

greater than 0.2m/s. 

 Indicator 2: absolute magnitude of flow velocity during reversal equal or greater 

than 0.2m/s & magnitude of flow reversal greater than maximum diurnal velocity 

under traditional LM. 

 Indicator 3: ratio of flow velocity during reversal to flow velocity in previous time 

step equal or greater than 1.5. 

  Indicator 4: ratio of flow velocity during reversal to flow velocity in previous time 

step equal or greater than 1.5 & magnitude of flow reversal greater than maximum 

diurnal velocity under traditional LM. 

 Indicator 5: ratio of flow velocity during reversal to flow velocity in previous time 

step equal or greater than 1.5 & magnitude of flow reversal greater than maximum 

diurnal velocity under traditional LM & absolute magnitude of flow velocity during 

reversal equal or greater than 0.2m/s. 

 Indicator 6: ratio of flow velocity during reversal to the average flow velocity during 

previous 12 hours equal or greater than 1.5. 
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 Indicator 7: ratio of flow velocity during reversal to the average flow velocity during 

previous 12 hours equal or greater than 1.5 & magnitude of flow reversal greater 

than maximum diurnal velocity under traditional LM. 

 Indicator 8: ratio of flow velocity during reversal to the average flow velocity during 

previous 12 hours equal or greater than 1.5 & magnitude of flow reversal greater 

than maximum diurnal velocity under traditional LM & absolute magnitude of flow 

velocity during reversal equal or greater than 0.2m/s. 

 Indicator 9: ratio of flow velocity during reversal to the average flow velocity during 

previous 24 hours equal or greater than 1.5. 

 Indicator 10: ratio of flow velocity during reversal to the average flow velocity during 

previous 24 hours equal or greater than 1.5 & magnitude of flow reversal greater 

than maximum diurnal velocity under traditional LM. 

 Indicator 11: ratio of flow velocity during reversal to the average flow velocity during 

previous 24 hours equal or greater than 1.5 & magnitude of flow reversal greater 

than maximum diurnal velocity under traditional LM & absolute magnitude of flow 

velocity during reversal equal or greater than 0.2m/s. 

5.4 Control problem formulation – Flow reversal 

The objective function of the flow reversal control is defined as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 ∑ 𝑘𝑖
𝑡 𝑄𝑖

𝑡

𝑁𝑃

𝑖=1

          (5.1) 

In which, NP is the number of pipes in a DMA, k is the sign coefficient and Q is the 

pipe flow rate. At each time step (t), flow distribution is known from the leakage 

management, thus following condition is applied to maximise the flow rate in the pipes in 

the reverse direction in the next time step (t+1): 

{
𝑘𝑖

𝑡 = +1            𝑄𝑖
𝑡−1 > 0 

𝑘𝑖
𝑡 = −1            𝑄𝑖

𝑡−1 < 0
          (5.2) 
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The optimisation is performed for each steady-state hydraulic time step (15 

minutes) and total duration of 20 hours (i.e. non-leakage monitoring times, 4am to 12am).  

The control aims at generating flow reversal in the pipes in a DMA by adjusting the setting 

of PRVs at the DMA inlets subject to the system and operational constraints presented in 

section 4.4. 

5.5 Control problem formulation – Pre-cleaning flow 

conditioning 

The objective function of the flow conditioning control is defined as the 

minimisation of the norm 2 of pipes flow rates at each time step (t) as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 ‖𝑄‖2          (5.3) 

The control aims at minimising the pipe flow rates in a DMA by adjusting the setting 

of PRVs at the DMA inlets subject to the system and operational constraints presented in 

section 4.4. The optimisation is performed for each steady state hydraulic time step (15 

minutes) and for the total duration of 20 hours (i.e. non-leakage monitoring times; 4am to 

12am). 

5.6 Control problems solution 

The problem is solved by the sequential convex programming which is an iterative 

simulation-optimisation method proposed by Wright et al. (2015). This method consists of 

two main steps: (i) first linearsing the nonlinear term (flow-head loss relationship in pipes) 

by fixing  and solving the system constraints by Newton-Raphson method, (ii) and second, 

solving the resulting optimisation problem subject to linear and bound constraints by means 

of a solver. The objective function of the flow reversal formulation is linear therefore, the 

optimisation problem becomes a linear programming which is solved by interfacing the 

cplexlp algorithm developed by IBM with MATLAB. The objective function of the flow 

conditioning formulation is in the form of least squares problems therefore, it is solved by 

interfacing the cplexlsqlin algorithm developed by IBM with MATLAB. 
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5.7 Case study network and control scenarios 

The case study network used is the same as in Chapters 4 (see section 4.6 for 

details). It is subject to different controls and the performance of the system in terms of the 

level of biofilm cleaning (i.e. discolouration potential) is compared. The controls that are 

examined include: 

 Leakage management control - static boundary (LMC-SB) (control 1): this control 

aims at determining the setting of PRVs at the DMA inlets to minimise the sum of 

nodal heads in the entire system at each hydraulic time step (15 minutes). 

 Leakage management control - dynamic boundary (LMC-DB) (control 2): this is 

similar to control 1 but BVs are open during the non-leakage monitoring times (4am-

12am) (Wright et al. 2015). 

 Discolouration risk management: this control aims at determining the setting of 

PRVs at the DMA inlets to generate flow reversal at each hydraulic time step (15 

minutes) as defined in section 5.4. 

Based on the extent of cleaning, the latter control is in turn classified into following 

three controls: 

 Discolouration risk management in DMA 1 (control 3): in the first 4 hours (12am-

4am) of a control cycle (24 hours) control 1 is implemented and then in the next 20 

hours the pipes in DMA 1 is exposed to flow reversal as defined in section 5.4. 

 Discolouration risk management in DMA 2 (control 4): in the first 4 hours (12am-

4am) of a control cycle (24 hours) control 1 is implemented and then in the next 20 

hours the pipes in DMA 2 is exposed to the flow reversal as defined in section 5.4. 

 Discolouration risk management in entire system (control 5): during a control cycle 

(48 hours) control 3 is implemented in the first 24 hours and control 4 in the next 24 

hours. 
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For flow reversal, the LMC-SB was coupled with the FRC control. Between 12am and 

4am, the LMC-SB, and between 4am and 12am, the FRC, is carried out at each sub-control 

interval. For the sign assignment in FRC, a full 24 hours LMC-SB was carried out and the flow 

directions in the pipes were recorded. The sign of flows at each time step (t-1) is then used 

for assigning the sign in the objective function of FRC at time step (t).For pre-cleaning flow 

conditioning, the control horizon was set to 24 hours with the sub-control intervals of 15 

minutes. Between 12am and 4am, the LMC-SB, and between 4am and 12am, the FCC, is 

carried out at each sub-control interval. The LMC-DB was only developed for the 

comparison of the performance with other controls explained above. The LMC-DB was 

shown to be an effective alternative to LMC-SB (Wright et al. 2015) so its performance in 

terms of water quality is compared. In all controls (except LMC-SB), to eliminate the 

deteriorating hydraulic conditions and increase the flow circulation at the DMA-induced 

dead ends (as concluded in chapter 3) boundary valves are all set to fully open and are not 

considered as decision variables. Decision variables are formulated as additional head loss 

at the inlet PRVs. 

Separate codes were developed to analyse the optimal flow and pressure results 

and obtain the values of the indicators defined in section 5.3. To determine the impact of 

flow conditioning on the level of cleaning, the results of LMC-SB, FCC, and FRC were 

combined. For example, to calculate the value of indicator 6 (the ratio of flow reversal to 

the average of flow rates during previous 12 hours) at 7am, the magnitude of flow at 7am 

under FRC is divided by the average of flow rates between 7am and 7pm previous day (flow 

rate magnitudes between 7pm and 12am are related to FCC, between 12am and 4am are 

related to LMC-SB, and between 4am and 7am are related to FCC). 

5.8 Results 

Table 5.1 presents the values of 11 indicators for the network control scenarios. 

Overall, it is observed that the flow reversal controls (controls 3, 4, and 5) are successful in 

increasing the length of pipes experiencing flow reversal. Despite the same leakage 

management objective, opening the BVs and multi-feed topology (control 2) increases the 

percentage of pipes experiencing flow reversal from 0.7% to 2.8% in comparison to control 
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1. Comparing flow reversal controls (FRC) show that control 4 outperforms control 3. This 

can be attributed to the layout of DMA 2 where hydraulic behaviour of a greater length of 

pipes is sensitive to the changes in BVs and inlet settings. Finally, control 5 which is the 

combination of controls 3 and 4 represents the best performance and the lowest 

discolouration potential. Figure 5.1 illustrates the spatial distribution of pipes that meet the 

criteria of indicators 1 to 11 under control 5 (i.e. the last row of Table 5.1). 

Table 5.1 Length of pipes in meter with flow reversal and the values of indicators at 
the system level for the network control scenarios 

Network control 1 2 3 4 5 

Pipes with flow reversal 3821.5 9833.2 9955.4 10942.7 16535.8 

Cleaning indicator 1 193.6 1391.3 4910.0 5031.3 7732.8 

Cleaning indicator 2 - 816.4 2547.0 4281.5 5698.8 

Cleaning indicator 3 3602.5 6287.4 7546.3 7109.8 10644.9 

Cleaning indicator 4 - 2044.2 2763.2 4668.7 5815.2 

Cleaning indicator 5 - 654.5 1953.6 3733.1 4595.1 

Cleaning indicator 6 2330.4 6121.4 6576.6 8083.3 10812.2 

Cleaning indicator 7 - 2044.2 2756.0 4917.3 6535.1 

Cleaning indicator 8 - 518.9 2294.1 3919.2 5483.2 

Cleaning indicator 9 2457.2 6036.2 6501.3 8090.1 10705.8 

Cleaning indicator 10 - 2044.2 2822.1 5077.5 6583.4 

Cleaning indicator 11 - 518.9 2424.2 4076.5 5627.0 

 

A more detailed comparison of the controls 1 and 5 are presented below to quantify 

the most benefits that FRC can provide relative to traditional LM control (LMC-SB). The 

comparison shows that under the LMC-SB only 0.7% of pipes experience flow reversal with 

velocity equal or greater than 0.2m/s (indicator 1) while under control 5 this percentage 

increases to 13.1%. Percentages related to other indicators are presented in Table 5.2.  
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Figure 5.1 Spatial distribution of pipes (red coloured) that meet the criteria of 
indicators 1 to 11 under control 5 – a to k represents indicators 1 to 11, respectively 

 

Table 5.2 Percentage of pipe length that meet indicators criteria and the level of 
improvement achieved under control 5 compared to control 1 

Network 
Control 

Percentage of pipes 
with flow reversal 

Cleaning indicators (percentage of pipes 
meet indictors criteria) 

1 3 6 9 

Control 1 5.4 0.7 5.1 3.7 3.8 

Control 5 25.6 13.1 16.5 18.1 18.0 

Improvement 20.2 12.4 11.4 14.4 14.2 

 



159 
 

 

Figure 5.2 Spatial distribution of pipes (red coloured) that meet the criteria of 
indicators 1, 3, 6, and 9 under controls 1 and 5 – a, b, c, and d are related to indicators 1, 3, 
6, and 9, respectively,  for control 1 and e, f, g, and h are related to indicators 1, 3, 6, and 9, 

respectively, for control 5 

Figure 5.2 shows the spatial distribution of the pipes related to indicators 1, 3, 6 and 

9 under controls 1 and 5. As seen, in Figures 5.2(a), 5.2(b), 5.2(c), and 5.2(d) only a small 

proportion of pipes (and only in DMA1) experience flow reversal. Implementation of the 

control 5 results in a significant increase in the length of pipes that meet the criteria of 

indicators 1, 3, 6, and 9. Significant reduction in the discolouration potential is primarily 

observed around the three BVs and also on the main routes from the DMA inlets towards 

the BVs. Some scattered cleaning can also be seen in the areas which are not on the main 

routes towards the boundaries (Figures 5.2(g) and 5.2(h)). 

Under both controls, assessment of cleaning based on the ratio of velocity 

(indicators 3, 6, and 9) rather than the absolute velocity of 0.2m/s (indicator 1) showed a 

cleaner system and a lower discolouration potential within the network. Based on the ratio-
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based indicators (indicators 3, 6, and 9), the indicators 6 and 9 show the same level of 

improvement and discolouration potential within the network (Figures 5.2(g) and 5.2(h)). 

Although indicator 3 shows a lower level of improvement but according to Figure 5.2(f), the 

cleaning front propagates further into DMA1. 

5.8.1 Impact of flow reversal control on other system performance 

indicators 

In this section, the impact of the network controls on water age and pressure is 

assessed. 

5.8.1.1 Water age 

The water age simulation and evaluation of the performance of the network was 

carried out based on the specifications explained in the section 4.7.1.1. Performance of the 

system under each control is presented in Table 5.3. As seen, leakage management controls 

(LMCs) significantly outperforms the discolouration management controls (DMCs). Control 1 

and control 5 result in the least and the most number of dead-end nodes, respectively.  

Table 5.3 Number of dead-end and non-dead-end nodes under different controls 

Network 
control 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Control 1 751 1557 106 711 

Control 2 844 1464 150 667 

Control 3 1299 1009 253 564 

Control 4 1336 972 491 326 

Control 5 1620 688 434 383  

 

Figure 5.3 shows the distribution of the nodal water age (24-hr average during the 

last day of the simulation) for all the nodes and non-dead-end nodes at the system level. 

Comparing the performance of the controls 5 and 1 suggests that not only the number of 

dead-end nodes increased (see Table 5.3) but also the average and maximum of the mean 

water age of the non-dead-end nodes at the system level. Figure 5.3(a) shows that LMCs 

(controls 1 and 2) increase the range of nodal water ages within the network but at the 
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same time represent the lowest average age within the network. This implies that 

approximately half of the nodes operate with very low water age while other nodes with 

significantly high water age. The maximum and average water age values of all the nodes for 

the control 2 are slightly lower than control 1 which indicates the benefits of opening the 

boundary valves to eliminate the dead ends. Long-term operation of control 3 leads to a 

water age distribution similar to LMCs (in particular control 2). This is because under control 

3, to impose flow reversal in DMA1, the network is mostly fed from DMA2 inlet. Since most 

of the nodes affected by the control valve settings are located in DMA2, thus, this 

configuration reduces the average water age of the system. On the other hand, long-term 

operation of controls 4 and 5 generates a more uniform distribution of water age within the 

system but with a greater average. 

An opposite behaviour is observed in Figure 5.3(b) where the long-term 

implementation of controls 4 and 5 results in lower average water age within the network. 

Control 5 widens the range of variations in water age values. It is noted that Figure 5.3(b) 

illustrates the distribution of water age only for non-dead end nodes (i.e. those with water 

age less than 72 hours) so the number of nodes that meet this condition is different under 

different controls. Comparing the Figure 4.5(a) in chapter 4 with Figure 5.3(a) in this chapter 

reveals that the water age performance of the network is the same under following 

scenarios: 

 Flow maximisation under control 3 and flow reversal under control 4 

 Flow maximisation under control 4 and flow reversal under control 3 

According to aforementioned observations related to controls 3 and 4, the impact of 

control 5 in chapter 4 is expected to be the same as the impact of control 5 in this chapter. 

However, the long-term implementation of control 5 under the flow maximisation scenario 

(Figure 4.5(a) in chapter 4) leads to a less average age and wider range of nodal water ages 

after 28 days compared to the implementation of control 5 under the flow reversal scenario 

(Figure 5.3(a) in this chapter). This implies that the order of implementation of the controls 

is important and can make a difference in the long-term performance of the network. In this 
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case increasing the flow at the DMA1 inlet and then DMA2 inlet results in a better 

performance than first increasing the flow in DMA2 inlet and then DMA1 inlet. 

 

Figure 5.3 Distribution of 24-hr average nodal water age for different controls a) all 
nodes, b) non-dead-end nodes 

5.8.1.2 Pressure 

Distribution of the 24-hr average nodal pressure under different controls at the 

system level is shown in Figure 5.4. The implementation of flow reversal in DMA2 (control 4 

in Figure 5.4(a)) results in an increase in the average and maximum pressure within DMA1. 

Similarly, implementation of flow reversal in DMA1 (control 3 in Figure 5.4(b)) results in an 

increase of approximately 10m in the average pressure within DMA2 but the maximum is 

still lower than controls 1 and 4. The increase in average pressure is because under the flow 

reversal scenario, the control algorithm tries to decrease the inflow of the DMA subject to 

flow reversal and compensate for this decrease by increasing the inflow from other DMA. At 

the system level (Figure 5.4(c)), implementation of flow reversal in DMA2 represents the 
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greatest increase in average pressure. This is related to the pressure increase in an area of 

DMA1 which has a low elevation. 

 

Figure 5.4 Distribution of 24-hr average nodal pressure under different controls – a) 
DMA 1, b) DMA 2, C) entire system 

5.8.2 Enhancement in the extent of cleaning - 'all-inlet’ control 

The similar control scenario (all-inlet control) as described in the section 4.6 is 

applied here. Figure 5.5 shows the spatial distribution of pipes related to each cleaning 

indicator. Comparing Figures 5.5 and 5.2 illustrates the significant improvements in cleaning 

that can be achieved by using all the potential inlets relative to control 5 where only the two 

original inlets of the DMA are used. Table 5.4 shows the additional cleaning that can be 

achieved compared to control 1 and 5 by the operation of all-inlet control. Furthermore, as 

shown in Figure 5.5, the cleaning is not only limited to the main routes and around 

boundary valves between the two DMAs but also the extremities of the network are 

exposed to the cleaning conditions. 

 

20

30

40

50

60

70

80

90

100

1 2 3 4
Netrowk control

P
re

s
s
u
re

 (
m

)

20

30

40

50

60

70

1 2 3 4
Netrowk control

P
re

s
s
u
re

 (
m

)

20

40

60

80

100

120

1 2 3 4
Netrowk control

P
re

s
s
u
re

 (
m

)

a b c 



164 
 

 

 

Table 5.4 Length of pipes in meter with flow reversal and the values of indicators at 
the system level for different network controls 

Network control 1 5 All-inlet 

Pipes with flow reversal 3821.5 16535.8 36174.4 

Cleaning indicator 1 193.6 7732.8 21007.8 

Cleaning indicator 2 - 5698.8 19082.3 

Cleaning indicator 3 3602.5 10644.9 27206.1 

Cleaning indicator 4 - 5815.2 21469.6 

Cleaning indicator 5 - 4595.1 14664.6 

Cleaning indicator 6 2330.4 10812.2 29546.5 

Cleaning indicator 7 - 6535.1 24303.9 

Cleaning indicator 8 - 5483.2 16920.3 

Cleaning indicator 9 2457.2 10705.8 31005.2 

Cleaning indicator 10 - 6583.4 25083.5 

Cleaning indicator 11 - 5627.0 17341.1 

 

An investigation was carried out to assess the level of cleaning (based on all 11 

indicators) achieved by each reconfigured network in each day that makes up the all-inlet 

control. Overall, the cleaning controls substantially increase the length of pipes for each 

cleaning indicator compared to the LMC-SB. The total length of pipes that experience flow 

reversal under LMC-DB, is almost equal to two cleaning controls scenarios: (i) where the two 

original inlets of DMAs are active, and (ii) where the combination of the inlet1 of DMA1 and 

original inlet of DMA2 are in operation. However, the length of pipes that meet the criteria of 

each cleaning indicator is always greater under the cleaning controls. This shows that although 

opening the BVs can simply cause flow reversal but a systematic control is required to regulate 

the flow reversal and achieve the desirable cleaning conditions. 
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Figure 5.5 Spatial distribution of pipes (red coloured) that meet the criteria of 
indicators 1 to 11 under all-inlet control – a to k represents indicators 1 to 11, respectively 

5.8.3 Impact of all-inlet flow reversal control on other system 

performance indicators 

5.8.3.1 Water age 

To simulate the water age performance under all-inlet control, the similar conditions 

as explained in section 4.7.1.1. As seen in Table 5.5, the all-inlet control results in significant 
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increase in the number of dead-end nodes compared to LMCs but represents a lower 

number in comparison to control 5. 

Table 5.5 Number of dead-end and non-dead-end nodes under different controls 

Network control Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Control 1 751 1557 106 711 

Control 2 844 1464 150 667 

Control 5 1620 688 434 383  

All-inlet control 
(17 days) 

1533 775 609 208 

All-inlet control 
(34 days) 

1533 775 609 208 

 

5.8.3.2 Pressure 

Distribution of the average nodal pressure at the system level is shown in Figure 5.6.  

 

Figure 5.6 Distribution of the average nodal pressure at the system level - – 1) 
control 1 2) control 5 3) All-inlet control 
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As illustrated, both control 5 and all-inlet control represent an increase in the 

average pressure of the network over the control horizon but the all-inlet control results in 

a less increase. 

5.8.4 Alleviating the adverse impact of flow reversal control on water age 

and pressure 

The similar hypothesis that was introduced in section 4.7.4 was also tested here. An 

investigation was carried out to identify at which time steps and under which configurations 

the maximum velocity in the reverse direction for each pipe occurs so that reconfiguration 

of the system can be limited to some selected time steps only rather than keeping the 

reconfigured network for the entire non-leakage monitoring duration of 20 hours (4am-

12am). The 20 hour flow reversal control was implemented for each reconfigured network 

and the time step and the configuration number were recorded for the cases where the 

maximum flow reversal velocities of at least 5 pipes or at least 10 pipes were equal or 

greater than 0.2m/s. For the former case, this resulted in 35 flow reversal time step (each 

15mintues) and a control cycle of 16 days (assuming one reconfiguration per day). For the 

latter case, this resulted in 22 flow reversal time steps (each 15mintues) and a control cycle 

of 14 days (assuming one reconfiguration per day). These specifications were used for the 

water age and pressure simulations below. 

5.8.4.1 Water age 

 As seen in Table 5.6, selected time steps significantly reduces the adverse impact of 

the all-inlet control on the water age of the network but it is still slightly greater than the 

best-performing control, control 1. Also, reduction in the flow reversal time steps (22 

compared to 35) and the control cycle (14 days compared to 16 days) was observed to 

result in a better performance. However, this leads to 8% reduction in the length of pipes 

that experience flow reversal.  
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Table 5.6 Number of dead-end and non-dead-end nodes under control 1, and all-inlet 
controls with and without selected time steps 

Network control Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Control 1 751 1557 106 711 

All-inlet control 
(17 days) 

1533 775 609 208 

All-inlet control-
selected time 

steps based on 5 
pipes (17 days) 

916 1392 220 597 

All-inlet control- 
selected time 

steps based on 10 
pipes (17 days) 

882 1426 197 620 

 

5.8.4.2 Pressure 

Mains burst have been frequently attributed to the pressure of the system 

(Germanopoulos and Jowitt 1989, Hrabovs’ kyi 2009). In this section, an analysis of the 

average diurnal pressure, maximum diurnal pressure, and diurnal variation (maximum 

minus minimum) is presented. Distribution of these variables  at the system level for 

controls 1, 5, all-inlet and the all-inlet with the selected time steps is shown in Figures 5.7, 

5.8, and 5.9. These Figures show that all-inlet control with selected time steps result in a 

similar performance in terms of the distribution of the average diurnal pressure. However, 

the maximum diurnal and diurnal variability were observed to increase for this control 

compared to the control 1. 
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Figure 5.7 Distribution of the average diurnal pressure of nodes at the system level – 
1) control 1 2) control 5 3) All-inlet control 4) All-inlet control (selected time steps) 

 

Figure 5.8 Distribution of the maximum diurnal pressure of nodes at the system level 
– 1) control 1 2) control 5 3) All-inlet control 4) All-inlet control (selected time steps) 
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Figure 5.9 Distribution of the diurnal variability in pressure of the nodes (maximum 
minus minimum) at the system level – 1) control 1 2) control 5 3) All-inlet control 4) All-inlet 

control (selected time steps) 

 

5.8.5 Pre-cleaning flow conditioning 

In this section the impact of the flow conditioning before the application of the flow 

reversal on the level of cleaning is assessed. The network is subject to flow conditioning for 

20 hours (from 4am to 12 am the day before the cleaning) which is then reconfigured for LM 

control at 12am and then reconfigured for generating flow reversal at 4am for another 20 

hours. Table 5.7 shows the impact of implementation of a pre-conditioning stage (flow 

minimisation) on increasing the length of pipes that satisfy the criteria of indicators 3, 6, and 

9.  It is seen that, control 5 which is a combination of controls 3 and 4 represent the lowest 

likelihood of discolouration. The impact of the pre-conditioning stage is more significant on 

indicator 3 than indicators 6 and 9. Under control 5 and based on indicator 3, 

implementation of the pre-conditioning stage increases the length of pipes by 3486.2m. 
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Table 5.7 Total length of pipes in meter with flow reversal and the values of 
indicators at the system level for different network controls with and without conditioning 

Network Control Total pipe 
length with 

flow reversal 

Cleaning indicators  

3 6 9 

Control 1 3821.5 3602.5 2330.4 2457.2 

Control 2 9833.2 6287.4 6121.4 6036.2 

Control 3 (no conditioning) 9955.4 7546.3 6576.6 6501.3 

Control 3 (with conditioning) 9955.4 8692.3 8003.8 8644.4 

Control 4 (no conditioning) 10942.7 7109.8 8083.3 8090.1 

Control 4 (with conditioning) 10942.7 9582.2 9192.4 9028.5 

Control 5 (no conditioning) 16535.8 10644.9 10812.2 10705.8 

Control 5 (with conditioning) 16535.8 14131.1 13720.2 13713.8 

 

 

5.8.5.1 Impact of flow conditioning on water age 

Table 5.8 presents the number of dead-end and non-dead-end nodes (demand and 

non-demand) under control 1 and different conditioning scenarios. The number of dead-end 

nodes throughout the network increases with the duration of conditioning irrespective of 

which DMA is subject to conditioning. It is also observed that irrespective of which DMA is 

subject to conditioning, steady-state conditions is reached after 3 days and results are the 

same. The only difference between DMA1 and DMA2 is seen after 1-day of implementation 

of the conditioning. This difference does not exist for the dead-end demand nodes. 
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Table 5.8 Number of dead-end and non-dead-end nodes under control 1, and 
different conditioning scenarios 

Network control Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end 
nodes with 

demand 

Non-dead-end 
nodes with 

demand  

Control 1 751 1557 106 711 

DMA 1 subject to 
conditioning (1 day) 

991 1317 169 648 

DMA 1 subject to 
conditioning (3 day) 

1089 1219 182 635 

DMA 1 subject to 
conditioning (7 days) 

1157 1151 209 608 

DMA 1 subject to 
conditioning (14 days) 

1228 1080 233 584 

DMA 1 subject to 
conditioning (28 days) 

1270 1038 247 570 

DMA 2 subject to 
conditioning (1 day) 

975 1333 169 648 

DMA 2 subject to 
conditioning (3 day) 

1089 1219 182 635 

DMA 2 subject to 
conditioning (7 days) 

1157 1151 209 608 

DMA 2 subject to 
conditioning (14 days) 

1228 1080 233 584 

DMA 2 subject to 
conditioning (28 days) 

1270 1038 247 570 

 

5.8.5.2 Impact of flow conditioning on pressure 

Figure 5.10 illustrates the distribution of the average diurnal pressure, maximum 

diurnal pressure, and diurnal variation (maximum minus minimum) of all the nodes within 

the network under LM control and conditioning controls at the DMA level. As seen in the 

Figure, implementation of the conditioning leads to an increase in all three variables 

compared to LM. Both conditioning controls show the same performance in terms of the 

maximum pressure distribution but implementation of conditioning in DMA2 (control 3) 

results in a greater increase in the pressure variability (Figure 5.10(c)) and slightly wider 

distribution of average pressures within the network (Figure 5.10(a)). 
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Figure 5.10 Distribution of the diurnal nodal pressure – a) average, b) maximum, c) 
variability (maximum minus minimum) at the system level under different controls: control 1 

(LMC-SB), control 2 (DMA1 subject to conditioning) and control 3 (DMA2 subject to 
conditioning) 

5.8.6 Sensitivity analysis - impact of inlet water age 

The results related to changing the inlets of DMA2 show that the best water age 

performance after cleaning is related to large diameter inlets with small water age followed 

by smaller diameter inlets with high water age, and the worst results corresponds to large 

diameter inlets with high water age. To investigate the impact of inlet water age on the 

water age performance of the network after the completion of the cleaning control 

following four scenarios are applied to inlets 2 (the inlet with the largest diameter and high 

water age) and 4 (the inlet with the smallest diameter and the greatest water age) of DMA2: 

 Reduce the water age at inlet 4 from 70.5 hours (original water age) to 40 hours 

 Reduce the water age at inlet 4 for from 70.5 hours (original water age) to 10 hours 

 Reduce the water age at inlet 6 for from 89.5 hours (original water age) to 50 hours 
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 Reduce the water age at inlet 6 for from 89.5 hours (original water age) to 10 hours 

As seen in Table 5.9, the first stepped decrease in the water age at the inlet 2 of 

DMA2 by 30 hours results in substantial decrease in the number of dead-end nodes by 991. 

However, further decrease of the inlet water age by 30 hours resulted in a negligible 

decrease in the number of dead-end nodes by only 6. The same behavior was observed in 

Table 5.10 where the first stepped decrease in the inlet water age of inlet 4 by 40 hours led 

to a substantial decrease in the number of dead end nodes by 784 but the second decrease 

improved the water age only in 6 nodes. 

 

Table 5.9 Impact of inlet water age on the water age behaviour of the network after 
cleaning (DMA2 subject to cleaning from inlet No. 2) 

Inlet water 
age (hrs) 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

70.5 2216 92 803 14 

40 1225 1083 244 573 

10 1219 1089 240 577 

 

Table 5.10 Impact of inlet water age on the water age behaviour of the network 
after cleaning (DMA2 subject to cleaning from inlet No. 4) 

Inlet water 
age (hrs) 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

89.5 1749 559 655 162 

50 965 1343 255 562 

10 959 1349 251 566 

 

Similar to DMA2, the results of DMA1 also shows that the inlets with the highest 

water age yields a worse performance and amongst them the inlet with the largest pipe 

diameter leads to the worst situation. Thus, a sensitivity analysis was carried out to 

investigate the impact of water age at inlet 4 of DMA1 on the water age performance of the 

network after cleaning. Two scenarios were defined as follows: 
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 Reduce the water age at inlet 4 for from 64.9 hours (original water age) to 40 hours 

 Reduce the water age at inlet 4 for from 64.9 hours (original water age) to 15 hours 

As seen in Table 5.11, the first stepped decrease in the inlet water age by 25 hours 

results in substantial decrease in the number of dead-end nodes by 906. However, further 

decrease of the inlet water age by 25 hours resulted in a negligible decrease in the number 

of dead-end nodes by only 32. 

Table 5.11 Impact of inlet water age on the water age behaviour of the network 
after cleaning (DMA 1 subject to cleaning from inlet No. 4) 

Inlet water 
age (hrs) 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

64.9 2182 126 800 17 

40 1276 1032 440 377 

15 1244 1064 432 385 

 

5.8.7 Sensitivity analysis - impact of inlet water age (all-inlet control) 

As shown in section 5.8.2, all-inlet control is a successful means to achieve enhanced 

cleaning and reduce the risk of discolouration. However, it had a significant adverse impact 

on the water age behavior of the network (see section 5.8.3.1). This was attributed to the 

high water age at some of the inlets. When these inlets are active water with high age is 

introduced into the system (some inlets have water age higher than the threshold selected 

in the study to distinguish dead-end nodes). The increase in water age could be also due to 

pockets of water with high water age getting trapped in the network. Under the all-inlet 

control, different inlets are active on different days therefore pockets of water may move 

forward and backward within the network and substantially ages before consumption. To 

test whether the increase in the number of dead-end nodes is due to the inlet water age or 

the impact of pockets of water getting stuck within the network, two sensitivity analyses 

was carried out where the water age at all of the inlets were set to 10 and 5 hours and 

simulation was run for 17 days (1 cycle of all-inlet control) and 34 days (2 cycles of all-inlet 

control). As seen in Table 5.12, water age behavior of the network is insensitive to the water 

age at the inlets. This signifies that the deterioration in water age behavior of the network is 
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related to the pockets of water getting stuck in the system as a result of the switching the 

inlets. 

Table 5.13 present the results of the same sensitivity analysis but applied to the all-

inlet control with selected time step. As seen, reduction in the inlet water ages resulted in a 

decrease in the number of dead-end nodes after one cycle of the control. Furthermore, 

continuing the control for another cycle (after 34 days) results in a further decrease 

(marginally) in the number of dead-end nodes. 

Table 5.12 Impact of inlet water age on the water age behaviour of the network 
after cleaning (both DMAs subject to cleaning from all-inlets) 

Inlet water age 
(hrs) 

Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Original water age at 
inlets (17 days 

simulation) 

1533 775 609 208 

Water age reduced 
to 10 hours at all 

inlets (17 days 
simulation) 

1530 778 608 209 

Water age reduced 
to 5 hours at all 
inlets (17 days 

simulation) 

1527 781 607 210 

Original water age at 
inlets (34 days 

simulation) 

1533 775 609 208 

Water age reduced 
to 10 hours at all 

inlets (34 days 
simulation) 

1531 777 609 208 

Water age reduced 
to 5 hours at all 
inlets (34 days 

simulation) 

1529 779 609 208 
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Table 5.13 Impact of inlet water age on the water age behaviour of the network 
after cleaning (both DMAs subject to cleaning from all-inlets – selected time steps with at 

least 5 pipes reached their potential cleaning) 

Inlet water age (hrs) Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Original water age at 
inlets (17 days 

simulation) 

916 1392 220 597 

Water age reduced to 
10 hours at all inlets 
(17 days simulation) 

863 1445 183 634 

Water age reduced to 
10 hours at all inlets 
(34 days simulation) 

852 1456 175 642 

 

5.8.8 Sensitivity analysis – combined impact of inlet water age and 

sequence of cleaning (all-inlet control) 

In this section, the impact of the sequence of implementation of the reconfiguration 

scenarios (i.e. changing inlets) on the final water age is investigated. In the section 5.8.7, the 

original inlets of DMA1 and DMA2 were active in the first two days followed by alternating 

the inlet of DMA1 in the next 8 days whilst keeping the original inlet of DMA2 active and 

then alternating the inlet of DMA2 in the next 7 days whilst keeping the original inlet of 

DMA1 active. In the new sequence in this section, the new inlet alternates between DMA1 

and DMA2. For example, after the first two days where the original inlets of both DMAs are 

active, on the 3rd day inlet1 of DMA1 is active, on the 4th day inlet 1 of DMA2, on the 5th day 

inlet2 of DMA1, on the 6th day inlet 2 of DMA2 and so on. Comparing the first row of Tables 

5.12 and 5.14 illustrates the impact of the sequence of reconfiguration scenarios. As seen, 

the sequence proposed in herein results in a greater number of dead-end nodes at the end 

of the control cycle. Furthermore, as seen in Table 5.14, water age behaviour of the network 

is more sensitive to the inlet water ages under this new sequence. 



178 
 

 

Table 5.14 Impact of the sequence of reconfiguration scenarios and inlet water age 
on the water age behaviour of network after cleaning 

Inlet water age (hrs) Dead-end  
nodes  

Non-dead-end 
nodes  

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand  

Original water age at 
inlets (17 days 

simulation) 

1980 328 717 100 

Water age reduced to 
10 hours at all inlets 
(17 days simulation) 

1721 587 555 262 

Water age reduced to 
5 hours at all inlets (17 

days simulation) 

1657 651 512 305 

 

The original control formulated in section 5.7 (control 5) was to enforce the cleaning 

conditions in DMA1 first and then DMA2. A sensitivity analysis was performed to compare 

the final water age after 1 control cycle under the original formulation with the case where 

DMA2 is subject to cleaning first and then DMA1. As seen in Table 5.15, water age behavior 

of the network is sensitive to the order of implementation of the cleaning.  

Table 5.15 Impact of the sequence of reconfiguration scenarios related to control 5 
on the water age behaviour of network 

Sequence of 
reconfigurations 

Dead-end 
count 

Non-dead-end 
nodes 

Dead-end nodes 
with demand 

Non-dead-end 
nodes with demand 

Control 3 then 
control 4 

1620 688 434 383 

Control 4 then 
control 3 

1558 750 432 385 

 

5.8.9 Sensitivity analysis - number of controlled boundary valves 

Since the operation of all boundary valves may not be cost-effective a sensitivity 

analysis was carried out to evaluate the impact of the number and location of boundary 

valves on the level of cleaning. The control problem was formulated to apply flow reversal 

at DMA level and one DMA at a time. The control problem introduced earlier was solved for 

different scenarios in which the number of decision variables is the same (2 DMA inlet 
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valves) but the number of boundary valves (BVs) that are kept fully open during cleaning 

period is different. The level of cleaning was assessed based on the length of pipes that 

satisfy indicator 1 (i.e. experiencing maximum flow velocity of equal or greater than 0.2m/s 

during the flow reversal). 

It was observed that the occurrence of flow reversal that satisfies the flow velocity 

requirement is not necessarily related to the peak demand conditions at time step 80 in this 

case study network (i.e. in some pipes, flow reversal with the peak velocity occurs in other 

time steps such as 19, 22, 25, 34, 35, 41 and so on). In addition, the greater level of 

connectivity between DMAs (i.e. greater number of open boundary valves) during the 

reversal does not necessarily provide the best results. For instance, there are scenarios with 

1 open boundary valve that generate flow reversal in a greater length of pipes than 

scenarios with 2 open boundary valves. Identifying the best formulation requires 

performing off-line optimisation and comparing the results of all scenarios. Alternatively, 

the boundary valves can be incorporated in the formulation as control valves (i.e. decision 

variables). However, as seen, opening all boundary valves during the flow reversal provides 

the second best result in both DMAs (with small difference compared to the first best 

scenario), therefore, it can be a reasonable choice for the control. Furthermore, from the 

dead-end perspective, it would be the best to open all boundary valves to eliminate the 

deteriorating hydraulic conditions that exist in dead-end pipes, as shown in Chapter 3. 

5.8.10  Performance of algorithms 

Figure 5.11 illustrates the performance of the controls (flow conditioning, flow 

reversal and flow maximisation) compared to LM. This is based on the diurnal profile of the 

sum of the flow rate in pipes at each time step under control 3 (DMA1 subject to 

conditioning and cleaning, Figure 5.11(a)) and under control 4 (DMA2 subject to 

conditioning and cleaning, Figure 5.11(b)). As seen, flow conditioning and flow maximisation 

algorithms are successful in reducing and increasing the flow rates at the DMA level, 

respectively, compared to the benchmark control, LM. The flow reversal profile is located 

between the LM and flow minimisation profiles. This is because under the flow reversal 

control, the DMA is mainly (if not all) supplied through the inlet of the other DMA.  
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Figure 5.11 Performance of the algorithms (leakage management (LM), flow reversal 
(FR), flow conditioning (FC), and flow maximisation (FM)) at the DMA level – a) DMA1 and b) 

DMA2 

5.9 Conclusions 

Customer-focused regulations are the driver of innovative methodologies for 

proactive management of discolouration risk in WSNs. This study is pioneering in proposing 

a control framework for the application of flow reversal for pipe cleaning without 

significantly compromising the pressure and water age performance of the system. Due to 

the significance of maintaining DMA integrity for leakage detection the control framework 

was formulated taking into account this functionality of DMAs. To enhance the level of 

cleaning, another control was proposed to enable conditioning the strength of cohesive 

materials formed in pipes prior to the application of the flow reversal control. 

The control framework was applied to an operational case-study network and its 

benefits in terms of reducing the likelihood of sedimentation and cleaning/conditioning of 

cohesive layers were quantified. 11 cleaning indicators were defined to assess the level of 

cleaning of a pipe and compare the performance of the cleaning controls with the controls 

proposed for leakage management. Results of the study showed that reduction in the 

likelihood of discolouration can be achieved by adjusting the heads at the original inlets of 

the DMAs and opening the boundary valves. Further enhancement in cleaning can be 
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provided by exploiting the DMA boundary valves shared with neighbouring DMAs as 

potential inlets. By limiting the cleaning periods to specific times of the day, identified by 

the length of pipes that reach their maximum velocity in reverse direction (usually peak 

demand times), the impact of the cleaning control on the pressure (average over the control 

horizon) and water age (number of dead-end-like nodes) of the network can be significantly 

alleviated (almost eliminated). Depending on the number and location of the BVs that are 

used in the control framework different areas of the network can be cleaned and different 

levels of cleaning can be achieved. The control framework proposed in this study allows 

water companies to shrink the size of DMAs to enhance leakage management as the 

deteriorating water quality impacts caused by DMA boundary valves, around the boundary 

valves and within the DMAs, can be frequently addressed by aggregating the DMAs and 

regulating the PRV inlet settings. 
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6 Dynamically reconfigurable district metered areas for 

water age control and discolouration management 

6.1 Introduction  

In conventional DMAs, the valve closures and restrictions on network connectivity 

can compromise the water quality behaviour of the networks (as measured by water age) in 

the proximity of closed valves and elsewhere within the DMAs, as illustrated in chapter 3. 

The DMAs with dynamic boundary proposed in chapters 4 and 5 for pipe cleaning could also 

potentially lead to elevated water age depending on the water age of the inlets and 

duration of the cleaning conditions. This chapter proposes a control methodology to 

alleviate the adverse impact of conventional DMAs and the proposed cleaning controls on 

water age in the context DMAs with dynamics boundary. 

6.2 Control problem formulation 

The brief review presented above shows that although water age is a commonly-

used surrogate variable for the physical, chemical and microbiological quality of water, 

there is no universal water age threshold which is acceptable for all the networks and suits 

all the conditions. Therefore, the objective function is not focused on a specific water age 

threshold. It is defined as to minimise the demand-weighted average water age throughout 

the network, as follows: 

𝑊𝑄 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:         𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 
∑ 𝑄𝑖

𝑡 . 𝑊𝐴𝑖
𝑡𝑁𝐷𝑁

𝑖=1

∑ 𝑄𝑖
𝑡𝑁𝐷𝑁

𝑖=1

 . 𝑤1          (6.1) 

In which, WA is the water at demand node i at the end of sub-control t, Q is the 

average diurnal demand of node i, NDN is the number of demand nodes, and w1 is the 

weighting factor (a positive number) for the water quality objective function. 

The control is subject to two types of constraints: system and operational. The 

former refers to the system equations including conservation of mass at the junctions and 
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conservation of energy along the pipes. Following the notation used in Todini and Pilati 

(1987) the system equations are defined as follows: 

𝑓(𝑄𝑖) + 𝐴12𝐻 + 𝐴10𝐻0 = 0                 𝑖 𝜖 𝑁𝑃          (6.2) 

𝐴21𝑄𝑗 − 𝑞𝑗 = 0                                        𝑗 𝜖 𝑁𝑁          (6.3) 

In which, Q is a vector of flow rate, H is a vector of piezometric heads, A12 is the 

link-node incidence matrix, A21 is the node-link incidence matrix (𝐴12 = 𝐴21𝑇), A10 is the 

link-fixed head node incidence matrix, NP is the number of pipes, NN is the number of 

junctions, and 𝑓(𝑄) is the nonlinear flow-head loss relationship which is generally defined 

as follows: 

𝑓(𝑄𝑖) = 𝐾𝑖𝑄𝑖|𝑄𝑖|
𝑛𝑖−1                 𝑖 𝜖 𝑁𝑃          (6.4) 

Using the Hazen-William approach: 

{

𝑛𝑖 = 1.85

𝐾𝑖 =
10.67

𝐶𝑖
1.85𝐷𝑖

4.87

                            𝑖 𝜖 𝑁𝑃          (6.5) 

In which, C is the Hazen-William roughness coefficient, D is the pipe diameter, Q is 

the pipe flow rate, and NP is the number of pipes. 

As discussed earlier, it is important that any controls proposed for DMA-based 

networks maintain the functionality of the DMAs. The functionality of DMAs considered 

here are two folds: leakage detection and pressure management. The former is achieved by 

preserving the integrity of the DMAs (inlets/outlets and boundaries) between 12am and 

4am. Pressure management is considered in the following two perspectives: 

 Maintain a minimum required pressure (considered 10m in this study) to ensure 

continuous supply 

 Maintain a maximum required pressure (considered 100m in this study) to reduce 

leakage and the likelihood of mains burst 
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These two requirements are incorporated as penalty terms (see penalties 1 and 2 

below) and added to the objective function value. 

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 1:     ∑ max (𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
𝑀𝑖𝑛 − 𝑃𝑖

𝑡  , 0) .  𝑤2

𝑁𝑁

𝑖=1

          (6.6) 

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 2:     ∑ max (𝑃𝑖
𝑡 − 𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝑀𝑎𝑥  , 0) .  𝑤3

𝑁𝑁

𝑖=1

          (6.7) 

In which, P is the pressure at node i at each hydraulic time step t (15 minutes), 

𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
𝑀𝑖𝑛  is the minimum allowable nodal pressure, 𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝑀𝑎𝑥  is the maximum allowable 

nodal pressure, NN is the number of nodes in the network, w2 is the weighting factor (a 

positive number) for penalty 1, and w3 is the weighting factor (a positive number) for 

penalty 2. 

Water age and flow velocity are implicitly and inversely correlated therefore, 

minimising the water age can result in increasing pipe flow velocities. Increase in flow 

velocity in the pipe promotes a greater likelihood of damaging the tuberculaions (corrosion 

scales) inside the metal pipes and consequently iron release. High flow velocity also 

increases the likelihood of pressure transients and mains burst in all type of pipes (metals 

and plastic). There are no guidelines indicating a maximum allowable flow velocity as a 

function of pipe material and age. Therefore, a penalty term (penalty 3) is defined as follows 

to maintain a maximum flow velocity (2.0m/s in this study): 

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 3:     ∑ max (𝑉𝑗
𝑡 − 𝑉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , 0) .  𝑤4

𝑁𝑃

𝑗=1

          (6.8) 

In which, V is the flow velocity at pipe i at each hydraulic time step t (15 minutes), 

VThreshold is the desired maximum flow velocity not to be exceeded, NP is the number of pipes 

in the network, w4 is the weighting factor (a positive number) for penalty 3. 

Results of a series of sensitivity analysis with different initial valve settings showed 

that the algorithm occasionally tends to select negative valve settings which are not 

accepted by EPANET and resulted in breaking up the solution process. To avoid this issue, 



185 
 

the negative values are replaced by a very small positive number to allow EPANET continue 

the simulation and prevent the solution process from breaking up. In addition, following 

penalty is imposed to maintain positive valve settings: 

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 4:     ∑ max (−𝑆𝑘
𝑡  .  |𝑆𝑘

𝑡| , 0) .  𝑤5

𝑁𝑉

𝑘=1

          (6.9) 

In which, S is the setting of valve k for sub-control t proposed by the optimisation 

algorithm, NV is the number of control valves, and w5 is the weighting factor (a positive 

number) for penalty 4. 

Presence of PRVs in the network represents a difficulty in solving the hydraulic 

model of the system. Currently, there is no simple and explicit mathematical relationship 

that relates the main variables of PRVs such as upstream and downstream head, flow rate 

through the valve, and its setting (required downstream head) (Salgado et al. 1988). As a 

result, the operational status of PRVs is determined by a post-analysis checking procedure 

and it is a function of the interaction between the PRV and the network (Prescott and 

Ulanicki 2003). Comparing the initial PRV settings (selected by the optimisation algorithm) 

with the final PRV settings after EPANET convergence at each iteration showed that the 

valve settings are sometimes different. Although no convergence issue was observed and 

the algorithm always converged, to avoid any possible convergence issues and match the 

valve settings produced by the optimisation algorithm and EPANET the following penalty is 

imposed: 

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 5: ∑(𝑆𝑘
𝑁𝑒𝑙𝑑𝑒𝑟−𝑀𝑒𝑎𝑑 − 𝑆𝑘

𝐸𝑃𝐴𝑁𝐸𝑇)2 .  𝑤6

𝑁𝑉

𝑘=1

          (6.10) 

In which, 𝑆𝑘
𝑁𝑒𝑙𝑑𝑒𝑟−𝑀𝑒𝑎𝑑 is the setting of valve k produced by the solver for each sub-

control, 𝑆𝑘
𝐸𝑃𝐴𝑁𝐸𝑇 is the setting of valve k at the end of the sub-control that EPANET 

converges to, NV is the number of control valves, and w6 is the weighting factor (a positive 

number) for penalty 5. 
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The results of the sensitivity analysis with different initial valve settings also showed 

that the optimisation algorithm occasionally tend to select valve settings which are not 

physically meaningful (e.g. valve setting (i.e. pressure) is substantially greater than the 

available head at the source upstream of the control valve). The combining impacts of this 

issue and the way that PRVs are generally modelled (explained above) was observed to 

result in convergence issues such that the algorithm was selecting increasingly larger valve 

settings over the iterations. The addition of penalty 5 obviated the need for adding another 

penalty to force the algorithm to select valve settings in the feasible region. 

The final objective function value is then obtained by the below summation: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 = 𝑊𝑄 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 + ∑ 𝑃𝑖

5

𝑖=1

          (6.11) 

In which, P is the penalty term and 5 represents the number of penalty terms. The 

values of the objective function and associated components are evaluated as follows: 

 Objective function value: sum of all 6 components at the end of each sub-control 

interval 

 Water quality objective function value: sum of the demand-weighted nodal water 

age at the end of each sub-control interval. 

 Penalty 1: sum of the minimum pressure penalties at all hydraulic time steps 

(15mins) during a sub-control interval. 

 Penalty 2: sum of the maximum pressure penalties at all hydraulic time steps 

(15mins) during a sub-control interval. 

 Penalty 3: sum of the maximum flow velocity penalties at all hydraulic time steps 

(15mins) during a sub-control interval. 

 Penalty 4: sum of the negative valve setting penalties at each sub-control interval. 
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 Penalty 5: sum of the valve setting penalties related to the difference between the 

optimisation algorithm and EPANET valve settings at each sub-control interval. 

6.3 Control problem solution 

The above formulation represents a nonlinear optimisation due to flow-head loss 

relationship in the system equations. In addition, there is no explicit relationship that 

correlates water age with other operational variables such as pipe flow rate, nodal pressure, 

DMA inlet pressure, pipe head loss etc. Therefore, the derivative of the objective function is 

unknown. It is noted that under the steady-state assumptions such relationship exists 

(Males et al. 1985). However, in the context of this study (DMAs with dynamic boundary), 

DMAs are subject to continuous change and it is unlikely that water age reaches steady-

state conditions. Therefore, to solve this problem a derivative-free algorithm is needed. It is 

noted that previous formulations presented in literature (Parsad and Walters 2006, Farmani 

et al. 2006, Fu et al. 2013, Kurek and Ostfeld 2013) were all based on the steady-state 

assumption. However, despite the existence of derivatives the solution algorithms were all 

based on evolutionary algorithms (single objective or multiple-objective). 

In this study, the problem is solved by using the well-known Nelder-Mead algorithm 

which is suitable for nonlinear problems with unknown derivatives. Nelder-Mead requires 

the evaluation of the water quality objective function at the end of the sub-control interval 

and the penalties at each hydraulic time step. This is carried out by interfacing EPANET with 

MATLAB by using the EPANET-MATLAB toolkit (Eliades et al. 2016). This is an open source 

package that allows for controlling the engine of EPANET in the MATLAB environment by 

using the shared object library of the EPANET. 

Followings are the specifications of the simulations: 15mins hydraulic time step, 

15mins customer demand time step, and 5mins water quality time step. The control horizon 

is set to 24 hours which is split into two periods: LM between 12am and 4am and water age 

control between 4am and 12am. LM control is formulated and solved as the traditional LM 

control presented in chapter 4, where the boundary valves are closed and setting of PRVs at 

the DMA inlets are adjusted to minimise the average pressure at each time step (15mins). 

Using the optimal valve settings of the LM control, water age simulation is run to obtain the 
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nodal water age at the end of the LM period, which is then used as the initial conditions in 

the water age control. 

6.4 Case study network and control scenarios 

The case study network used is the same as in Chapters 4 (see section 4.6 for 

details). The water age control is applied to the case study network under two operational 

scenarios (i.e. initial water age conditions) described below. 

As seen in chapters 4 and 5, the all-inlet control proposed for pipe cleaning and 

reducing the risk of discolouration can result in substantial increase in water age of the 

network if the reconfigured network topology is maintained for the entire 20 hours each 

day. A methodology was suggested to reduce the impact of the cleaning control on water 

age where it is only implemented at some pre-specified time steps. However, to achieve the 

full potential of the cleaning control and increase the flow velocity in all possible pipes it 

might be desired to keep the reconfigured network for the entire 20 hours. In addition, in 

the case of manual valve operations, reducing the number of network reconfigurations (i.e. 

BVs operation) and therefore, maintaining the reconfigured network for the entire 20 hours 

is desirable. Under these operational circumstances, the deteriorating impact on water age 

needs to be addressed. The water age control proposed in this chapter is applied to the case 

study network after cleaning to assess the extent that it is successful in reducing the water 

age. In this scenario, initial conditions for the water age control is the nodal water age at the 

end of 17 days cleaning cycle. A series of sensitivity analysis is implemented to investigate 

the impact of the specifications of the control such as location of inlets, number of inlets, 

number and duration of the sub-control intervals, duration of the control horizon, and 

extent of the control (DMA level vs. network level) on its success. 

As seen in chapter 3, the sectorisation of the networks (i.e. DMAs) can have a 

substantial adverse impact on the water age behaviour of the networks. This was observed 

as an increase in the number of dead-end-like nodes and an increase in the average age of 

the non-dead-end-like nodes. The water age control proposed in this chapter is applied to 

the case study network after steady-state conditions is reached under traditional LM control 

(i.e. 3 day simulation under DMAs with static closed boundary for LM) to assess the extent 
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that the control is successful in water age management. A series of sensitivity analysis is 

implemented to investigate the impact of the specifications of the control such as number 

of inlets, number and duration of the sub-control intervals, duration of the control horizon, 

and the initial time (i.e. the time that control starts) on its success. 

6.5 Results 

Due to the lack of a water age threshold representing an acceptable quality of water 

and also to enable the assessment of variations throughout the network, the results are 

presented as the distribution of nodal water age for a pre-specified water age bins. The 

minimum and maximum values of the bins were selected, respectively, based on the 

minimum water age at DMA inlets (8.5 hours) and the time that takes for the network to 

reach steady-state conditions (approximately 72 hours) under the traditional LM control 

(i.e. DMAs with static closed boundary for LM). The results are presented for demand nodes 

since the objective function is solely focused on demand nodes. 

6.5.1 Water age management after cleaning 

In this section the results of applying the WA control after the all-inlet control 

proposed in chapter 5 for flow reversal cleaning is presented. After the 17 days cycle, the 

network is reconfigured to its original topology at 12am for LM detection until 4am where 

the boundary valves will become open and WA control starts and continues until 12am of 

the next day. The control horizon and sub-control duration are both 20 hours meaning that 

1 optimal valve setting is determined for the entire 20 hours of the water age management. 

Tables 6.1 shows the number of demand nodes in water age bands.  

Table 6.1 Number of demand nodes in water age bands after 1 day water age 
control (initial conditions: all-inlet control for flow reversal cleaning) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

Cleaning 17 days 38 90 29 11 645 

WA 20 hours 53 734 21 0 5 
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As seen from the results, implementation of the WA control results in significant 

reduction in the number of demand nodes with water age equal or greater than 24 hours; 

the most reduction is seen for nodes with the highest water age (72<WA). There is also a 

significant increase in the number of nodes with water age less than 24 hours; the most 

increase in numbers is seen for nodes with water age between 12 and 24. The increase in 

the number of nodes with water age less than 12 hours is all related to DMA1. This is due to 

the boundary conditions imposed by the case study network where the water age at the 

inlet of DMA2 is 12.6 hours. 

Tables 6.2 shows the results related to the implementation of the WA control with 

different control horizons ranging from 5 hours to 6 days, for demand nodes. This is to 

investigate the short-term and long-term impact of the control on the level of improvement 

achieved. As seen, water age response of the system after reconfiguration is immediate and 

major reductions occur after 5 hours and 10 hours in the number of demand nodes with the 

maximum water age, which is the most important from water quality perspective. 

Increasing the control horizon for another 10 hours to the total of 20 hours leads to a 

further reduction in the number of demand nodes to 5 in the highest water age category. 

Further increase in the duration of the control from 1 day to 2 days only leads to a further 

reduction in the number of demand nodes from 5 to 1. Maintaining the control for more 

than 2 days do not make any difference to the number of demand nodes in the last three 

water age bands and the system has effectively reached steady-state conditions. As an 

example, the spatial distribution of the demand nodes with water age equal or greater than 

24 hours for different control horizons is shown in Figure 6.1. 
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Table 6.2 Number of demand nodes in water age bands after short-term and long-
term implementation of the WA control (initial conditions: all-inlet control for flow reversal 

cleaning) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72≤WA 

Cleaning 17 days 38 90 29 11 645 

 
 
 
 
 

WA 

5hrs (4am-9am) 32 333 141 47 260 

10hrs (4am-2pm) 40 623 101 10 39 

20hrs (4am-12am), 
end of 1st day 

53 734 21 0 5 

44hrs, end of 2nd day 43 744 21 4 1 

68hrs, end of 3rd day 32 755 21 4 1 

92hrs, end of 4th day 40 747 21 4 1 

116hrs, end of 5th day 43 744 21 4 1 

140hrs, end of 6th day 43 743 22 4 1 

 

 

Figure 6.1 Spatial distribution of demand nodes with water age equal or greater than 
24 hours (highlighted in red) after reconfiguration of the network from all-inlet flow reversal 
cleaning to WA control– a) after 17days all-inlet flow reversal cleaning (initial conditions), b) 

after 5 hrs at 9am, c) after 10 hrs at 4pm, d) after 20hrs at 12am (end of 1st day) 

6.5.1.1 WA control vs LM control 

In this section the results related to the impact of continuing the LM control with 

different control horizons ranging from 5 hours to 6 days (the same as in previous section) 

after the all-inlet flow reversal cleaning control is presented. This is to compare the 

performance of the WA control presented in the previous section with the LM control.  

c d a b c d 
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Table 6.3 presents the results related to the cumulative water age bands based on 

to enable comparing the impact of the WA and LM controls on the demand nodes. As seen, 

the performance of the two controls is very similar and the LM control marginally 

outperforms the WA control. It is interesting to note that conclusions could be drawn 

differently based on the selection of the water age bands and the duration of the control 

horizon. For example, after 2 days, whilst the LM control outperforms the WA control based 

on 72≤WA and 48≤WA, the WA control outperforms the LM control based on 24≤WA. Also, 

based on the number of nodes in 72≤WA, the LM control marginally outperforms the WA 

control for all control horizons except after 20 hours (end of the 1st day). This sensitivity of 

the results to the duration of control horizon and the water age threshold used in the 

analysis represent a challenge in comparing the results and the performance of different 

controls under dynamic conditions (i.e. when the system does not reach steady-state 

conditions). Overall, 24≤WA is the only water age category based on which one control (WA 

control in this case) consistently outperforms the other control (LM control in this case) 

irrespective of the control horizon. Therefore, this is used in the spatial analysis below.  

Comparing the spatial distribution of the demand nodes with water age equal or 

greater than 24 hours under LM and WA controls for different control horizons shows that 

the prime difference between the water age behaviour of the networks is seen after 10 

hours where the WA control outperforms the LM control by 52 nodes. These nodes are 

located in the proximity of the boundary valves. Due to the low flow conditions created by 

the closure of BVs it takes longer for the impact of the LM control to propagate in the 

proximity of the BVs. This low flow conditions, however, only delay the propagation of the 

positive impact of the reconfiguration since in the next 10 hours the difference between the 

controls is reduced and the WA control outperforms the LM control only by 6 nodes. The 

impact of the low flow conditions can be important in the rural areas where the long mains 

with a few customer connections terminates at a DMA boundary valve. The very low flow 

conditions in such mains can significantly delay the propagation of the fresh water front and 

result in substantial increase in the age of water by the time it reaches the customers in the 

vicinity of the boundary valves. Therefore, the difference between the WA and LM controls 
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and the impact of the BVs would be more prominent in the branched networks with low 

level of customer demands. 

Table 6.3 Number of demand nodes in cumulative water age bands after short-term 
and long-term implementation of the WA and LM controls (initial conditions: all-inlet control 

for enhanced cleaning) 

Water age band 12≤WA 24≤WA 48≤WA 72≤WA 

Control WA LM WA LM WA LM WA LM 

17 days cleaning (initial conditions) 775 775 685 685 656 656 645 645 

5hrs (4am-9am) 781 782 448 463 307 314 260 243 

10hrs (4am-2pm) 773 765 150 202 49 54 39 37 

20hrs (4am-12am), end of 1st day 760 771 26 32 5 6 5 6 

44hrs, end of 2nd day 770 770 26 31 5 3 1 0 

68hrs, end of 3rd day 781 770 26 31 5 3 1 0 

92hrs, end of 4th day 773 770 26 31 5 3 1 0 

116hrs, end of 5th day 770 769 26 31 5 3 1 0 

140hrs, end of 6th day 770 769 27 31 5 3 1 0 

 

Table 6.4 presents the results related to the cumulative water age bands based on 

to enable comparing the impact of the WA and LM controls on the all nodes (demand and 

non-demand nodes). Except 12≤WA category where the LM control performs better 

(subject to the selection of the control horizon), in all other categories WA control 

outperforms the LM control. The level of difference is becoming increasingly more 

prominent with the water age threshold. The greatest difference is seen for the 72≤WA 

which is the most important category from water quality perspective. The results in Tables 

6.3 and 6.4 indicates that drawing conclusions regarding the performance of the controls 

based on ‘all nodes’ (Table 6.4) is more reliable and consistent. Although the difference 

between the WA and LM controls varies depending on the selected control horizon, WA 

control consistently outperforms the LM control.  

Based on the demand nodes, the system was observed to have reached steady-state 

conditions after 2 days, whereas, based on the all nodes variations in the number of nodes 

are observed even after 6 days. This is because at the non-demand-nodes water is 

continuously aging with the increase in the control horizon thus, nodes may change water 

age category (from smaller threshold to larger threshold) with the increase in control 

c d 
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horizon. The variations in the numbers is more significant in the case of the WA control 

which can be attributed to the impact of the intermittent opening/closing of the BVs which 

delays reaching the steady-state conditions.  

It is also interesting to note that as seen in Table 6.3, the number of demand nodes 

continuously decreases with increasing the control horizon until it reaches a minimum value 

which remains constant. However, this is not the case for all-the-node results in Table 6.4. 

As seen, in 48<=WA and 72<=WA categories, under both controls, the number of nodes 

continuously decreases until it reaches a minimum value after 1 day (except the WA control 

and 72≤WA which reaches the minimum after 2 days) which then increases with the control 

horizon. 

Considering the water age of the non-demand nodes in the comparison of the 

controls can be important as for example under the impact of negative pressures, resulted 

from the pressure transient events, the water with the high age at the non-demand nodes 

can flow back towards the demand nodes and be consumed by the customers. This 

represents a significant health risk. The occurrence of unsteady state hydraulic conditions 

are common in WSNs (Hoskins and Stoianov 2013). 

Table 6.4 Number of nodes in cumulative water age bands after short-term and long-
term implementation of the WA and LM controls (initial conditions: all-inlet control for 

enhanced cleaning) 

Water age band 12≤WA 24≤WA 48≤WA 72≤WA 

Control WA LM WA LM WA LM WA LM 

17 days cleaning (initial conditions) 2112 2112 1743 1743 1637 1637 1611 1611 

5hrs (4am-9am) 2071 2085 1300 1340 1005 1031 860 860 

10hrs (4am-2pm) 2041 2023 776 857 445 477 403 411 

20hrs (4am-12am), end of 1st day 1992 2017 527 531 359 372 333 353 

44hrs, end of 2nd day 2018 2011 520 530 394 475 289 361 

68hrs, end of 3rd day 2071 2011 520 530 393 475 350 466 

92hrs, end of 4th day 2041 2011 520 530 399 475 351 464 

116hrs, end of 5th day 2018 2010 520 530 406 475 366 464 

140hrs, end of 6th day 2018 2010 521 530 404 475 369 466 
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6.5.1.2 Impact of inlet location 

In chapters 4 and 5, it was illustrated that how DMA boundary valves, which are 

kept shut in the traditional DMA-based networks for LM, can be used as potential inlets for 

cleaning of pipes and discolouration risk management. In this section, the benefit of the 

same concept for water age management is investigated. As shown in section 4.6, in its 

original configuration, DMA1 and DMA2 have 8 and 7 potential inlets, respectively, that can 

be used for this purpose. Table 6.5 presents the list of the reconfiguration scenarios (all with 

three inlets) tested in this section. In all the scenarios, the original inlets of the DMA1 and 

DMA2 are active but the 3rd inlet varies in difference scenarios as per Table 6.5. See section 

4.6 for the specifications of the inlets. In order to remove the impact of the inlet water age 

on the results, the water age at inlet4 of DMA1 and inlets 1, 3, and 6 of DMA2 were 

assumed to be 10 hours. 

Control horizon for all the reconfiguration scenarios is 1 day. This means that after 

the cleaning period, the network is reconfigured to its original status for 4 hours (12am-

4am) of LM and then reconfigured to one of the scenarios in Table 6.5 for the rest of the day 

(4am-12am). The final nodal water ages at the end of day is used to compare the 

performance of the control scenarios. 

Table 6.5 Reconfiguration scenarios to investigate the impact of the location of inlets 

Configuration number Inlet 1 Inlet 2 Inlet 3 

1 DMA 1 original inlet DMA 2 original inlet DMA 1, inlet 7 

2 DMA 1 original inlet DMA 2 original inlet DMA 2, inlet 6 

3 DMA 1 original inlet DMA 2 original inlet DMA 1, inlet 1 

4 DMA 1 original inlet DMA 2 original inlet DMA 1, inlet 4 

5 DMA 1 original inlet DMA 2 original inlet DMA 1, inlet 6 

6 DMA 1 original inlet DMA 2 original inlet DMA 2, inlet 1 

7 DMA 1 original inlet DMA 2 original inlet DMA 2, inlet 3 

 

Tables 6.6 shows the results for demand nodes. For the purpose of comparison the 

results of LM are also included. As seen, based on the maximum water age category 

(48≤WA), performance of the control scenarios is the same (except configuration 5). Based 

on the lowest water age category (WA<12), configuration 6 presents the best performance. 



196 
 

This improvement is attributed to the drop in water age in a residential area in the 

immediate vicinity of the inlet 1 of DMA 2 which is active under this scenario (see Figure 

6.2(f)). The next best performance in this water age category is achieved under 

configuration 3. This improvement is also related to the residential area just downstream of 

the inlet 1 of DMA 1 which is active in this configuration (see Figure 6.2(c)). Other inlets of 

DMA 2 (configurations 2 and 7) showed the same performance. This is because these inlets 

are kept closed by the algorithm and the original inlet of DMA2 is the only active inlet of 

DMA2 under these two configurations. This can be related to the small diameter of these 

inlets and that they are close to the original inlet of DMA2. The algorithm tries to supply 

more water from the original inlet due to its substantially larger diameter which leads to the 

closure of other inlets of DMA2 which are in close proximity. Other inlets of DMA1 in 

configurations 1, 4, and 5, however, were all active and had local impact on the network as 

seen in Figures 6.2(a), 6.2(d), and 6.2(e). 

 

Table 6.6 Number of demand nodes in water age bands under different 
reconfiguration scenarios with 3 inlets 

Control Configuration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA 

Cleaning All inlet 38 90 29 656 

LM Original set up 42 739 26 6 

 
 
 

WA 

Configuration 1 49 737 21 6 

Configuration 2 44 742 21 6 

Configuration 3 77 708 22 6 

Configuration 4 53 725 29 6 

Configuration 5 50 732 24 7 

Configuration 6 98 687 22 6 

Configuration 7 44 741 22 6 
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Figure 6.2 Spatial distribution of the demand nodes with water age less than 12 
hours (highlighted in red) – a) configuration 1, b) configuration 2, c) configuration 3, d) 

configuration 4, e) configuration 5, f) configuration 6, g) configuration 7 

6.5.1.3 Impact of inlet number 

Table 6.7 presents the list of the reconfiguration scenarios (with different number of 

inlets) tested in this section. In all the scenarios, the original inlets of the DMA1 and DMA2 

are active. See section 4.6 for the specifications and locations of the inlets.. In order to 

remove the impact of the inlet water age on the results, the water age at inlet4 of DMA1 

and inlets 1, 3, and 6 of DMA2 were assumed to be 10 hours. 

Table 6.7 Reconfiguration scenarios to investigate the impact of the inlet numbers 

Configuration 
number 

DMA 1 DMA 2 

Inlet 1 Inlet 2 Inlet 3 Inlet 4 Inlet 1 Inlet 2 Inlet 3 Inlet 4 

1 Original inlet - - - Original inlet - - - 

2 Original inlet Inlet 7 - - Original inlet Inlet 6 - - 

3 Original inlet Inlet 1 Inlet 6 - Original inlet Inlet 1 Inlet 3 - 

4 Original inlet Inlet 1 Inlet 4 Inlet 6 Original inlet Inlet 1 Inlet 3 Inlet 6 

a b c 

g 

d 

e f g 



198 
 

 

Tables 6.8 shows the results for demand nodes. For the purpose of comparison the 

results of LM are also included. As seen,, configurations 1 and 2 with the smaller number of 

inlets show a better performance (marginally) with respect to the last two water age band 

categories. However, the increase in the number of inlets (configurations 3 and 4) has 

caused an increase in the number of nodes with water age less than 12 hours. As illustrated 

in Figures 6.3(c) and 6.6(d), these nodes are located in the vicinity of the new inlets. These 

are the nodes that experience water age between 12 and 24 hours under the LM control 

and configurations 1 and 2. The impact of the inlets is seen clearer in Figure 6.4 which 

shows the spatial distribution of all the nodes (demand and non-demand) with water age 

less than 12 hours. It is interesting to note that configuration 4 with the greatest number of 

inlets provides the best performance with regard to the number of nodes in the maximum 

and minimum water age bands. 

Comparing Figures 6.3(b) and 6.3(d) shows that whilst the inlet6 of DMA2 has been 

a potential inlet for water age management under both configurations 2 and 4, it is kept 

shut under configuration 2 (Figures 6.3(b)) but open under the configuration 4 (Figures 

6.3(d)). The same is observed for the inlet3 of DMA2 where the extent of the improvement 

provided by this inlet under configuration3 (Figures 6.3(c)) is far more than configuration 4 

(Figure 6.3(d)). These results show that the same inlet does not provide the same level of 

benefits. This is because the potential inlets are not always kept open and its status is 

influenced by the location, number and specifications (head and diameter) of other inlets. 

Table 6.8 Number of demand nodes in water age bands under different 
reconfiguration scenarios with different number of inlets 

Control Configuration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

Cleaning All inlet 38 90 29 11 645 

LM Traditional setup 42 739 26 0 6 

WA Configuration 1 53 734 21 0 5 

Configuration 2 48 739 20 0 6 

Configuration 3 129 656 20 3 5 

Configuration 4 115 670 20 0 8 
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Figure 6.3 Spatial distribution of the demand nodes with water age less than 12 
hours (highlighted in red) – a) Configuration 1, b) Configuration 2, c) Configuration 3, d) 

Configuration 4 

 

 

Figure 6.4 Spatial distribution of the all nodes with water age less than 12 hours 
(highlighted in red) – a) Configuration 1, b) Configuration 2, c) Configuration 3, d) 

Configuration 4 

The increase in the number of inlets for water age management represents a benefit 

for discolouration management. Figure 6.5 illustrates the diurnal flow profile of the original 

inlets of DMA1 and DMA2 under the configurations with different number of inlets. As seen, 

increase in the number of inlets leads to a substantial reduction in the peak diurnal flow 

from these inlets, which leads to reduction in cohesiveness of accumulations and more 

effective cleaning later when configuration is back to normal. For example, the peak diurnal 

flow of the original inlet of DMA2 under configuration1 (30.3l/s) decreases to 21.7l/s, 

24.5l/s, and 9.6l/s under configuration2, 3 and 4, respectively. The values of the peak 

a b c d 

a b c d 



200 
 

diurnal flow for the original inlet of DMA1 are 34.1l/s, 33.3l/s, 6.6l/s, and 0.1l/s. One 

inconsistency was observed where the increase in the number of inlets from 4 to 6 results in 

an increase in the flow rate of the DMA2 inlet. It was also observed that the increase in the 

inlets does not necessarily lead to the same reduction in the flow rate. For example, while 

increasing the inlets from 2 to 4 leads to only a slight reduction of flow rate (0.8l/s) at the 

DMA1 inlet, further increase in inlets from 4 to 6 leads to a substantial reduction in the flow 

rate (26.7l/s). 

Figure 6.6 illustrates the diurnal average pressure profile of the network under 

different configurations. As seen, configuration 1 with 2 inlets and configuration 3 with 6 

inlets represent the lowest and highest average pressure of the network. It is interesting to 

note that increase in the number of inlets decreases the variability of the average pressure 

during the day. The difference between the maximum and minimum of the average diurnal 

pressure values for configurations 1 to 4 are 4.1, 4.4, 1.7, and 1.3m, respectively. 

 

Figure 6.5 Diurnal flow profile at the original inlets of DMA1 and DMA2 under 
different configurations with different number of inlets – a) original inlet of DMA1, b) 

original inlet of DMA2 
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Figure 6.6 Diurnal average pressure profile of the network under different number of 
inlets 

6.5.1.4 Impact of sub-control intervals number 

In this section the impact of the number of sub-control intervals on the final water 

age at the end of the day is investigated. Generally speaking, increasing the number of 

control stages (i.e. changes in valve settings and reconfiguration of the network) is expected 

to provide a better control over the network behaviour. However, in the case of water age, 

which is a time-dependant parameter, propagation of the impact of each valve setting 

within the network takes time. In other words, the sub-control interval should be 

sufficiently long to allow the impact of the valve setting to reach all the nodes so variations 

can be quantified. Therefore, reducing the number of sub-control intervals (i.e. changes in 

valve settings and reconfiguration of the network) may provide a better situation for 

decision making. The sub-control scenarios used for this investigation are defined as 

follows: 

 Scenario 1: optimisation horizon is 20 hours (starting at 4am after LM) with the sub-

control interval of 1 hour (this yields 20 valve settings per each control valve) 

 Scenario 2: optimisation horizon is 20 hours (starting at 4am after LM) with the sub-

control interval of 5 hours (this yields 4 valve settings per each control valve) 
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 Scenario 3: optimisation horizon is 20 hours (starting at 4am after LM) with the sub-

control interval of 10 hours (this yields 2 valve settings per each control valve) 

 Scenario 4: optimisation horizon is 20 hours (starting at 4am after LM) with the sub-

control interval of 20 hours (this yields 1 valve setting per each control valve) 

Tables 6.9 shows the results related to the operational conditions where the 

network is reconfigured for WA management after the completion of flow reversal cleaning. 

As seen, scenario 4 with the smallest number of sub-control interval (one valve setting for 

the entire control horizon) presents the best performance where the most reduction in the 

number of demand nodes in the last 3 water age bands and the most increase in the 

number of demand nodes in the first 2 water age bands were observed. Ranking the other 

scenarios depends on the selection of the water age band. For example, whilst scenario 2 

represent the second best performance in the last water age band this is not the case in the 

other water age bands. In fact, it represents the second worst and the worst performance in 

48≤WA<72 and 24≤WA<48, respectively. 

Table 6.9 Number of demand nodes in water age bands under different number of 
sub-control intervals (initial conditions: after enhanced cleaning) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

Cleaning 17 days 38 90 29 11 645 

 
 

WA 

Scenario 1 17 108 90 510 88 

Scenario 2 32 333 141 293 14 

Scenario 3 40 623 101 10 39 

Scenario 4 53 734 21 0 5 

 

6.5.1.5 Impact of control horizon duration 

In this section the impact of the duration of the control horizon on the final water 

age at the end of the day is investigated. The aim is to assess whether the WA control needs 

to be implemented for the entire day (20 hours) to get the best performance or with smaller 

control horizons the same results can be achieved. This is important with respect to 

reducing the number of reconfigurations required and its impact on the operational cost, 
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disturbance to the network, and LM. The scenarios used for this investigation are defined as 

follows: 

 Scenario 1: optimisation horizon is 1 hour with the sub-control interval of 1 hour 

 Scenario 2: optimisation horizon is 5 hour with the sub-control interval of 5 hour 

 Scenario 3: optimisation horizon is 10 hour with the sub-control interval of 10 hour 

 Scenario 4: optimisation horizon is 20 hour with the sub-control interval of 20 hour 

All of these scenarios start at 4am after 4 hours of LM. The duration of the sub-

control interval is equal to the control horizon meaning that 1 valve setting is used for the 

entire control horizon. At the end of the WA control the network reverts back to LM control 

for rest of the day and nodal water ages at the end of the day (12am) are used to compare 

the performance of the controls. In all of these scenarios, the network uses its two original 

inlets for the WA and LM controls. Results are presented in table 6.10 for all demand nodes. 

As seen in Table 6.10, scenario 4 with the longest control horizon (20 hours) 

outperforms other scenarios. However, this does not mean that the increase in the control 

horizon is always beneficial for water age management. For example, scenarios 1 and 2 with 

shorter durations (1 hour and 5 hours) represent a better performance than scenario 3 with 

longer duration (10 hours) in the 72<WA category. Based on all nodes (demand and non-

demand nodes), however, scenario 3 represent the best performance with the lowest 

number of nodes in 72<WA category. 

Table 6.10 Number of demand nodes in water age bands under different control 
horizon duration (initial conditions: after enhanced cleaning) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

Cleaning 17 days 38 90 29 11 645 

 
 

WA 

Scenario 1 41 736 30 0 6 

Scenario 2 42 736 28 1 6 

Scenario 3 42 730 31 1 9 

Scenario 4 53 734 21 0 5 
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6.5.1.6 Network level vs DMA level formulation 

All the controls presented in previous sections were formulated at the network 

level. This means that the objective function takes the water age of all demand nodes 

throughout the network into account. Formulations can also be carried out at the DMA level 

where only the nodes in a particular DMA are considered in the objective function. Control 

horizon and sub-control interval are both 20 hours. Table 6.11 presents the results related 

to the application of the control to the entire network (scenario 1) and DMA2 only (scenario 

2) after cleaning for all node and demand node, respectively. As seen i, formulation at the 

DMA level is more successful in increasing the number of demand nodes with minimum 

water age. From the maximum water age point of view both formulations present the same 

performance.  

Table 6.11 Number of demand nodes in DMA2 in water age bands under different 
control formulations 

Control Configuration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

Cleaning 17 days 4 10 7 1 493 

LM Traditional setup 0 494 18 0 3 

WA Scenario 1 5 495 13 0 2 

Scenario 2 34 466 13 0 2 

 

6.5.1.7 Properties of the objective function and penalty functions 

In this section, the 3-D plots of the components of the objective function are 

presented to check the feasible region, assess the shapes of the objective function and 

penalty functions, and identify the sensitivity of these functions to the changes in the 

decision variables. This is carried out by the direct search method where the values of the 

objective function and penalties are determined as a function of the settings of the PRVs at 

the DMA inlets (two decision variables). The settings for each valve vary from 0 to 120. 

Figure 6.7 illustrates the variations in the total objective function value which is the sum of 

the water quality objective function value, maximum and minimum pressure penalties, 

maximum flow velocity penalty, negative valve setting penalty (which is zero because valve 
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settings vary between zero and 120), and the penalty related to the discrepancy between 

the valve settings generated by the solver and the settings that EPANET converge to. 

 

Figure 6.7 Variations in the objective function value in response to the variations in 
the decision variables 

To understand the relative impact/importance of these components, the variations 

in each component in response to the valve settings are plotted separately in Figures 6.8 to 

6.15 with the following specifications: 

 Water quality objective function: sum of the demand-weighted average water age 

with the weighting factor of 106 (Figure 6.8) 

 Maximum pressure penalty: applied for pressures greater than 100m with the 

weighting factor of 106 (Figure 6.9) 

 Minimum pressure penalty: applied for pressures less than 10m with the weighting 

factor of 105 (Figure 6.10) 

  Maximum flow velocity penalty: applied for flow velocities greater than 2m/s with 

the weighting factor of 105 (Figure 6.11) 
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 Difference in valve settings penalty: applied when there is a difference between the 

valve settings generated by the solver and the settings that EPANET converges to, 

with the weighting factor of 107 (Figure 6.12) 

 

Figure 6.8 Variations in the water quality objective function value in response to the 
variations in the decision variables (initial conditions: after enhanced cleaning) 

 

Figure 6.9 Variations in the maximum pressure penalty value in response to the 
variations in the decision variables 
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Figure 6.10 Variations in the minimum pressure penalty value in response to the 
variations in the decision variables 

 

Figure 6.11 Variations in the maximum flow velocity penalty value in response to the 
variations in the decision variables 
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Figure 6.12 Variations in the penalty value related to the difference in valve settings 
(solver vs. EPANET) in response to the variations in the decision variables 

6.5.1.8 Convergence of the algorithm 

In this section the plots related to the convergence of the algorithm when applied to 

the control scenario 1 in section 6.5.1.3 are presented. Under this control, after the 

implementation of the enhanced cleaning the network reconfigures itself to traditional LM 

for 4 hours at 12am and then to water age management at 4am for 20 hours. The 

independent variables are the two PRVs at the DMA inlets. The control horizon and sub-

control interval are set to 20 hours meaning that 1 setting per valve is determined and kept 

in place for the entire 20 hours. Figure 6.13 shows the variations in the objective function 

value. The algorithm converged in 36 time steps decreasing the objective function value 

from 3.78×1011 to 1.62×107. The convergence and satisfaction of the constraints related to 

the maximum and minimum pressures and maximum velocity are shown in Figure 6.14, 
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Figure 6.13 Variations in the objective function value 

 

Figure 6.14 Convergence of the maximum pressure to 100m constraint 
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Figure 6.15 Convergence of the minimum pressure to 10m constraint 

 

Figure 6.16 Convergence of the maximum flow velocity to 2m/s constraint 
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indication of the log of the objective function value. As seen at the beginning there is a 

considerable difference between the valve settings produced by the solver and EPANET but 

over the iterations the difference decreases and from iteration 19 the settings match. Figure 

6.18 illustrates the convergence of the algorithm without penalty 5. The algorithm starts 

from the same three initial points and after 31 iterations converges to (44.2, 12.3) with the 

objective function value of 1.66×107. Both algorithms follow almost the same route but 

converged to different points. The difference in the optimal point can be attributed to the 

shape of the objective function. As seen in Figure 6.7, both points are located on a flat 

surface which represent the minimum of the function. The objective function values 

reported above indicates a slightly better performance of the algorithm with penalty 5. 

 

Figure 6.17 Convergence of the algorithm with penalty 5 
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Figure 6.18 Convergence of the algorithm without penalty 5 

6.5.2 Water age management after leakage management 
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therefore, nodes will change water age bands. Comparing Tables 6.12 and 6.13 indicates 

that based on the water age equal or greater than 48 hours, LM control (marginally) shows 

a better performance. However, WA control is superior based on the minimum water age 

and 24≤WA<48. The performance is the same for 12≤WA<24.  

Table 6.12 Number of demand nodes in water age bands after implementation of 
water age control with different durations (initial conditions: LM) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

 
 
 
 

WA 

5 hours 46 680 77 7 3 

10 hours 77 699 29 7 1 

20 hours 48 739 22 3 1 

44 hours 48 739 21 4 1 

68 hours 48 739 21 4 1 

92 hours 48 739 21 4 1 

116 hours 48 739 21 4 1 

140 hours 48 739 21 4 1 

 

Table 6.13 Number of demand nodes in water age bands after continuation of LM 
control with different durations (initial conditions: LM) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

 
 
 
 

LM 

5 hours 65 680 61 7 0 

10 hours 72 699 35 6 1 

20 hours 43 739 28 3 0 

44 hours 43 739 28 3 0 

68 hours 43 739 28 3 0 

92 hours 43 739 28 3 0 

116 hours 43 739 28 3 0 

140 hours 43 739 28 3 0 

 

6.5.2.1 Impact of inlet number and hydraulic constraints 

Table 6.14 shows the results for demand nodes. Comparing the performance of the 

configurations (see section 6.5.1.3 for the specifications) based on the maximum water age 

band shows that the LM control provides a better performance and that the 4 WA controls 
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represent the same behaviour. The increase in the number of inlets resulted in a 

considerable increase in the number of nodes with water age less than 12 hours. This 

increase is related to a reduction in the number of nodes in the second water age band 

(12≤WA<24) which indicates that nodes that experienced water age in the range of 12 and 

24 hours are now experiencing a water age less than 12 hours. 

 

Table 6.14 Number of demand nodes in water age bands under different 
reconfiguration scenarios with different number of inlets 

Control Configuration Water age bands   

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

LM 1 day 43 739 28 3 0 

 
 

WA 

Configuration 1 47 740 22 3 1 

Configuration 2 76 713 20 3 1 

Configuration 3 108 679 22 3 1 

Configuration 4 113 672 22 5 1 

 

To assess the impact of the hydraulic constraints on the water age management, the 

same controls were applied to the case study network but the constraints on the maximum 

flow velocity and maximum pressure were relaxed (the only operational constraint 

considered is to maintain a minimum pressure of 10m). Table 6.15 shows the results for 

demand nodes. Comparing Tables 6.14 and 6.15 indicates that relaxing the constraints 

result in an increase in the number of nodes with water age less than 12 hours and also 

reduction in the number of nodes with water age between 12 and 24 hours (variations in 

other water age bands are negligible). In WA<12 category, cconfiguration 1 is the one mostly 

affected (43% increase in number of nodes) followed by configuration4 (30% increase) and 

configuration 2 (24% increase), and configuration 3 is the least affected (8% increase). 
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Table 6.15 Number of demand nodes in water age bands under different 
reconfiguration scenarios with different number of inlets (No MaxP and MaxV constraints) 

Control Configuration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

LM 1 day 43 739 28 3 0 

 
 

WA 

Configuration 1 83 689 35 5 1 

Configuration 2 100 692 17 3 1 

Configuration 3 118 674 16 4 1 

Configuration 4 161 632 16 3 1 

 

6.5.2.2 Impact of sub-control intervals number 

To investigate the impact of the number of sub-control intervals on the performance 

of the system the same scenarios as those defined previously in section 6.5.1.4 are used in 

this section. Table 6.16 shows the results for demand nodes. Based on the maximum water 

age category, LM presents the best results. Amongst the WA control scenarios investigated, 

scenario 4 outperforms other scenarios considering 72, 48, or 24 hours as acceptable water 

age thresholds. However, scenario 2 represents the highest number of demand nodes with 

water age less than 12 hours.  

Table 6.16 Number of demand nodes in water age bands under different sub-control 
intervals (initial conditions: after LM) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

 
 

WA 

Scenario 1 36 661 107 6 3 

Scenario 2 79 647 77 7 3 

Scenario 3 76 700 29 7 1 

Scenario 4 43 744 22 3 1 

 

6.5.2.3 Impact of control horizon duration 

To investigate the impact of control horizon duration on the performance of the 

system the same scenarios as those defined previously in section 6.5.1.5 are used in this 

section but the initial water age conditions is after the LM. As seen in Table 6.17, scenarios 1 
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and 4 represent the best performance amongst WA control scenarios assuming 48 or 72 

hours as the acceptable water age thresholds. Based on 24 hours scenario 4 outperforms 

other scenarios. 

 

Table 6.17 Number of demand nodes in water age bands under different control 
horizon duration (initial conditions: LM) 

Control Duration Water age bands 

WA<12 12≤WA<24 24≤WA<48 48≤WA<72 72<WA 

LM 3 days 43 739 28 3 0 

 
 

WA 

Scenario 1 43 739 27 3 1 

Scenario 2 43 740 25 3 2 

Scenario 3 43 740 23 6 1 

Scenario 4 43 744 22 3 1 

 

6.5.2.4 Impact of initial time 

As discussed earlier, water age is related to the pipe residence times. Therefore, it is 

expected that implementation of the water age control for a few hours during the peak 

demand times can provide the same benefit as implementation for longer hours during low 

demand times. Therefore, in this section the water age control is implemented with 

different durations and different starting times, peak demand time (6pm) and low demand 

time after the LM (4am). Out of the hours of the water age control the network operates 

under the traditional LM control. Results are presented in Table 6.18.  

Based on the maximum water age band, commencement of the control at 4am for 1 

hour results in a better performance than commencement of the control at 6pm for 1 hour. 

However, this conclusion can be affected by the fact that in the former case the assessment 

of the performance is carried out 19 hours after the completion of the control whilst in the 

latter case the assessment of the performance is carried out 5 hours after the completion of 

the control therefore, the impact of the control may have not propagated throughout the 

network. This shows the difficulty in the interpretation of the water age results under 

dynamic (quasi-unsteady) conditions. 
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Table 6.18 Impact of start time and duration of the control on final nodal water ages 
at the end of the day (demand nodes) 

 
Control 

 
Optimisation 

horizon 

Sub-
control 
interval 

 
start 
time 

Water age bands 

WA< 
12 

12≤
WA 
<24 

24≤
WA<

48 

48≤
WA<

72 

72<
WA 

LM - - - 43 739 28 3 0 

 
 
 
 

WA 

1 1 4am 43 739 27 3 1 

5 5 4am 43 740 25 3 2 

10 10 4am 43 740 23 6 1 

20 20 4am 43 744 22 3 1 

3 3 6pm 39 711 55 4 4 

2 2 6pm 42 725 36 5 5 

1 1 6pm 43 725 32 8 5 

 

6.5.2.5 Convergence of the algorithm 

The 3-D plots of the components of the objective function including maximum 

pressure penalty, minimum pressure penalty, and maximum flow velocity penalty are the 

same as those presented in section 6.5.1.8. However, the shape of the objective function is 

different because of the impact of the initial conditions (i.e. initial water age). Figure 6.19 

illustrates the variations in the water quality objective function in response to the variations 

in the settings of PRVs at the DMA inlets from 0 to 120. Comparing Figures 6.8 and 6.19 

shows that irrespective of the initial water age conditions, the optimal region is the same. 
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Figure 6.19 Variations in the water quality objective function value in response to the 
variations in the decision variables (initial conditions: after LM) – 24 hours simulation 

 For the purpose of comparison, the variations in the water quality objective 

function in response to the same variations in the settings of PRVs at the DMA inlets for 5 

hours are shown in Figures 6.20. This shows the sensitivity of the WQ objective function to 

variations in the control horizon. However, it is noted that the optimal region stays the 

same. 
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Figure 6.20 Variations in the water quality objective function value in response to the 
variations in the decision variables (initial conditions: after LM) – 5 hours simulation 

6.6 Conclusions 

Water age analysis is frequently used for the assessment of the water quality 

behaviour of the networks under normal operating conditions. As illustrated in chapter 3, 

the closure of DMA boundary valves can increase the average water age within the 

networks. More importantly, it increases the number of nodes with dead-end-like behaviour 

which represent the most deteriorating conditions for water quality. Despite success in 

enforcing cleaning conditions, the controls proposed in chapters 4 and 5 could also result in 

elevated water age within the network depending on the initial water age conditions at the 

DMA inlets and the setting of the control including the control horizon and the duration and 

number of sub-control horizons.   

This chapter presented a novel control framework to alleviate the impact of DMAs 

and also the cleaning controls on the water age behaviour of the networks whilst enabling 

the maintenance of the leakage management functionality of DMAs and enhancement in 

network resilience. The results show that water age management is not an easy task and 

that different conclusions can be drawn with respect to the performance of the control. This 

0
20

40
60

80
100

120

0
20

40
60

80
100

120
1.8

1.9

2

2.1

2.2

2.3

2.4

x 10
7

 

PRV2 setting (DMA2)
PRV1 setting (DMA1)

 1.85

1.9

1.95

2

2.05

2.1

2.15

2.2

2.25

2.3

2.35

x 10
7



220 
 

is because water age is a cumulative variable (in contrast to hydraulic variables) which takes 

into account the history of system’s operation. This was not the case for the controls 

proposed in chapters 4 and 5 where each time step is independent from one another and 

results can be analysed independently. The water age results, however, are sensitive to the 

initial conditions, setting of the control, the selected water age threshold as an indicator of 

acceptable water quality, and also the interval between the last disturbance to the system 

and the time at which the water age assessment is carried out (dynamic vs. steady-state 

conditions). Overall, it was observed that the most successful approach for water age 

management is to increase the number of inlets with low water age at the extremities of 

the network. This strategy results in a considerable but localised reduction in the water age. 

The increase in the number of inlets incurs capital and operational costs therefore, cost-

benefit analysis is recommended to select a set of appropriate inlets. 
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7 Research overview, contributions, concluding remarks, 

and future works recommendations 

7.1 Research overview 

Compliance with increasingly customer-focused regulations and maintaining the 

customer’s confidence in using the tap water are the major goals of water companies in the 

UK. Thus, management of discolouration is of paramount importance due to being directly 

evident to the customers and being an indication of deteriorated chemical and 

microbiological quality of the water. Discolouration can potentially be a risk to the public 

health and cause significant dissatisfaction which result in customers losing their confidence 

in the water company and using the tap water. Maintaining the customers’ satisfaction and 

the reputation of the water company is even becoming increasingly vital as by new 

regulations, businesses, charities and public sector organisations can now choose their 

water service retailer in an open market. 

Water companies struggle with the proactive management of discolouration 

incidents. This is partly due to the impact of ageing infrastructure which is seen as a major 

contributor of sediment load into the system (e.g. corrosion and iron release) and being the 

major source of hydraulic disturbances (e.g. mains burst). It is also partly due to the fact that 

the reliability, redundancy and resilience of supply have been the main drivers of networks 

topology including the layout and capacity. Attainment of these design objectives results in 

hydraulic conditions that increase the likelihood of discolouration. Furthermore, the 

leakage-driven network sectorisation (DMAs) to minimise the impact of aging infrastructure 

on water loss and cost of supply exacerbates the situation by changing the networks 

connectivity and hydraulic conditions. 

Continuing efforts of water companies to combat the adverse impact of 

hydraulically- and leakage-oriented design and operation of WSNs by traditional 

management strategies such as flushing, pipe replacement and pipe rehabilitation are not 

viable in the current financial environment and existing aging infrastructure and cannot 

keep the pace of compliance with the speed of the evolution of water quality regulations. 
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There is a need for an effective and cost-efficient solution. Such solution must take into 

account the current sectorised topology (DMAs) of WSNs. Water companies are reluctant to 

move away from the DMA topology partly due to its indisputable success in leakage 

management and partly due to the its unknown impact on water quality and risk of 

incidents. Therefore, it was the aim of this study to shed light on the possible adverse 

impact of DMAs from water quality and discolouration management perspectives and 

propose a novel and smart solution to alleviate these impacts without compromising the 

leakage detection functionality of DMAs. Development of a smart and multi-functional 

solution is vital for water companies to survive under the current pressures of operational, 

regulatory and financial environments. Furthermore, development of smart WSNs is an 

essential element of the future ‘smart cities’ for the efficient use of resources and dealing 

with global pressures such as the impact of climate change on water resources, energy 

efficiency, changes in population and urbanisation. Thus, it was the aim of this study to take 

advantage of the advances in computational power and numerical methods to control and 

optimise the operation of the potable water networks for proactive discolouration 

management. 

Development of a robust and cost-effective control for discolouration management 

requires continuous and real-time monitoring of water quality variables in WSNs and also 

profound understanding of the discolouration-related mechanisms. Despite considerable 

breakthroughs, the lack of continuous water quality monitoring and the lack of modelling 

capabilities in tracking and predicting the spatio-temporal distribution of water quality 

variables within the networks precludes quantifying the diurnal variations in water quality in 

each pipe and determining the discolouration potential of a pipe at a particular time. 

Therefore, it was the aim of this research to carry out an extensive review of all 

discolouration pathways and influencing factors to propose a holistic framework for 

discolouration management and introduce surrogate hydraulic indicators to estimate the 

discolouration potential of pipes without requiring water quality measurements.  
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7.2 Research contributions and main findings 

The contributions of this work are shown in Figure 7.1. Each block is explained briefly below. 

 

Figure 7.1 Research novelties
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7.2.1 Proposed a holistic discolouration risk management in potable 

WSNs 

Understanding the discolouration mechanisms has been the subject of many 

studies. However, there has been no comprehensive study collating and summarising all the 

information in a systematic way to identify the major controllable variables representing the 

likelihood of discolouration. In this research, an extensive literature review was carried out 

to pull together all the advances and relevant information to identify these variables and 

propose a holistic framework for discolouration management at the pipe scale.  

7.2.2 Identified the impact of biofilms on the conditioning (i.e. strength) 

of accumulations in pipes and proposed diurnal flow profiles for effective 

biofilm removal  

The role of biofilms as a contributing factor into accumulations processes and 

mechanisms related to discolouration in WSNs has not been extensively studied and has 

been unknown. In this research, the information about the characteristics of cohesive layers 

formed in WSNs was compared and contrasted against the general characteristics of 

biofilms. This shed light on that the role of biofilms as the governing factor controlling the 

strength and consequently the rate of detachment of cohesive layers. Therefore, relevant 

information about the morphology, mechanical behaviour and adaptation characteristics of 

biofilms were collated, impact of various diurnal flow profile on biofilms was discussed and 

a flow profile was proposed for enhanced biofilm cleaning.  

7.2.3 Proposed surrogate hydraulic indicators to assess the level of 

cleaning or discolouration potential of a pipe 

The current advances in water quality modelling and monitoring does not allow for 

tracking temporal and spatial variations of water quality variables within the networks. In 

contrast, reasonable calibrated hydraulic models are available and used in day-to-day 

decision making by water companies. Therefore, in this research, the focus was given to the 
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impact of hydraulic variables. A number of surrogate hydraulic variables were introduced to 

assess the level of pipe cleaning and compare the discolouration potential of the networks 

under different operating scenarios/controls.  

7.2.4 Developed and evaluated a novel methodology to demonstrate the 

adverse impact of network sectorisation (DMAs) on the level of water 

quality deterioration and potential for discolouration incidents 

The impact of network sectorisation (DMAs) on water quality and the likelihood of 

discolouration has not been thoroughly studied before and variables used as performance 

indicators were limited and unclear. A methodology was developed and applied to a large-

scale, DMA-based WSN to demonstrate the potential impact of network sectorisation on 

water quality and likelihood of discolouration. The methodology is based on spatial analysis 

of historical discolouration-related customer complaints from hydraulics point of view and 

extensive and detailed analysis of changes in a number of surrogate hydraulic variables 

under different network configurations (sectorised vs non-sectorised).  

7.2.5 The successful implementation of a novel and modular operational 

control methodology “dynamically reconfigurable district metered areas” 

for discolouration and water quality management in DMA-based potable 

WSNs 

DMAs are invaluable leakage management tools. Any operational management 

strategies for water quality must maintain the leakage management functionality of DMAs. 

The “dynamically reconfigurable district metered areas” proposed in this research is a multi-

functional DMAs that allows achieving both objectives. The modular nature of this 

methodology allows water companies to implement various controls (pipe cleaning, biofilm 

removal, water age management) as/when required. 
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7.2.6 Developed and evaluated a novel topological and operational 

control methodology for timely and regular cleaning of pipes (PODDS and 

sedimentation perspectives) to reduce the risk of discolouration in DMA-

based potable WSNs 

The control methodologies proposed in literature for the operational management 

of WSNs have been primarily focused on leakage, cost, and energy minimisation. 

Discolouration management by regulating/controlling the hydraulics of the networks has 

never been the subject of any proposed topological and operational control methodologies. 

This research is pioneering in proposing a control for pipe cleaning (PODDS and 

sedimentation perspectives) to reduce the likelihood of discolouration incidents in DMA-

based networks.  

7.2.7 Developed and evaluated a novel topological and operational 

control methodology for biofilm cleaning to reduce the risk of 

discolouration in DMA-based potable WSNs 

Biofilm cleaning by regulating/controlling the hydraulics of the networks has never 

been the subject of any proposed topological and operational control methodologies for 

WSNs. This research is pioneering in proposing a control for biofilm cleaning to reduce the 

likelihood of discolouration incidents and maintain the microbiological quality of water in 

DMA-based networks. The methodology is based on the adaptability characteristics of 

biofilms. A number of indicators were introduced to assess the level of biofilm removal of 

pipes. 

7.2.8 Developed and evaluated a novel topological and operational 

control methodology for water age management in DMA-based potable 

WSNs 

Studies on the control of water age has been very limited and certainly there has 

been no methodologies proposed for DMA-based networks. In this research, an operational 

and topological control methodology for water age management in DMA-based networks 



227 
 

was formulated that enables alleviating the adverse impact of DMAs and proposed cleaning 

controls on water quality.  

7.2.9 Main findings and concluding remarks 

This thesis was successful in designing an operational methodology for the next 

generation of DMA-based WSNs that dynamically reconfigures its topology to create 

favourable hydraulic conditions and achieve various operational objectives including 

leakage detection, water quality and discolouration management, and resilience in supply. 

Main findings and concluding remarks of this research are as follows: 

 Discolouration pathways in WSNs can be classified as re-suspension of sediments, 

detachment of non-gravitational accumulations over the pipe circumference, 

corrosion and associated iron release, and sloughing of biofilms. 

 Biofilms and associated EPS appears to be the governing factor in providing the 

cohesiveness observed in non-gravitational accumulations on the pipe walls. 

 Effective biofilm cleaning can be achieved by applying flow reversal and using a pre-

cleaning flow conditioning stage based on the adaptation characteristics of biofilms 

to hydraulic conditions for survival. 

 Discolouration potential of a pipe is a function of the diurnal bulk water quality 

profile at its upstream node, pipe characteristics, and diurnal flow profile of the 

pipe. 

 DMA topology can have an adverse impact on water quality behaviour of the 

networks and risk of discolouration. 

 DMA-induced dead ends and associated hydraulic conditions (called dead-end-like 

behaviour in this study) increase the risk of discolouration customer complaints. 

 In the case study network used in this study, more than a third of dead-end-like 

hydraulic behaviour with historical discoloration customer complaints was caused by 

network sectorisation (DMAs). 
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 Dynamically reconfigurable DMAs can be used to generate self-cleaning conditions 

to re-suspend sediments and detach the so called ‘cohesive layers’ to reduce the 

likelihood of discolouration. 

 Dynamically reconfigurable DMAs can be used to condition the biofilms for an 

effective cleaning by flow reversal to reduce the likelihood of discolouration. 

 Dynamically reconfigurable DMAs can be used to reduce the water age at the 

extremities of the network and the adjacency of DMA-induced boundary valves. 

7.3 Future works recommendations 

Below, a list of future works recommendations to enhance the accuracy of the 

modelling and complement the proposed control framework is presented. 

7.3.1 Frequency of cleaning 

Determining an optimum frequency is essential to achieve a timely and cost-

effective cleaning programme. Too early cleaning results in a waste of resources and 

imposing unnecessary stresses to the system, whilst too late cleaning can lead to water 

quality failures and discolouration incidents. Determining an optimum frequency requires 

the ability for continuous modelling and the capability for tracking various physicochemical 

and microbiological mechanisms occurring inside the pipes. This enables the estimation of 

the amount and strength of accumulations as a function of time. The discolouration 

potential of each pipe can then be predicted as a function of flow disturbance and 

therefore, timely and cost-effective cleaning can be determined. The state-of-the-art of 

current water quality modelling is in its infancy stage in comparison to what is ideally 

required. See the conclusions of Chapter 2 for a list of research gaps to enable enhanced 

water quality modelling. See Appendix I for practical recommendations about the cleaning 

frequency. 

7.3.2 Gradual accumulation of sediments 

In this study, it was assumed that by applying the cleaning controls all the re-

suspended sediments are discharged through the customers’ taps and consequently from 
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the network. However, in reality a proportion of the re-suspended materials may not be 

trapped in the customer connection pipes therefore, being carried with the bulk water and 

deposited elsewhere in the network. Under a specific sequence of the operation of the 

inlets some of the pipes may be subject to gradual and cumulative accumulations of 

materials and represent a significant discolouration risk in long-term operation of the 

control. To the author’s knowledge, there is no study on how the concentration of 

suspended materials change along a main as a function of the number of customer 

connections, magnitude of customer consumption, and flow velocity of the bulk water. The 

current water quality modelling tools are not capable of tracking the concentration of the 

suspended materials in the bulk water as a function of aforementioned factors. Therefore, 

inlet-scheduling (i.e. the sequence of operating the inlets) is a subject for further research 

when the capability for tracking the sediments in the bulk water becomes available. 

7.3.3 DMA design and water quality 

Further studies (modelling and field-based) on the impact of DMA design 

parameters (e.g. location and number of boundary valves) and design objectives (e.g. 

leakage and/or pressure management) on water quality behaviour of networks and the 

likelihood of discolouration based on the indicators proposed in this research are required. 

Investigating the inclusion of the proposed hydraulic variables in the DMA design 

methodologies also remains a subject for further studies. 

7.3.4 Operational activities records 

In this study there was no opportunity to investigate the impact of all operational 

activities on discolouration incidents. Currently, water utilities do not use operational 

activities information in their programmes of water quality risk management and they do 

not keep a detailed, clear and accurate records of these activities. Considerable data 

cleaning and local knowledge of the network is required to translate the records into useful 

information. In this study, the focus was given to mains burst and flushing data which are 

known to be the major causes of flow disturbances. However, there are other types of 

operational activities such as PRV and meter maintenance, customer metering programmes, 

mains relining and replacement, and DMA reorganisation which can cause flow 
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disturbances. Considering the impact of all operational activities on discolouration customer 

contacts remains a subject for further study.  

7.3.5 Demand modelling 

For a network with fixed topology and control rules (with positive pressure), 

customer demands and leakage determine the hydraulic behaviour of the networks. 

Therefore, an accurate knowledge of customer demands is a prerequisite for accurate 

modelling of hydraulic conditions which in turn influences the results of water quality 

modelling. Accurate demand modelling is particularly important at the dead end areas due 

to very low flow conditions and frequent flow reversals (Clark et al. 1994, Blokker et al. 

2008). The use of a diurnal demand profile with a temporal resolution of 15-min in this 

study may not accurately represent the diurnal flow velocities and hydraulic conditions in 

pipes. But, this is the best available and commonly-used resolution in the current modelling 

practices. The impact of network sectorisation on water quality and discolouration, and 

comparing the performance of the proposed controls under a finer temporal resolution of 

customer demand and capturing the dynamic hydraulic conditions is the subject of a further 

study. 

7.3.6 Actual pipe connections in hydraulic modelling 

In the current hydraulic models, to reduce the computational time and memory 

storage the actual number of connections along a pipe is not taken into account and a 

convenient assumption is made by which all demands along a pipe is simply split into two 

equal portions and allocated to the pipe’s terminal nodes. This method, however, 

represents errors in the solution of the energy equation along pipes (Giustolisi and Todini 

2009, Doglioni et al. 2009).  There is a considerable uncertainty concerning the information 

that water utilities hold about the actual locations of pipe connections along the mains. If 

this information is available at a reasonable accuracy it can be used to enhance the accuracy 

of the models.  Quantifying the impact of enhanced hydraulic modelling on the performance 

of the controls is a subject for future study. 
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7.3.7 Mixing at pipe junctions 

Mixing at the pipe junctions can affect the transport of compounds in WSNs. Flow 

pattern (velocity and direction of flows at the junctions) and the geometry of the junction 

(pipe diameters and relative location of the pipes) can play an important role in the mixing 

characteristic of the junctions (Ho and O’Rear 2009). Typically, it is assumed that complete 

and instantaneous mixing occurs at the pipe junctions and the concentration of outflowing 

pipes is all equal. Although, the assumption of complete mixing at T-junctions which are few 

pipe diameters apart is reasonable (Romero-Gomez et al. 2008), this assumption in the 

cross junction is not valid and mixing of less than 10% has been reported (McKenna et al. 

2007; Ho 2008; Romero-Gomez et al. 2008). Therefore, assuming the complete mixing at 

pipe junctions can lead to over- or underestimation of the actual concentrations throughout 

the system (Ho and O’Rear 2009). There is a considerable uncertainty concerning the 

information that water utilities hold about the exact geometry of the junction in WSNs. If 

this information is available at a reasonable accuracy it can be used to enhance the accuracy 

of the water quality modelling.  Quantifying the impact of enhanced modelling of the mixing 

at junctions on the performance of the controls is a subject for future study. 

7.3.8 Optimisation formulation 

The optimisation formulation proposed in this study was focused on 3 main KPIs of 

WSNs including leakage, discolouration, and water age management. These were all 

formulated separately as single objective optimisation problems. It is noted that the leakage 

detection functionality of DMAs remained intact and the impact of the discolouration and 

water age management controls on leakage was indirectly considered by constraining the 

maximum nodal pressure. The reasons for selecting the single objective formulation rather 

than multi-objective formulation were as follows: 

 Provide flexibility to water companies in applying the controls based on the need 

if/when required in different parts of the network. For example, there might be a 

need for water age management in a specific part of the network and this does not 

need to be combined with pipe cleaning and/or leakage. Also, the application of the 

pipe cleaning control might not have the same deteriorating impact on the leakage 
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and/or water age performance of the network to a level that these need to be 

addressed. The deteriorating impact depends on many variables including the layout 

and topography of the network, demand conditions, design of DMAs, and 

specifications of the pipe cleaning control. 

 High computational costs of solution algorithms for multi-objective optimisation 

problems which makes them not suitable for near-real-time applications and 

scalability 

  Formulating of all the KPIs in a multi-objective optimisation form adds to the 

complexity of the problem and limits the level of cleaning that can be achieved for 

discolouration management. For example, the sensitivity analysis in section 6.5.2.1 

showed that how relaxing the constraints on maximum nodal pressure and 

maximum pipe flow velocities increases the level of improvement achieved. Whilst it 

is believed that multi-objective formulation and adding constraints limits the level of 

improvements that can be achieved, this is an alternative way for optimisation 

formulation and is a subject for further study. 

The cleaning control proposed in this research allows for modelling PRVs which are 

single-direction control valves. In the all-inlet control that uses the boundary valves as 

potential inlets, the formulation implies that these valves, which are usually THVs, need to 

be converted to PRVs. Whilst this can provide additional pressure management capabilities 

(this was not quantified in this study) the intrinsic property of PRVs which allow flow in one 

direction limits the cleaning capacity of the network and depending on the direction of the 

valves it only allows for cleaning one DMA. Making changes to the formulation to include bi-

directional boundary valves (e.g. THVs) as inlets and decision variables in the control 

algorithm is a subject for further research. It is noted that THVs generally are not capable of 

controlling flow as accurate as PRVs. Also, there are new PRVs that allow flow in both 

directions but flow can only be controlled in one direction. Therefore, the proposed control 

methodologies in this study present no issues with regard to network resilience. See 

Appendix I for practical recommendations about flushing requirements and impact of 

changes in water source related to the operation of boundary valves. 
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7.3.9 Cost-benefit analysis 

The control methodologies proposed ion this research is heavily based on valve 

scheduling. Operating all the valves manually is resource-intensive and may be infeasible 

given the current man power of water companies. Alternatively, valves can be converted to 

remotely-controlled valves which comes at a cost. Completing a cost-benefit analysis for the 

proposed control methodologies remains a subject for further study. 
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Appendix A 

Mechanics of particle deposition 

van Thienen et al. (2011) examined the importance of radial transport mechanisms 

involved in particle deposition in WSNs. The investigated forces included gravitational 

settlement, turbulent diffusion, turbophoresis, Saffman force, Magnus force and pressure 

gradient force. Gravitational settlement was suggested not to be a dominant mechanism as 

flow is predominantly turbulent (e.g. flow in a 100mm diameter pipe becomes turbulent 

when the velocity is 0.05 m/s). Although deposition of particulates on the entire 

circumference of a pipe has been previously attributed to the effect of turbophoresis 

(Vreeburg and Boxall 2007) the results of this study showed that turbophoresis is mostly 

limited to large particles (> 50µm) in transport mains. For these mains and the given particle 

size, the Saffman lift force contributes to the radial transport to some degree, but the 

Magnus force and pressure gradient force do not influence the deposition accumulation 

process. Turbophoresis refers to the transport of particles in the direction of the turbulence 

gradient due to particle inertia. Particles do not follow the flow pattern as in turbulent 

diffusion and to some degree move in an independent way. Turbulent diffusion was 

reported to be the dominant process in the smaller diameter pipes. Turbulent diffusion 

refers to the separation of particles due to eddies of turbulent flow. Although particles may 

move towards and away from each other but the net result is the separation of particles. 

This mechanism is effective for the particles with negligible inertia (small particles) so that 

they can be carried along with the flow. 

Botto et al. (2005) studied the deposition of particles in channels and observed that 

two mechanisms contribute into the particle deposition: free flight and diffusional 

deposition. Free flight refers to the deposition of particles with large wall-normal velocity 

and small near-wall residence time (in the laminar sublayer). Diffusional deposition refers to 

the deposition of particles with small deposition velocity and high residence time near the 

wall. The latter mechanism was suggested to be the dominant process while the former 

only accounts for the 40% deposition of heavier particles. Free flight deposition occurs 
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when particles have a sufficient velocity to travel to the interface and the increase in near-

wall velocity (turbulence) does not affect this mechanism. In contrast, diffusional deposition 

increases by near-wall turbulence. The authors concluded that free flight deposition is a 

function of the material concentration in the bulk water, whereas, diffusional deposition is a 

function of near-wall turbulence. 

Mechanics of particle detachment and re-suspension 

Mechanical investigations of particle detachment have shown that tangential and 

shear forces exerted by the passing fluid can cause particle detachment through three 

possible mechanisms (Sharma et al. 1992): rolling, lifting and sliding. Rolling is the principal 

mechanism of particle detachment and tangential force is the dominant force contributing 

to particle detachment; the lift force contribution is negligible (Visser 1976). This has been 

confirmed by Ziskind et al. (1997), and Vainshtein et al. (1997) who reported that the drag 

force applied by the passing fluid in parallel to the surface is the most important force 

involved in particle detachment. However, using the concept of a fluctuating lift force and 

an energy balance, Reeks et al. (1988) proposed that particle detachment can also occur 

from the accumulation of energy in the particles exposed to turbulent flow (energy transfer 

to the particle from the flow). This signifies the likelihood of increased particle detachment 

in the peripheral areas of WSNs which typically experience unsteady and intermittent flows 

with high rate of change. 

With regards to the particle detachment and re-suspension, the PODDS model does 

not consider the rate of change of flow (i.e. the rate of change of shear stress) and this 

might explain discrepancies highlighted by Boxall & Saul (2005) in applying the model to 

operational systems. Aisopou et al. (2010) and Aisopou et al. (2014) demonstrated that the 

rate of change in shear stress is a critical factor in the shear-induced mobilisation of 

accumulations. This can be attributed to the viscoelastic behaviour of biofilm-sediment 

formations. In pipes, the sediments are analogous to colloids and the biofilms act as cross-

linked polymer gel. In this way, the complex biofilm-sediment formation behave elastically 

over short time periods for which the strain is linearly proportionate to the applied stress 

and viscoelastically as it exhibits time-dependant strains. If the flow velocity changes 
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gradually, the stiffness decreases and the cohesive layers are able to store the applied 

energy and resists detachment. Thus, understanding the role and quantifying the impact of 

quasi-unsteady and unsteady-state conditions on material detachment is critical to achieve 

self-cleaning conditions. 

A one-dimensional (1-D) model of wall shear stress is commonly expressed as a sum 

of steady and unsteady components (He et al. 2008, Aisopou et al. 2014): 

𝜏𝑤 = 𝜏𝑤𝑠 + 𝜏𝑤𝑢  

In which, 𝜏𝑤 is the total wall shear stress, 𝜏𝑤𝑠 is the steady wall shear stress and 𝜏𝑤𝑢 

is the unsteady wall shear stress. 

The steady component of above formula can be calculated using the Darcy-

Weisbach approach:  

𝜏𝑤𝑠 =
𝜌𝑓𝑉2

8
  

In which, 𝜏𝑤𝑠 is the steady wall shear stress, ρ is the water density, V is flow velocity 

and f is the friction factor. 

The determination of the unsteady component is more complex. Shuy (1996) 

observed that for slowly varying flows the wall shear stress followed the values associated 

with a quasi-steady condition. However, under rapidly varying flows (unsteady-state), the 

wall shear stress in accelerating flows was observed to be consistently lower than the quasi-

steady value, while in decelerating flow it was consistently higher than the quasi-steady 

value. 

Detailed long-term investigation of the shear stress under acceleration by He et al. 

(2008) showed that unsteady shear stress is greater than quasi-steady shear stress during 

the initial stages, and then it reduces to below the quasi-steady value. This was attributed to 

the effect of inertia and turbulence dynamics. Ariyaratne et al. (2010) studied the 

magnitude of shear stress under decelerating flow and found that unsteady wall shear 

stress can be greater or smaller than its equivalent steady-state value. The magnitude of 
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deviation from the steady-state condition was suggested to depend on some factors 

including the initial Reynolds number and the acceleration/deceleration rate. The dynamic 

hydraulic conditions can have an impact on the detachment and re-suspension processes.  

Occurrence of unsteady state hydraulic conditions are common in WSNs (Hoskins and 

Stoianov 2013). Therefore, further research linking the dynamic hydraulic conditions and 

their impact on discolouration processes is required.  
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Appendix B  

Disinfectant decay 

Chlorine chemistry 

Chlorine is widely used in drinking water industry due to its high reactivity as 

disinfectant, effectiveness on a wide range of waterborne pathogens, easy to handle, being 

cost effective, simple to dose and measure, and provision of residual for lengthy time 

(Bagwell and Barrett 2001, Freese and Nozaic 2004, Sadiq and Rodriquez 2004, Warton et 

al. 2006). Chlorine is applied as either compressed gas, solution of sodium hypochlorite or 

solid calcium hypochlorite. The reactions occurring in water upon addition of these 

compounds are in turn as follows (Brown et al. 2011): 

𝐶𝑙2 + 𝐻2𝑂 → 𝐻+ + 𝐶𝑙− + 𝐻𝑂𝐶𝑙 

𝑁𝑎𝑂𝐶𝑙 + 𝐻2𝑂 → 𝑁𝑎+ + 𝑂𝐶𝑙− + 𝐻2𝑂 

𝐶𝑎 (𝑂𝐶𝑙)2 + 2𝐻2𝑂 → 𝐶𝑎+ + 2𝑂𝐻− + 2𝐻𝑂𝐶𝑙 

Chlorine in both HOCl (hypochlorous acid) and 𝑂𝐶𝑙− (hypochlorite ion) forms has 

disinfection capability. However, HOCl is a more powerful agent (circa eight times) 

than 𝑂𝐶𝑙−. This is because the surface of pathogens are naturally negatively charged, thus, 

a neutral compound such as HOCl is more effective in penetration and reaction than a 

compound with negative electrical charge. There is a dissociation reaction, which is 

reversible, by which hypochlorous acid partially dissociates and produces hydrogen ion and 

hypochlorite ion as follows (Biswas et al. 1993, Brown et al. 2011): 

𝐻𝑂𝐶𝑙 → 𝐻+ + 𝑂𝐶𝑙− 

This reaction is temperature and particularly pH dependent. Greater pH drives the 

reaction towards right therefore, decreasing the disinfection power of the chlorine by 

producing more 𝑂𝐶𝑙− and vice versa (Bagwell and Barrett 2001, Brown et al. 2011). At 

pH=7.5 the quantity of HOCl and 𝑂𝐶𝑙− is equal constituting 50% of chlorine residual 
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(Bagwell and Barrett 2001).  At pH=6, 95% of chlorine solution is in the form of HOCL while 

at pH=9, OCL- constitutes 95% of chlorine solution (Clark 2012). The rate of above reaction is 

positively and logarithmically correlated with temperature (Bagwell and Barrett 2001).  

Regulatory limits and challenges of chlorine maintenance 

Despite its effectiveness chlorination represents shortcomings such as taste and 

odour issues (Bryan et al. 1973), formation of DBPs which could be toxic and carcinogenic 

(Rook 1974, Bull and Kopfler 1991), reduced capability to inactive the bacteria attached to 

the particles and the pipe wall (LeChevallier et al. 1988), and reduction in the residual level 

with time (Chambers et al. 1995).  

Minimum concentration of chlorine residual needs to be regulated to preserve the 

water quality against pathogen intrusion and minimise microbial re-growth. Maximum 

concentration needs to be also regulated to minimise DBP formation and prevent taste and 

odour issues. Currently, in the UK, there is no regulation on the minimum and maximum 

chlorine residual. The limit in the US and Canada the minimum and maximum values are 0.2 

mg/L and 4 mg/L of free chlorine, respectively (Clark 2012). In large WSNs with high chlorine 

demand, to avoid taste and odour issues caused by increasing the dosage at WTWs, re-

chlorination stations are often used within WSNs or a more stable disinfectant such as 

chloramine is deployed (Biswas et al. 1993). Alternatively, system operation can be 

regulated to ensure that a detectable level is maintained throughout the system. This 

requires a good understanding of chlorine decay kinetics and recognising the factors 

influencing the rate of decay (Rossman et al. 1994). 

Chloramine chemistry 

As discussed earlier, when chlorine is added to water it is decomposed to 

hypochlorous acid and hypochlorite ion. Hypochlorous acid is a weak acid and it dissociates 

to hypochlorite at the pH above 8.5. It also reacts with ammonia (if present in the water) to 

form chloramines including monochloramine, dichloramine, and nitrogen trichloride 
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according to the following stoichiometry reactions, respectively (Tebbutt 1998, Bagwell and 

Barrett 2001): 

𝑁𝐻3 + 𝐻𝑂𝐶𝑙 → 𝑁𝐻2𝐶𝑙 + 𝐻2𝑂     (𝑀𝑜𝑛𝑜𝑐ℎ𝑙𝑜𝑟𝑎𝑚𝑖𝑛𝑒) 

𝑁𝐻2𝐶𝑙 + 𝐻𝑂𝐶𝑙 → 𝑁𝐻𝐶𝑙2 + 𝐻2)     (𝐷𝑖𝑐ℎ𝑙𝑜𝑟𝑎𝑚𝑖𝑛𝑒) 

𝑁𝐻𝐶𝑙2 + 𝐻𝑂𝐶𝑙 → 𝑁𝐶𝑙3 + 𝐻2𝑂 (𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑡𝑟𝑖𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒) 

The relative formation of these compounds depends on pH, chlorine:ammonia 

nitrogen ratio, temperature, and contact time. Monochloramine is predominant when pH is 

between 6.5-8.5 (or greater than 5.5) and Cl2:N ratio is 5:1 and dichloramine is predominant 

when pH is lower than 5.5 (Tebbutt 1998, Bagwell and Barrett 2001). 

Persistence in the addition of chlorine to the water that contains ammonia results in 

producing both combined and free chlorine residuals. Upon depletion of ammonia further 

addition of free chlorine results in the reaction of free chlorine with the produced combined 

residuals according to the following equation, and causes an increase in the concentration 

of free chlorine (see Figure B.1) (Tebbutt 1998): 

𝑁𝐶𝑙3 + 𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝑁𝐻4
+ 

In theory, breaking point occurs when the relative ratio of chlorine to ammonia is 

2:1. However, this ratio in practice is approximately 10:1. The concentration of free chlorine 

changes uniformly with the added dosage beyond the breaking point (Tebbutt 1998). 
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Figure B.1 Chloramine breaking point 

Addition of free chlorine can have an adverse impact. According to Dlyamandoglu et 

al. (1990) free chlorine oxidises nitrite to nitrate and chorine is reduced to chloride 

according to the following equation (Dlyamandoglu et al. 1990). The concentration of 

chloride is currently limited to 250 mgCl/l. This reaction is faster in acidic and neutral pH and 

its rate decreases with increasing pH (Dlyamandoglu et al. 1990). 

𝑁𝑂2
− + 𝐻𝑂𝐶𝑙 + 𝐻2𝑂 → 𝐻3𝑂+ + 𝑁𝑂3

− + 𝐶𝑙− 

Compared to free chlorine, combined residuals represent benefits and weaknesses. 

Chloramine is less reactive than free chlorine but it is less stable due to its 

autodecomposition (Clark 2012). Less reactivity implies that for a particular dose of 

disinfectant, combined residuals require a longer period and for a particular contact time 

greater concentration of combined residuals is required to achieve a similar disinfection 

level as free chlorine. This characteristic makes chloramine an attractive replacement to 

free chlorine because it remains for a longer period and facilitates the control of bacterial 

regrowth within WSNs (Bagwell and Barrett 2001). In addition, Monochloramine produces 

fewer DBPs compared to free chlorine (Bagwell and Barrett 2001). Thus, dual objectives of 

disinfection and reduced DBPs formation can be achieved by chloramine compared to 

chlorine (AWWARF 2007).  
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However, chloramine represents some disadvantages that diminish its popularity as 

disinfectant. Among the three types of chloramines, monochlorasmine is the preferred 

disinfectant due to the taste and odour problem caused by the other two (Bagwell and 

Barrett 2001). In addition, similar to chlorine, chloramine also reacts with NOM and reduced 

metals in the balk phase and at the pipe wall. According to following equations, these 

reactions result in producing ammonia which its concentration is limited by regulations 

(Clark 2012): 

 Oxidation of natural organic matter: 

0.1𝐶5𝐻7𝑂2𝑁 + 𝑁𝐻2𝐶𝑙 + 0.9𝐻2𝑂 → 0.4𝐶𝑂2 + 0.1𝐻𝐶𝑂3
− + 1.1𝑁𝐻4

+ + 𝐶𝑙− 

 Reaction with corrosion products: 

0.5𝑁𝐻2𝐶𝑙 + 𝐻+ + 𝐹𝑒2+ → 𝐹𝑒3+ + 0.5𝑁𝐻4
+ + 0.5𝐶𝑙− 

The main challenge associated with chloramination is the increased potential for 

nitrification. According to Zhang and Edwards (2009) durability of chloramine relative to 

chlorine depends on the occurrence and level of nitrification. Nitrification is the microbial 

oxidation of ammonia that occurs in two steps. In the first step ammonia is oxidised to 

nitrite and in the second step nitrite is oxidised to nitrate. This process can have adverse 

impacts on water quality such as rapid depletion of disinfectant residual, loss of ammonia, 

decrease in pH, alkalinity and dissolved oxygen concentration, and increase in nitrite and 

nitrate (Bagwell and Barrett 2001). Concentration of nitrite and nitrate is regulated to 

0.5mg/l and 50 mg/l at customer taps (HMSO 2000).  

The decomposition and reaction of chloramine with organic matters and corrosion 

products increases the amount of ammonia in the bulk water. Under proper environmental 

conditions, ammonia-oxidising bacteria oxidise ammonia to nitrite and ultimately to nitrate. 

This reaction causes an increase in the ratio of chlorine to ammonia-nitrogen which is the 

controlling factor of chloramine stability in the aqueous phase. To compensate for 

ammonia, chloramine starts to decompose to ammonia (autodecomposition) and also 

reacts with nitrite to produce ammonia according to the following equations, respectively 

(Bagwell and Barrett 2001, AWWARF 2007): 
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   Autodecomposition (NRC 2006): 

3𝑁𝐻2𝐶𝑙 → 𝑁2 + 𝑁𝐻3 + 3𝐶𝑙− + 3𝐻+ 

 Oxidation of nitrite to nitrate (Margerum et al. 1994): 

𝑁𝐻2𝐶𝑙 + 𝑁𝑂2
− + 𝐻2𝑂 → 𝑁𝐻3 + 𝑁𝑂3

− + 𝐻𝐶𝑙 

A positive loop is established between chloramine and nitrifying bacteria which 

leads to rapid depletion of disinfectant (1 mg/l of nitrite is oxidised by 5 mg/l chloramine) 

(Bagwell and Barrett 2001). Persistence of this loop leads to the loss of chloramine residual 

and an increase in ammonia concentration and subsequent growth of nitrifiers which favour 

the regrowth of coliforms and heterotrophic bacteria (Bagwell and Barrett 2001, AWWARF 

2007, Clark 2012). 

To control nitrification, free chlorine can be selected as the disinfectant but this may 

diminish the safeguard against bacterial growth on the pipe wall. Increasing chloramine 

dosage does not necessarily reduce nitrification; survival of nitrifires at chloramine residuals 

between 1.2 and 1.5 mg/l and as high as 4.6 mg/l has been observed (Bagwell and Barrett 

2001). Following measures are used to control the nitrification (Bagwell and Barrett 2001): 

 Periodic breakpoint chlorination. This is a remedial action and not preventive. It is used 

after nitrification has started. This causes the ratio of chorine to nitrogen ammonia 

increases and as a result, the rate of nitrification decreases but not completely eliminated as 

nitrification can still occur at low concentration of ammonia.   

 Increase chloramine dosage before the start of nitrification rather than after 

 Flushing and controlling the biofilm development may have a long-term effect 

 Dosing sodium chlorite (NaClO2) at suitable times during the year to produce chlorite ion 

(ClO2
-) which is known to reduce nitrification  

 Increase in pH to reduce autodecomposition (NCR 2006) 

 Enhance the removal of chloramine-demanding NOMs (AWWARF 2007).  
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Chloramine decay, risk of nitrification and impact of 

variables 

Westbrook and DiGiano (2009) examined the chloramine consumption at the pipe 

wall in two different pipes including cement-lined ductile iron pipe (CLDI) and tuberculated, 

unlined cast-iron pipe (CI). They used a bench-scale pipe section reactor and modified first-

order chloramine decay model to approximate the chloramine loss. Results suggested that 

chloramine decay in the CI pipe was three folds faster than bulk decay and the reaction rate 

was first-order with respect to chloramine. As discussed earlier, reaction of chlorine with CI 

pipes was suggested to be best described by zero-order kinetics (DiGiano and Zhang (2005). 

This difference is attributed to the lower reactivity of chloramine compared to free chlorine. 

Thus, in chloraminated WDNs chloramine is the limiting factor in the wall decay rate unlike 

chlorinated systems in which Fe2+ is the limiting factor.  

Westbrook and DiGiano (2009) observed that a decrease in pH increases chloramine 

decay. This was also reported by AWWARF (2007).This can be attributed to the further 

dissolution of Fe2+ from corrosion scale and subsequent reaction with chloramine. Another 

factor influencing the chloramine decay is the flow velocity since it has a direct impact on 

the release of corrosion by-products and it influences the transfer of chloramine to the pipe 

wall.  

Persistence and durability of chloramine compared to chlorine was examined by 

Zhang and Edwards (2009) by using a large scale pipe rig designed to simulate the operating 

conditions in premise-plumbing systems. The results showed that the relative endurance of 

chlorine in comparison to chloramine is a complex function of autodecomposition, reactions 

with corrosion by-products, reaction with pipe material itself, and the nitrification rate. 

Following remarks were concluded (Clark 2012): 

 Chloramine is always more persistence than chlorine in the absence of nitrification 
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 In the cases where there is a rapid nitrification in the inert pipes such as PVC, copper with 

epoxy coating, and stainless steel, chloramine is less persistence and less effective than free 

chlorine 

 In reactive pipe materials such as cast-iron, galvanized-iron and old lead, nitrification is the 

determinant factor in evaluating the relative disinfectant decay rate and the ability to 

manage bacterial growth. Several decay rates were observed for chlorine and chloramine 

decay in theses pipes but overall, under the conditions where nitrification rate is high and 

corrosion rate is low chlorine is more persistent and effective then chloramine. 

Yang et al. (2007) developed a simplified model to help water utilities to assess the 

risk of nitrification. This study showed that pH, temperature, total chlorine residual, and 

water age are the key factors in evaluating the risk for nitrification. Yang et al. (2008) 

attempted to describe the nitrification dynamics based on the concentration of chloramine, 

ammonia, nitrite, nitrate and nitrifying bacteria to determine where and when a nitrification 

episode occurs. Results of their study suggested that heterotrophic growth can be a 

significant contributor in the chloramine decay. This highlights the importance of 

maintaining the microbial quality of water in controlling the nitrification. 

Chlorine bulk decay rate and impact of operational 

variables 

Temperature 

Generally, the rate of chemical reactions increases with temperature and it is 

expressed by Arrehenius equation (equation below). The rate of reaction will approximately 

double for every 10 ℃ increase in temperature (Fair 1965). 

𝐾𝐵 = 𝐹𝑒𝑥𝑝 (
−𝐸

𝑅(𝑇 + 273)
)         (2.20) 

In an early study, Feban and Taras (1951) reported a positive relationship between 

chlorine decay and temperature. Powell et al. (2000a) quantified this effect and observed a 

2.5 fold increase in the bulk decay rate for an increase in temperature from 10 to 20℃. A 
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study by AWWARF (1996) showed 2.05 fold increase in the bulk decay rate for the same 

temperature variation. In the UK, this implies an approximately fourfold increase in the bulk 

decay rate in the summer compared to the winter (Courtis et al. 2009). The impact of 

temperature on the bulk decay coefficient is more significant under lower initial chlorine 

dosage for a given TOC concentration (Brown et al. 2011). 

Organic content of water 

There is a positive relationship between chlorine bulk decay and concentration of 

natural organic matter (NOM) in the bulk water. Powell et al. (2000a) suggested a linear 

increase in decay coefficient with increase in TOC and UV (indicators of organic content of 

water). The same observation was also reported by AWWARF (1996). 

By analysing water samples at different temperature and TOC concentration, Kiene 

et al. (1998) suggested the following equation to capture the compounding impacts of both 

variables on the chlorine decay.  

𝑘𝑏 = 𝑎 × 𝑇𝑂𝐶 × exp (
−𝑏

𝑇 + 273
)          (2.21) 

In which, 𝑘𝑏 is the bulk decay coefficient, T is the temperature (℃), a and b are 

constant and TOC is the organic carbon indicator. 

According to Brown et al. (2011), this model has two limitations: values of ‘a’ and ‘b’ 

depend on the organic matter characteristics and this makes the formula site-specific and 

not easy to use in practice. In addition, below a particular TOC threshold it indicates no 

reaction between chlorine and organic matters, which is questionable.  

Initial chlorine concentration and re-chlorination 

There is an inverse correlation between initial chlorine concentration (C0) and the 

bulk chlorine decay (Powell et al. 2000a, Hallam et al. 2002). This is because when the 

concentration of initial chlorine increases a greater amount of reactants is consumed 

therefore, the average decay rate measured over a period of time will decrease. 
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Jadas and Hecart et al. (1992) observed different bulk decay rate coefficients for the 

re-chlorinated samples compared to the water chlorinated for the first time. Powell et al. 

(2000a) reported that bulk chlorine decay significantly reduces (by at least 40%) in each 

stage of re-chlorination possibly due to the reduction in the organic matrix of the water. The 

authors suggested following equations to predict the bulk decay rate coefficient as a 

function of temperature, organic content of water (TOC and UV) and initial chlorine dosage: 

𝑘𝑏 = 𝑝 (
1

𝐶0
) (𝑇𝑂𝐶 − 𝑓) exp [−

𝐸

𝑅(𝑇 + 273)
]          (2.22) 

𝑘𝑏 = 𝑞 (
1

𝐶0
) (𝑈𝑉 − ℎ) exp [−

𝐸

𝑅(𝑇 + 273)
]          (2.23) 

In which, kb is the bulk first order chlorine decay constant, f is the TOC for zero kb, h 

is UV for zero kb, TOC and UV are the organic content indicators, T is the temperature, E is 

the activation energy, R is the ideal gas constant, C0 is the initial chlorine concentration, and 

p and q are the universal kb equations coefficients. The models underestimate the bulk 

decay at greater decay rates.  

Hua et al. (2000) proposed a universal equation as follows: 

𝑘𝑏 = 𝐹(𝐶0)𝜓(𝑇𝑂𝐶)𝜙𝑒
−

𝐸
𝑅(𝑇+273)          (2.24) 

In which, F is constant and both water- and system-dependant. It is optimised to 

minimize the error between estimated and observed data. 𝜓 is the power associate with 

the initial chlorine concentration which is -1. 

Hallam et al. (2002) questioned the validity of this model and pointed out that in a 

typical day where the magnitude of temperature and TOC concentration is effectively 

constant Hua’s model yields a constant bulk decay rate which contradicted their 

observations that bulk decay coefficient decreases with distance from WTWs as a result of 

depletion of fast reacting organic carbon substances. The authors added a term known as 

number of re-chlorination within WSNs to account for the changes in the organic matrix of 

water: 
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𝑘𝑏 = 𝐹(𝑁𝐶𝑙)𝜆(𝐶0)𝜓(𝑇𝑂𝐶)𝜙𝑒
−

𝐸
𝑅(𝑇+273)          (2.25) 

In which, NCl is the number of re-chlorination stages, F=5.9×106, 𝜆 is -1.14, 𝜙 is 2.06, 

R equals 8.31 J mol ℃−1, E =50500 J mol-1, and E/R=6077 ℃.  

This model presents an advantage that considers operational interventions in WSNs 

in response to seasonal variations. In addition, it implicitly accommodates the effects of wall 

decay and mixing on the decay rate. However, validation of the model did not show a good 

correlation (R2=0.48) and using 𝜙=2.06 in WSNs was questioned as it was originally derived 

for the raw water (Courtis et al. 2009). 

Courtis et al. (2009) postulated that the complex chemistry of organic oxidation 

cannot be represented sufficiently accurate by independent consideration of TOC and 

number of re-chlorination stages. Furthermore, the addition of NCl only accounts for the 

number of re-chlorination and neglects the chlorine dosage applied at each stage and the 

chlorination legacy of the water. The authors incorporated a term to present the cumulative 

concentration of chlorine added to water from the post-GAC in WTWs up to a point in WSNs 

to reflect the changes in the organic matrix of water. Following modification was suggested 

to improve the bulk decay rate (𝑘𝑏𝐹𝑊
) derived by Hua’s approach: 

𝑘𝑏𝑆𝑅
= 𝑘𝑏𝐹𝑊

.
𝐶𝐶𝑆𝑅

𝛽

𝐶𝐶𝐹𝑊
𝛽

          (2.26) 

In which, kbSR is the bulk decay rate at the outlet of service reservoir (h-1), CCSR 

cumulative chlorine at each service reservoir including the chlorine consumed since leaving 

the WTWs plus the value applied at the reservoir, CCFW cumulative chlorine of treated 

water. 

pH 

Powell et al. (2000a) investigated the impact of pH on the bulk chlorine decay rate 

and observed no relationship. This was attributed to the narrow range of pH tested in the 

study. As explained earlier, pH is an important factor in determining the form of chlorine 
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present in the bulk water (HOCl or OCl-). Different forms have different level of reactivity, 

therefore, changes in pH is expected to change the bulk decay rate coefficient. 

Flow velocity 

Bulk decay rate is commonly determined by the bottle test under static/no-flow 

conditions. Experimental works by Menaia et al. (2003) in PVC pipes revealed that bulk 

decay rate varies with the turbulence of flow and assuming a fixed value under varying flow 

conditions is inadequate. This contradicts the results of study by Powell et al. (2000b) that 

the bulk decay coefficient is insensitive to the hydraulic conditions. Menaia et al. (2003) 

suggested the following expression to adjust the decay rate:  

𝐾′ = 𝐾0
′(1 + 𝑏𝑉𝐷)         (2.27) 

In which, K’ is the bulk decay at any location, K0
’ is the bulk decay determined by 

bottle test, V is flow velocity, D is pipe diameter, and b is a ratio of a/D in which a is a 

coefficient obtained from regression analysis based on an empirical expression in the form 

of 
𝐾′

𝐾0
′ = 1 + 𝑎. 𝑉. 

Chlorine wall decay rate and impact of operational 

variables 

Pipe material 

A study by Hallam et al. (2002) showed a greater chlorine demand for unlined metal 

pipes compared to plastic or lined metal pipes. This confirms the results of studies by 

AWAWRF (1996) and Powell (1998) showing that the wall decay of unlined iron pipes is 4 to 

100 and 10 to 100 times, respectively, greater than lined metal or plastic pipes. More 

recently, Clark et al. (2010) observed that chlorine residuals disappear in the unlined iron 

pipes in a very short time in contrast to PVC pipes; plastic pipes, however, exert an initial 

demand in the first contact with chlorine which is quickly satisfied. Zhang et al. (1992) 

reported negligible chlorine demand for asbestos cement and two stretches of steel pipes 
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(larger than 250mm). Hallam et al. (2002) has suggested that cement precludes the reaction 

between iron and chlorine. 

Overall, pipe martials can be ranked based on the average wall decay rate as follows 

(Hallam et al. 2002): cast iron > spun iron > cement lined ductile iron > PVC > medium 

density polyethylene. Assuming no accumulation on the pipe walls, in reactive pipes such as 

unlined iron pipes wall decay is limited by the amount of chlorine transferred to the wall, 

whereas, in non-reactive (or low-reactive) pipes such as PVC and cement-lined iron pipes 

reaction is controlled by the reactivity of the pipe itself. 

Pipe age and internal conditions 

Comparing the wall decay coefficients of metal and plastic pipes showed that 

unlined cast iron pipes present a greater variability in the value of the wall decay (0.03-1.64 

h-1) (Hallam et al. 2002). Clark et al. (1995) assessed the chlorine loss in two stretches of 

galvanised iron pipes (one brand new and other one 30-40 years old) and they found that 

chlorine disappears in the older pipe in few minutes while it remains stable in the newer 

pipe for 24 hours. Similarly, Clark et al. (1994a) reported the highest rate of wall decay in a 

section of a network comprised of the oldest unlined cast iron pipes. These observations 

indicate the impact of aging on internal conditions of pipes and subsequently chlorine 

demand. 

Al-Jasser (2011) quantified the impact of service age on the wall decay in four 

different pipe materials and observed that service age can increase the wall decay in the 

range of 8% to 531%. The correlation was more significant for the steel pipes. This was 

attributed to the significant impact of corrosion on chlorine decay as noted by Kiene et al. 

(1998). In cement-lined ductile iron pipes, wall decay decreases up to a certain age (almost 

20 years) and then starts increasing. This was attributed to the protective role of the 

cement. A decrease in wall decay was reported for uPVC and polyethylene in the first few 

years (almost three years) followed by a relatively stable behaviour over the next 20 years. 

Formation of biofilms on the pipe wall is another factor that can contribute to the 

wall chlorine demand. Lechevallier et al. (1987) and Pederson (1990) observed considerable 
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chlorine demand caused by large quantity of biofilms. A moderate amount of biofilms on 

the surface of plastic and cement-lined cast iron pipes, however, was observed not to 

considerably affect the wall chlorine decay (Hallam et al. 2002). Al-Jasser (2011) observed 

contradictory impacts of biofilms on the wall decay depending on pipe age. Whilst removal 

of deposits and biofilms decreased wall demand by 7-12% in middle aged pipes, it increased 

the wall demand by 15-18% in old steel pipes. This was attributed to the possible protective 

role of biofilms. The mature biofilms (thicker) can act as a barrier and preclude chlorine 

from reaching and reacting with the pipe wall and corrosion by-products. In contrast, 

immature biofilms (thinner) do not act as a barrier and may exert an additional chlorine 

demand. 

The uncertain impact of biofilms can also be perceived from contradictory results in 

literature regarding the impact of TOC on the wall decay rate. TOC is used as nutrients by 

biofilms, thus, increase in TOC is expected to retrofit biofilm development which in turn can 

increase the wall demand or decrease it in long-term as biofilms mature. Kiene et al. (1998) 

reported a positive relationship between TOC on the wall decay rate, in contrast to Hallam 

et al. (2002) who did not observe any correlations.  

Pipe diameter 

There is a consensus on the inverse relationship between pipe diameter and the wall 

decay (Gotoh 1989, Hunt and Kroon 1991, Sharp et al. 1991). This is attributed to the 

greater surface area to volume ratio in smaller diameter pipes. For a given pipe age, Al-

Jasser (2011) also reported a greater wall decay rate for smaller pipes. 

Flow velocity 

Wall decay is a function of chlorine transfer from the bulk water to the pipe wall, 

therefore, flow velocity is an important influencing factor. Hallam et al. (2002) observed a 

linear positive relationship between flow velocity and the wall decay in metal and plastic 

pipes. However, the statistical confidence for plastic pipes was reported to be low. Digiano 

and Zhang (2005) showed the similar positive correlation in the cast iron pipes and that an 

upper bound is ultimately reached. A study by Clark (2011) also confirmed the increasing 
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wall decay in unlined metal pipes with velocity and that there was no particular relationship 

for plastic pipes. Menaia et al. (2003) also observed no correlation for new plastic pipes 

under a range of velocities tested. 

Initial chlorine concentration 

A study by AWWARF (1996) showed an inverse relationship between initial chlorine 

concentration and the wall decay and that it takes about one month for the wall decay to 

become stable after a change in dosage. In an in-situ investigation, Hallam et al. (2002) 

observed the same behaviour in PVC pipes but not for iron, MDPE, and cement-lined ductile 

iron pipes. Under laboratory conditions, the authors reported an inverse power relationship 

for plastic pipes and cement lined cast iron pipes. Rossman et al. (2001) also observed an 

inverse relationship where the wall decay coefficient decreased from 3.4 to 2.4 day-1 as a 

result of increasing the chlorine dosage. This reduction was attributed to pipe material 

acclimation and depletion of precursors on the pipe wall. 

Temperature 

Although no relationship was presented Hallam et al. (2002) reported a greater wall 

decay coefficient at greater temperatures. This could be due to the positive impact of 

temperature on biofilm development and on the rate of chlorine reaction with precursors. 

Discussion on disinfectant decay modelling 

Complexity in disinfectant decay modelling 

This review shows that the rate of disinfectant decay is influenced by the asset 

conditions and many operational variables. Kiene et al. (1998) investigated the relative 

importance of the variables that exert chlorine demand and observed that in metallic pipes, 

the most demand is related to the pipe material (including corrosion) followed by 

accumulated deposits, bulk water and then biofilms. In plastic pipes, these were in the 

following order: deposit, bulk water, biofilms and lastly pipe material. The authors 

concluded that synthetic pipe materials including HDPE, uPVC, molecular oriented PVC, 
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polypropylene, and glass reinforced polyester do not exert any significant chlorine demand 

and the amount of chlorine consumed by the chemical compounds leaching from these 

pipes is negligible. 

All these factors vary spatio-temporally within the WSNs. Thus, considering constant 

bulk and wall decay coefficients for each pipe at different times and for all pipes at a specific 

time is inadequate. A study by Powell et al. (2000a) showed that chlorine bulk decay 

coefficient considerably varies temporally and spatially within WSNs.  

There are uncertainties associated with determining pipe-specific wall decay 

coefficients. This is due to the unknown level, structure and composition of corrosion scales 

and also unknown level and type of accumulations on the pipe walls. This causes 

inaccuracies in estimating the local hydraulic conditions and subsequently mass transfer 

rate due to the unknown pipe diameter. The unknown hydraulic conditions also precludes 

accurate determination of the composition, level and strength of accumulations on the pipe 

walls. 

This represents a difficulty in calibration and uncertainty in durability of the chlorine 

decay models. Continuous calibration is required to reflect the temporal changes of 

operational variables. In long-term, the level of deterioration of assets such as corrosion of 

metal pipes and accumulation of materials in all pipes irrespective of pipe material needs to 

be considered to maintain the accuracy of the models. 

Current state-of-the-art of modelling and monitoring does not allow for tracking the 

variations of relevant variables throughout the network to adjust the decay coefficients over 

time at the pipe level. Most of the variables are monitored at the outlet of WTWs so the 

initial condition for the modelling can be determined. Problem starts with the need for 

tracking the variations in the variables within the network. Furthermore, there are still 

uncertainties associated with the type of indicators used to measure different 

characteristics of the bulk water such as the organic content (TOC or UV). 

This is further complicated given that physicochemical characteristics of the bulk 

water influences the level of asset deterioration and accumulation of deposits on the pipe 
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wall and consequently influence the wall decay coefficient. Reciprocally, leaching from the 

pipe material (i.e. corrosion by-products) and also detachment of deposits such as biofilms 

influence the bulk decay coefficient. This reciprocal relationship is a function of hydraulic 

conditions which also vary spatio-temporally within the network. Accurate modelling of 

hydraulic conditions is an essential component of accurate disinfectant residual decay 

modelling. System hydraulics is derived by the customer demands and design and operation 

of WSNs. The stochastic nature of customer demand and external events affecting the 

operation of the system cannot be captured with the current level of monitoring which adds 

further to the uncertainty and complexity of the disinfectant decay modelling. 

Operational controls 

The objectives to increase the likelihood of maintaining a detectable level of 

disinfectant residuals throughout the network can be defined as follows:  

 Reduction in temperature, reaction time, organic and inorganic content of treated water, 

flow velocity (particularly in metal pipes), and the amount of accumulation in pipes. 

 Increase in initial chlorine concentration and number of re-chlorination stations. 

 Pipe materials should be treated differently. Particular attention should be given to small-

diameter, older, and unlined metal pipes as the aggregation of these specifications exert the 

greatest chlorine demand. 

This study is focused on controlling the operation of WSNs in favour of water quality 

for a fixed initial conditions at WTWs (temperature, initial disinfectant concentration, and 

organic and inorganic content of water) and fixed network layout and asset properties (pipe 

material, diameter, age, re-chlorination stages). So, amongst the above factors, reducing the 

reaction time, flow velocity and the amount of accumulations in the pipes are only relevant. 

At the system level, the former refers to the time that water spends in the system (i.e. 

water age) before consumption. Reducing temperature is also implicitly included in the 

water age reduction. In the summer, greater water age can increase the temperature due to 
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greater contact time between the bulk water and assets. Overall, the operational controls to 

maintain disinfectant residual in WSNs for a given boundary conditions can be defined as: 

 Reduce water age 

 Reduce pipe flow velocity (in metal pipes) 

 Reduce the amount of accumulations in pipes 

The first two objectives are in conflict because reduction in pipe velocity leads to an 

increase in pipe residence time and consequently water age. There has been no study that 

evaluate the relative importance of these two objectives and it is unclear which one is more 

beneficial for maintaining disinfectant residuals at the pipe and network level. Therefore, 

selection between these two objectives needs to be carried out based on their impacts on 

other water quality deteriorating mechanisms. 

The impact of asset conditions (material, diameter and age) should be considered on 

a pipe-by-pipe basis. This is important in countries like UK where the major proportion of 

the pipelines consists of metallic pipes which are as old as 100 years. It is noted that the 

impact of assets on the disinfectant decay is contradictory. While diverting the flow towards 

smaller diameter pipes is beneficial for water age reduction it results in an increase in the 

bulk decay and also increase in the wall decay due to greater mass transfer (i.e. wall 

demand) and greater surface area to volume ratio. 
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Appendix C 

Biofilm growth and influencing operational variables 

Disinfectant residuals 

The effectiveness of disinfectant residuals on biofilm growth depends on its ability 

to penetrate into the biofilms (AWWARF 2007). Results of studies by Lechavallier et al. 

(1993), Yu (1994) and AWWARF (2007) showed that monochloramine is a more effective 

disinfectant. This was attributed to the high reactivity of free chlorine and that its reaction 

with organic matters, pipe material and corrosion by-products restricts its penetration 

ability. In contrast, results of study by Clark and Sivaganesan (1998) showed that the 

effectiveness of chlorine outweighs chloramine. While chloramine can be a more effective 

disinfectant with regard to penetration into biofilms it produces ammonia which favours the 

biofilm growth and nitrifying bacteria (Menaia and Mesquita 2004). Free chorine is more 

effective in galvanised, copper, and PVC pipes compared to metal pipes due to the chlorine 

demand exerted by the ferrous iron (LeChevallier et al. 1990). 

Contradictory findings have also been reported regarding the concentration of 

disinfectant required to mitigate biofilm development. Lechevallier et al. (1990) suggested 1 

mg/l to inhibit biofilm development while Block et al. (1993) observed growth under the 

same chlorine residual. Despite reduction in the biomass, chlorinated biofilms were 

observed to have a greater rate of growth and substrate uptake than non-chlorinated 

biofilms. However, the low level of yield (cell reproduction) indicated that the substrates are 

consumed as energy source by remaining cells to generate additional EPS for protection 

(Butterfield 1998). Thus, chlorinated biofilms are expected to be more cohesive and 

resistant to detachment. 

Physical properties of assets 

Pipe material influences the rate, extent and composition of biofilm development 

(Haas et al. 1983). Steel pipes represent the greatest potential for biofilm formation 
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followed by PE, uPVC and the lowest potential was attributed to PVC and copper pipes (van 

der Kooij 1999, AWWARF 2007, Yu et al. 2010). The release of copper ions reduces the 

microbial activity while leaching biodegradable organics and phosphorous from plastic pipes 

including PE stimulates the microbial regrowth (Lehtola et al. 2004). 

Increase in pipe roughness and formation of corrosion scales affects the potential 

for biofilm formation by reducing the disinfection effectiveness, concentrating organic 

nutrients and facilitating the attachment of bacteria. Chang et al. (2003) observed a greater 

biofilm growth in the cast iron, concrete-lined cast iron and galvanised steel pipes compared 

to PVC. Corrosion and tuberculations were also observed to favour the coliform regrowth 

even under the presence of chlorine residual and corrosion inhibitors and low level of AOC 

(Haas et al. 1983, LeChevallier et al. 1987, AWWARF 2007).  

Water treatment and chemical quality of the bulk water 

Biodegradable organic content of water provides the source of energy for biofilm 

metabolisms (i.e. biofilm growth). Significant biofilm growth can still occur under a low 

concentration of nutrients (Van der Kooij 1999) therefore, reducing the level of organic 

matters can only limit the biofilm growth (Camper 1995). There is a correlation between 

regrowth of coliforms and high level of AOC in the treated water (Lechevallier 1999). In 

addition to the organic content of water, phosphate (Herson et al. 1984) and ammonia 

(Rittman and Snoeyink 1984) also influence the biofilm formation and microbiological 

stability of water (LeChevallier et al. 1987); for instance, an increase in ammonia increases 

the number of nitrifying bacteria (Okabe et al. 1999).  

The type of source water and processes and operations used in the treatment 

influence the bacterial regrowth and potential for biofilm formation in WSNs. A greater AOC 

concentration is observed in the surface water treated by ozonation than ground water 

treated by sand filters (Lechavallier 1999). Inclusion of filtration in the treatment chain is 

effective in controlling the regrowth of coliforms in WSNs. Biological treatment is more 

effective than traditional filters in reducing the level of biodegradable organics (Bagwell and 

Barrett 2001). Chlorination leads to a reduction in coliforms occurrences in WSNs. Backwash 
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of filters is effective in suppressing the bacterial population in WSNs. Chlorinated backwash 

declines the performance of bacterial activity in removing organic carbons and leads to an 

increased biofilm accumulation in WSNs (Characklis 1988). 

Hydraulic conditions 

At their early stage of development, biofilms grown under high flow velocity were 

observed to have a higher growth rate (Ohashi and Harada 1996, Dunsmore et al. 2002). 

This is because the rate of development at the beginning depends on the frequency of 

bacteria attachment to the pipe wall which is a function of mass transfer (i.e. flow regime). 

In later stages, however, determining the impact of hydraulics is not straightforward as flow 

velocity impacts external mass transfer, and various properties of biofilms such as internal 

mass transfer, density, strength, 3D-shape, and composition which all influence its net 

growth rate.  

While increasing flow velocity enhances the transfer of nutrients to the pipe wall, 

and consequently biofilm growth, it also increases the biofilm detachment rate due to 

elevated shear stress (Stoodley et al. 1999a, Radu et al. 2012). In the presence of 

disinfectants, the increased mass transfer also implies an increased transfer of disinfectants 

to the pipe wall which has a limiting impact on biofilm growth. Results of a study by Tsai 

(2006) showed a positive relationship between growth rate and shear stress in non-

chlorinated and low-chlorinated conditions and an inverse relation under high-chlorinated 

conditions.  

Dunsmore et al. (2002) observed a greater proportion of live/dead cells in biofilms 

grown under high flow condition. Manuel et al. (2007) reported a greater total cell counts 

by one order of magnitude under flow conditions compared to stagnation conditions. 

Vrouwenvelder et al. (2010) reported greater biofilm development under greater substrate 

loads (constant substrate concentration under higher flow rates). Lehtola et al. (2006) found 

a positive relationship between flow velocity and biofilm formation. In contrast, Stoodley et 

al. (1999a), Coufort et al. (2007), and Radu et al. (2012) observed a greater rate of biofilm 

growth and rapidly reaching steady-state conditions in laminar flow than turbulent 
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conditions. Lewandowski and Wasler (1991) observed that the growth of biofilms was at 

maximum at a flow rate near the transition between laminar and turbulent conditions. 

The effect of hydraulics on the internal mass transfer of biofilms is contradictory. 

While increased flow velocity increases the turbulence and subsequently substrate diffusion 

into biofilms, it also increases the density and compactness which reduces the diffusivity of 

the biofilms. The net mass transfer is the result of these two mechanisms (Vieira et al. 1993, 

Melo and Bott 1997, Stoodley et al. 1999d, Liu and Tay 2002). Internal mass transfer is a 

function of eddy diffusion and molecular diffusion. Siegrist and Gujer (1985) observed a 50-

60% reduction in the molecular diffusion due to increased density which was caused by 

increased velocity. Higher flow velocity exerts higher shear stress, thus, biofilm become less 

porous in an attempt to resist the shear stress and therefore, the advective element of mass 

transport decreases. Under this condition, dispersion is generally the predominant 

mechanism of transport into the biofilms (IWA 2006). 

Results of studies by Kugaprasatham et al. (1992) and Nagaoka and Sugio (1994) 

showed that the substrate flux into the biofilm is positively correlated with the power 

function of turbulent intensity near the biofilm while inversely correlated with the density. 

Biofilms grown under low flow conditions were shown to have convective mass transport. 

Therefore, by increasing the flow rate penetration of disinfectants into the biofilms can be 

significantly enhanced and the development of biofilms can be reduced (Melo and Bott 

1997).  

It can be concluded that the rate and extent of growth, and characteristics of 

biofilms are all a temporal function of external conditions and biological response of 

biofilms for survival. Drawing a quantitative conclusion on the response of biofilms to its 

environment is yet infeasible. However, in qualitative terms biofilms grown under high flow 

conditions appears to be thinner, denser and have a lower rate of internal mass transfer.  

Temperature and seasonal variations 

Camper (1995) observed an increase in HPC with the rise in temperature from 10 to 20℃. However, 

this did not affect the number of coliforms. This contradicts the findings of Lechavallier (1999) who 
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observed that temperature above 15℃ is favourable for the coliform growth. Generally, the risk of 

bacterial regrowth in WSNs is greater in the summer due to increase in the amount of 

biodegradable organic content of source water, accelerated decay of disinfectants, and greater 

temperature (AWWA 2002). 
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Appendix D 

Formation of Disinfection By-Products (DBPs) and 

associated regulations 

Application of chlorine as an effective disinfectant in WSNs to prevent waterborne 

diseases has been practiced since 1912. Pioneering studies by Rook (1974) and Beller et al. 

(1974), showed a number of disinfection by-products (DBPs) that form in chlorinated 

systems. The reaction of chlorine with Natural Organic Matter (NOM) in the bulk water or 

on the pipe wall produces low-molecular-weight chlorinated by-products (Bagwell and 

Barrett 2001, NRC 2006). The reaction of chlorine in water can be divided into three stages: 

first stage refers to the reaction of chlorine with inorganics which produces a very small 

fraction of Trihalomethanes (THMs), second stage include its reaction with fast-reacting 

organic matters which form the considerable amount of THMs and third stage where 

chlorine reacts with slow-reacting organics and form THMs at a slower rate (Brown et al. 

2011). 

Chlorine reacts with both DBP and non-DBP producing substances in WSNs. 

Historically, it was thought that the production of THMs and HAAs within WSNs to be lower 

than bottle test due to the additional demand for chlorine imposed by non-DBP producing 

materials on the pipe wall in the networks. However, results of a study by Rossman et al. 

(2001) showed that the level of HAAs in pipes was the same as the bottle test and a 15% 

increase in the THMs concentration was even observed in WSN. This was attributed to the 

reaction of chlorine with the reservoir of organic materials accumulated on the pipe walls. 

Iron tubercles can contain organic matter and contribute into producing DBPs.  Thus, the 

chlorine uptake by non-DBP producing substances will not necessarily reduce the DBP 

formation in WSNs.  

DBPs are not produced in the reactions in which chlorine entirely oxidise the organic 

matters to generate CO2. But, when chlorine is substituted or added to the structure of 

organic compounds. The possibility for entire oxidation of NOMs depends on its nature. 
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NOM can be divided into two subgroups: humic substances including fulvic and humic acids, 

and non-humic substances including carbohydrates, ammino acids, hydrocarbons, and 

lipids. Amongst NOMs which are commonly found in the water humic acids are 

predominant, about 50-70% of the Dissolved Organic Carbon (DOC). Humic substances show 

a greater affinity to form DBPs. An investigation by Liang and Singer (2003) suggested that 

the hydrophobic fractions of NOM produces more DBPs than the hydrophilic fraction 

(Brown et al. 2011). Due to the unknown characteristics of these substances and their 

variations, surrogate parameters such as DOC, TOC, ultraviolet absorbance at 254 nm and 

specific ultraviolet absorbance are used to evaluate the NOM content of the water (Brown 

et al. 2011). 

Amongst over 600 identified DBPs (Clark 2012), THMs and HAAs are two primary 

forms in chlorinated waters (Rodriguez et al. 2007, Hong et al. 2008, Brown et al. 2011). 

THMs are single carbon compounds formed as a result of substitution of hydrogen with 

halogens and have a general form of CHX3 in which X can be chlorine, bromine, fluorine, 

iodine or their combinations. All THMs show volatile characteristic (Brown et al. 2011). 

According to Clark et al. (1994a), contaminants that volatilize inside the households can 

adversely affect the costumers through inhalation, ingestion, and dermal exposure (Clark 

2012). Inhalation was identified as the dominant pathway that contributes to total exposure 

of adults to DBPs while ingestion is the major pathway for infants (Clark 2012).  

THMs constitute the greatest amount of DBPs (Clark 2012). There are four species of 

THMs: chloroform, dichlorobromomethane, dibromochloromethane, and bromophorm. The 

sum of these four THMs is termed as total THMs (TTHMs). Chloroform is a prevalent species 

in most surface water sources but an increase in the level of bromide can considerably 

results in the formation of brominated THMs (Brown et al. 2011). HAAs include nine species, 

of which, six compounds are mostly found in WSNs. Among these six species, dichloro- and 

trichloroacetic acids are more common and the other four including bromochloro-, 

dibromo, monochloro, and monobromoacetic acids occur in lower concentrations (Rossman 

et al. 2001, Rodriguez et al. 2007). A study by Rodriguez et al. (2007) showed that non-

brominated DBPs are predominant among the halogenated DBPs when concentration of 

bromide is low in the source water. In evaluating three source waters, chloroform was 
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observed to be the main component (65, 93 and 98%) of TTHMs. Cumulative concentration 

of dichloro- and dibromo- acetic acids together constitutes 96, 98 and 98% of HAAs.  

Cowman and Singer (1996) investigated the effect of bromide ion on the distribution 

of all nine HAA species resulted from chlorination and chloramination of the water which 

contains aquatic humic substances. It was observed that bromochloro-, bromodichloro-, and 

dibromochloroacetic acids constitute at least 10% of the total HAA in the samples that 

contained even a small amount of bromide such as 0.1 mg/L. At the bromide concentration 

which normally exists in raw drinking waters the mixed bromochloro types of HAA are 

dominant. In addition, the distribution of mono-, di-, and trihalogenated forms of HAA was 

observed to be independent of bromide concentration (Clark 2012). Clark et al. (1996) 

observed that concentrations of CHBr2Cl and CHBrCl2 increase to a maximum by increasing 

the bromide level to 2.5 mg/L and 0.5 mg/L, respectively, and then decrease with the 

further increase in bromide level. The concentration of CHCl3 and CHBr3 consistently 

decreases and increases, respectively, with increasing bromide ion (Clark 2012). According 

to this study the only correlation between HAAs and THMs is observed in the cold water 

with low residence time (both at the lowest concentration). Thus, utilising THMs as a 

surrogate for HAAs is inappropriate in other operational environment. This was attributed 

to the microbial degradation of dichloroacetic acids (Rodriguez et al. 2007).  

Epidemiological studies reported carcinogenic and adverse reproductive impacts of 

DBPs (WHO 2006, USEPA 2006) therefore, regulatory bodies promulgated precautions 

including maximum level of contamination rule in the USA which requires water utilities to 

reduce the formation of DBPs in WSNs and maintain it below certain thresholds at the 

customer taps; 80 and 60 µg/l for THMs and HAAs, respectively (based on an annual average 

basis). In the UK, the concentration of THMs is regulated to 100 µg/l assessed based on 

absolute value at customer taps (HMASO 2000). In future, regulations are more likely to 

concentrate on individual species since each compound can pose different level of health 

risks and therefore should be regulated at different concentrations (Brown et al. 2011). 

Investigating the details of the chemistry of NOMs and their reactions with 

disinfectants is out of the scope of this study. Instead, a review of the physical, chemical and 
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biological variables that influence the rate and extent of DBP formation in WDNs is 

presented below. This aims at identifying the objectives and constraints that should be 

considered in the control of WSNs for water quality management. 

Modelling TTHM formation 

To date, all the models proposed for estimating the THM formation are empirical or 

semi-empirical developed by linear and non-linear regression analysis of large data sets 

obtained from laboratory works or in-situ measurements. This is owing to the complexity of 

reactions occurring between chlorine and NOMs which preclude the development of 

analytical models (Chowdhury et al. 2009, Sadiq and Rodriguez 2004). Two types of models 

have been proposed: those attempted to correlate THM formation with as many water 

quality variables as possible and those which simply assume THM formation is a function of 

chlorine consumption (Brown et al. 2011).  

Brown et al. (2011) reviewed the models proposed to predict DBP formation and 

concluded that variations in the coefficients of different parameters in the models indicate 

that development of a generic model for THM formation is impossible and that the 

correlation with water quality variables and its formation is site-specific. The authors 

pointed out that most of the proposed models incorporate constants with no physical 

meaning and that most of the works are laboratory-based and neglects the impact of pipe 

walls. Overall, the authors suggested a simple first-order model for THM formation to be 

adequate. 

DBP formation during chloramination 

The type of DBPs observed in the chlorinated systems is the same as in 

chloraminated systems but the rate of DBP formation in the latter is much lower (Clark 

2012). Chloramination has attracted more attention as it almost suppresses the formation 

of THMs and reduces the formation of HAAs by 3-30% in comparison to chlorination (Hong 

et al. 2008). It is believed that the production of HOCl as a result of decomposition of 
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chloramine, according to below reaction, is the major responsible for HAAs formation in 

chloraminated environments (Hong et al. 2008): 

𝑁𝐻2𝐶𝑙 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝑁𝐻3 

In the chloraminted systems there are three compounds which could have the 

affinity to react with dissolve organic matters to form DBPs. In the experiments to 

investigate the relative significance of these compounds, Hong et al. (2008) noted that in 

the first four hours HAA formation (dichloro acetic acid in this test) is the same in the 

presence and absence of ammonia. This is explained by the fact that at the beginning the 

reactions providing HOCl and NHCl2 are slow and therefore, NH2Cl is the only contributor in 

DCAA formation. After the first four hours the formation of HOCl and its reaction with DOM 

caused the concentration of HAA in the sample without ammonia to increase sharper (NHCl2 

does not react with DOM to form HAA at pH 6). Comparing the final HAA formation in both 

samples shows that monochloramine is responsible for 80% and HOCl for 20% of DCAA 

formation. In another experiment, the authors observed that under high pH (9 in the test) 

the decomposition of monochloramine is suppressed (HOCl is not formed) and therefore, 

monochloramine is the only factor responsible for DACC formation irrespective of ammonia. 

It is concluded that in the low pH (6) background concentration of ammonia influences 

HAAs formation while in high pH (9) monochloramine is the only compound that produces 

HAAs irrespective of the ammonia concentration. Overall, HAA formation under the high pH 

is 28% lower than the low pH implying that the direct reaction of monochloramine with 

DOM is noticeably supressed at high pH. 

DBP formation and operational variables 

Formation of DBPs is influenced by the reaction time, level of precursor (quality of 

source water and level of water treatment), disinfection (type and dosage) and re-

chlorination, asset conditions, seasonal variations in temperature and quality of source 

water, pH, and bromide ion concentration. These are explained below. 

Reaction time (contact time) 
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The reaction of free chlorine with the NOM in the bulk water persists until one of 

the elements depletes (Bagwell and Barrett 2001). Thus, there is a positive relationship 

between reaction time and THM formation (Clark et al. 1995, Rodriguez et al. 2007). 

However, the effect of reaction time on the HAAs formation is inconclusive.  A study by 

Rodriguez et al. (2007) showed that concentration of HAAs increases with distance from 

WTWs to the locations with low residence time (<6hrs) while its concentration decreases 

further downstream (6hrs <residence time < 1day). This was attributed to the impact of 

biofilms in the summer where the DCAA formed in the first stage was biodegraded in the 

second stage.  

Water treatment and organic content of water 

Increase in TOC content of water leads to a rise in both the rate and extent of THM 

formation (Carlson and Hardy, 1998, Courtis et al. 2009a, Golfinopou and Arhonditsis 2002, 

Gang et al. 2003). In addition to the effectiveness of the treatment, type of treatment also 

influences DBP formation. Inclusion of pre-ozonation as pre-treatment leads to a decreased 

DBP production in WSNs in comparison to employing pre-chlorination or direct chlorination 

(Rodriguez et al. 2007). 

Disinfection and re-chlorination 

Rise in chlorine concentration results in an increase in THM formation. However, 

this trend persists up to a point beyond which the reaction is TOC limited and therefore, 

excess chlorine would have little impact on THM formation (Trussel and Umphres 1978). 

Under lower concentration of chlorine residual the rate of HAA formation is greater than 

THM (Singer 1994). With respect to the type of disinfectant, monochloramine is preferable 

to free chlorine due to lower amount of DBPs formation (Bagwell and Barrett 2001, 

AWWARF 2007).  

Carrico and Singer (2009) studied the effect of conventional and booster 

chlorination (re-chlorination) on the chlorine residual and THM formation and observed that 

booster chlorination may facilitate maintaining the chlorine residual at the remote points of 

the system and that booster chlorination can reduce the THM formation. This contradicts 
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the observations by Rodriguez et al. (2007) that re-chlorination at reservoirs significantly 

increases the THMs and HAAs formation. Simard et al. (2011) investigated the combining 

impact of re-chlorination and storage on DBP formation and reported that decay of chlorine 

in the water supplied from reservoirs which have stored the re-chlorinated water for two to 

three hours before redistribution is more rapid than the water directly supplied form 

WTWs. In addition, the former scenario generates considerably greater concentration of 

THMs. The authors however, highlighted that long retention time (few days) in the 

reservoirs results in stable THM concentration during redistribution of the stored water.  

Asset conditions 

Currently, the potential for DBP formation is evaluated by performing bottle test. 

However, this represents error, in particular in metallic pipes, due to failing to account for 

the effect of different mechanisms intervening in the chlorine consumption: (i) corrosion 

scales can accommodate DBP precursor and exert an additional chlorine consumption 

(Tuovinen et al. 1984, Brereton et al.199); (ii) reaction of chlorine with corrosion products 

may decrease the concentration of chlorine available to react with NOM; (iii) biofilms can 

encompass DBP precursor and exert a chlorine demand (Allen et al. 1980); (iv) effect of 

hydrodynamic conditions on the mass transfer (Rossman et al. 2001). In addition, some 

DBPs such as dichloroacetic acid show a level of biodegradation when being in contact with 

biofilms. 

In an investigation to compare the rate and speciation of THMs and HAAs formation 

Rossman et al. (2001) observed that although chlorine consumption within the pipes is 

considerably greater than glass bottle test the rate of HAA formation in both tests was 

similar but THMs formation was 15% greater in the pipe.  The greater production of THM 

was attributed to the presence of precursors in iron tubercles and biofilms on the pipe 

walls. In terms of the distribution of HAAs species, monochloroacetic acid did not exhibit a 

continuous increase in concentration with time and monobromoacetic formation was 

negligible. Dichloroacetic acid formed in greater concentration in the pipe in contrast to 

trichloroacetic acid which was lower in the pipe. The concentration of other two, dibromo- 

and bromochloroacetic acids were similar. Since the total amount of HAA production in pipe 
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and bottle was the same it was concluded that unlike THM there is no HAA precursor on the 

pipe walls (Rossman et al. 2001). 

Clark et al. (1995) examined the impact of flow velocity and pipe diameter on THM 

formation and concluded that in the pipes with the same diameter, THM formation 

decreases with increasing velocity and in the pipes with the same velocity THM formation is 

lower in smaller diameter pipes. This is in favour of diverting the flow into the smaller 

diameter pipes to reduce the water age. 

Seasonal variations 

Impact of seasonal variations can be considered in two perspectives: water 

temperature and quality of the source water. 

There is a positive relationship between temperature and THM formation (Toroz 

and Uyak 2005, Simard et al. 2011). Kavanaugh et al (1980) reported that the formation rate 

of THMs follows the Arrhenius equation between 0 and 30℃ and formation is doubled for 

each incremental increase in temperature by 10℃. Stevens et al. (1976) reported that rate 

of chloroform formation increases by three folds when temperature increases from 3 to 

25℃. In addition to an increase in the rate of formation the extent to which THM forms will 

also rise with increasing temperature (Engerholm and Amy 1983). Rodriguez et al. (2007) 

observed that THM formation is at the highest level in the summer and fall compared to 

spring and winter and this was attributed to greater temperature. In addition, in the spring 

and winter concentration of HAAs is comparable or greater than THMs whereas in the 

summer and fall concentration of THMs is greater. The authors also reported two to four 

times reduction in the average concentration of overall DBP formation in winter compared 

to the whole period of study (1 year). 

In investigating the relative formation of different HAA species, Rodriguez et al. 

(2007) observed that the relative concentration of DCAA to TCAA is greater in the winter 

compared to the summer. This variation was attributed to the conversion of TCAA to other 

species in a favourable temperature (Zhang and Minear 2002) and biodegradation of DCAA 

by biofilms in warm waters (Williams et al. 1998, Singer et al. 2002, McRae et al. 2004). 
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Bench-scale studies by singer et al. (2002) and serodes et al. (2003) showed that in the 

absence of biofilms DCAA and TCAA are at the greatest level in warm waters and they form 

continuously as long as chlorine is present. 

In addition to the variations in temperature, characteristics and compositions of 

organic matrix of the bulk water also changes with seasons; in the fall and winter the 

maximum and minimum level of hydrophobic organic matters is observed, respectively 

(Uyak et al. 2008). As discussed earlier, hydrophobic fractions of NOM is producing more 

DBPs (Liang and Singer 2003). These results are consistent with observations by Rodriguez 

et al. (2007) that the greatest level of THMs was formed in the autumn than winter. 

 pH 

There is a positive relationship between pH and THM formation (Liang and Singer 

2003). This is due to the fact that chemical reactions that lead to THM formation involve a 

hydrolysis step which favours greater pH (Trussel and Umphres 1978). In contrast, there is a 

reduction in HAA with increasing pH (Pourmoghaddas and Stevens 1995). 

Bromide concentration 

In the presence of bromide ion, hypochlorous acid and hypochlorite ion react with 

bromide to form hypobromous acid (see the equation below) or hypobromite ion, 

respectively (Singer 1999, Ates et al. 2007): 

𝐻𝑂𝐶𝑙 + 𝐵𝑟− → 𝐻𝑂𝐵𝑟 + 𝐶𝑙− 

The resulting compounds react with NOMs and produce brominated or chloro-

bromo DBPs. Although chlorine is more reactive than bromide but hypobromous acid is 25 

times more reactive than hypochlorous acid (Chang et al. 2001). If bromide is present in low 

concentration and chlorine in excess, chloroform is the primary THM. This implies that the 

formation of brominated THMs depends on the relative concentration of bromide to NOM 

and bromide to chlorine (Summers et al. 1993).  

DBP formation (optimisation perspective) 
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NOM and chlorine are two prerequisites for DBP formation. Maintaining disinfectant 

residual is essential for protecting public health from waterborne diseases thus, formation 

of DBPs is inevitable.  

As DBP formation depends on the chlorine decay thus, all the factors and controlling 

measures related to chlorine decay can also be used to control DBP formation. According to 

the presented review, objectives to decrease the DBP formation are as follows:  

 Reduce temperature, reaction time, organic content and bromide concentration of finished 

water, chlorine dosage, and the accumulation of materials on the pipe wall 

 Increase flow velocity 

Amongst these objectives, reduction in reaction time (i.e. water age at the system 

level), amount of accumulation in the pipes, and increase in flow velocity are those that are 

related to the operation and hydraulics of WSNs and relevant to this study. It is noted that 

reduction in temperature can also be achieved by reducing water age in the summer. 
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Appendix E  

Chlorine reaction term 

Bulk decay models 

The transport equation allows for the modelling of decay or growth of any chemicals 

within the system. However, herein, discussion is focused on the chlorine residual as it is the 

most-commonly used chemical in WDNs. Chlorine reacts with the substances in the bulk 

water and on the pipe wall as well as the pipe material itself. Therefore, chlorine decay is 

usually studied separately in two phases: bulk phase and wall phase. It is not the aim of this 

study to present an exhaustive review of the proposed models and associated assumptions. 

Instead, models proposed for each phase (bulk and wall) are briefly introduced and their 

performance is compared. Examples of the common models proposed for bulk decay are as 

follows (Haas and Karra 1984): 

  First-order decay with respect to chlorine (the rate of reaction is proportional to the 

reactant concentration):  

𝑑𝐶

𝑑𝑡
= −𝑘𝑏𝐶                 𝐶 =  𝐶0exp (−𝑘𝑏𝑡) 

 Power-law decay (nth order) (the rate of reaction is apportioned to the nth power of 

chlorine concentration): 

𝑑𝐶

𝑑𝑡
= −𝑘𝑏

𝑛𝐶𝑛            𝐶 = [𝑘𝑏
𝑛𝑡(𝑛 − 1) + 𝐶0

−(𝑛−1)
]−

1
𝑛−1 

 First-order decay with stable components or limited first order decay (it is assumed 

that a fraction of the initial chlorine concentration (C*) remains unaffected and the 

remainder reacts based on first order kinetics):  

𝑑𝐶

𝑑𝑡
= −𝑘𝑏(𝐶 − 𝐶∗)                   𝐶 = 𝐶∗ + (𝐶0 − 𝐶∗). exp (−𝑘𝑏𝑡) 
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 Parallel first-order decay (two components with different decay rates are assumed for 

the reaction based on first order kinetics): 

𝑑𝐶

𝑑𝑡
= −𝑘𝑏𝑓𝑎𝑠𝑡𝐶𝑓𝑎𝑠𝑡 − 𝑘𝑏𝑠𝑙𝑜𝑤𝐶𝑠𝑙𝑜𝑤 

𝐶 = 𝐶0. 𝑧. exp(−𝑘𝑏𝑓𝑎𝑠𝑡𝑡) + 𝐶0(1 − 𝑧)exp (−𝑘𝑏𝑠𝑙𝑜𝑤𝑡) 

 Second order with respect to chlorine (adjustable parameter is kb
’): 

𝑑𝐶

𝑑𝑡
= −𝑘𝑏

′ 𝐶2            𝐶 =
𝐶0

(1 + 𝐶0𝑘𝑏
′ 𝑡)

 

 Second order with respect to chlorine and another reactant (adjustable parameters are 

U and W): 

𝑑𝐶

𝑑𝑡
= −𝑘𝑏

′ 𝐶𝐻            𝐶 =
𝑈 − 𝐶0

𝑈
𝐶0

exp [𝑊(𝑈 − 𝐶0)𝑡 − 1]
 

In which, t is the time, n is the order of reaction, C* is the limiting chlorine 

concentration, Cfast is the concentration of chlorine involved in fast reactions, Cslow is the 

concentration of chlorine involved in slow reactions, kbfast is the bulk decay associated with 

fast reactions, kbslow is the bulk decay associated with slow reactions, z is the ration of fast to 

slow reactions (dimensionless), 𝑈 = 𝐻0𝑠 𝑎𝑛𝑑 𝑊 =
𝑘𝑏

′

𝑠
, U is the reactant concentration, W is 

the decay rate, and H0 is the initial concentration of reactant. 

Performance of the bulk decay models 

Haas and Karra (1984) investigated the performance of four chlorine decay models 

(first-order decay with respect to chlorine, power-law decay (nth order), limited first-order 

decay, and parallel first-order decay), and concluded that parallel first-order decay 

generates the most accurate results. This accuracy was attributed to the capability of the 

model in considering both fast initial decay due to fast-reacting components and long-term 

slow decay exerted by slow-reacting components. However, the applicability of these 

findings in drinking WSNs is questionable as models were tested on sewage effluents dosed 
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up to 10mg/l chlorine. AWWARF (1996) also assessed the performance of these four models 

and reported following Pearson correlation coefficient (R2): first order (0.88), nth order 

(0.97), limited first (0.95), and parallel first (0.96). 

Powell et al. (2000b) assessed the predictive performance of the same models in a 

large number of samples embracing a wide range of water characteristics and 

environmental conditions. They observed that models that accommodate a greater number 

of adjustable parameters can cover a wider range of decay rates. Therefore, models with 

greater complexity represent a better performance; parallel first order model with three 

adjustable parameters showed the best performance. This superiority is because the 

rationale behind this model is closer to reality by accounting for both fast and slow chlorine 

reactions. However, the authors reported a difficulty in relating the 𝑘𝑏𝑓𝑎𝑠𝑡
 and 𝑘𝑏𝑠𝑙𝑜𝑤

to any 

measurable parameters. The power-law decay (nth order) model was the second best. 

However, the applicability of this model was also suggested to be limited due to difficulty in 

relating ‘n’ to any measurable parameter and difficulty in defining a relationship between 

the decay rate and other parameters due to dependency of the decay rate dimension on the 

value of ‘n’. Limited first-order model with an extra adjustable parameter was observed to 

be the third best model. However, the assumption that decay of chlorine continues to a 

minimum level and does not proceed further was questioned. Although this might occur in 

the water with low organic content but, in general, chlorine residual depletes if reaction 

time is sufficiently long. This suggest that C* may become a function of time. 

Despite inferior performance first-order kinetic model has the advantage of being 

simple compared to the other models (Powell et al. 2000b). A weakness of this model 

commonly raised in literature is the incapability in modelling the steep decay corresponding 

to the times immediately after chlorination and the slow decay rate after very long reaction 

times (Zhang et al. 1992, Jadas-Hecart et al. 1992). The second-order model with respect to 

chlorine has the advantage of more accurate modelling the steep initial decay in freshly 

chlorinated waters (Powell et al. 2000b). However, this is not important in potable WSNs as 

water is not freshly chlorinated. Adoption of second-order models with respect to chlorine 

and another reactant such as the one proposed by Jadas-Hecart et al. (1992) was 

recommended in conditions where there is a high variation in the ratio of chlorine to 
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organic matters concentrations (re-chlorination) or under low organic concentration. The 

difficulty in determining the temporal variations in the concentration and stoichiometry of 

the reactants, however, restricts its practical use (Powell et al. 2000b).  

Overall, the simple first-order decay model that its decay constant is defined as a 

function of operational variables such as temperature, initial chlorine decay, and organic 

content of water was suggested as the most pragmatic model for water quality modelling 

purposes (Powell et al. 2000b). Chambers et al. (1995) also suggested this model to be 

suitable for WSNs. 

Wall decay models 

Studies showed that chlorine decay determined by the bottle tests can be smaller 

than the real decay in WSNs (Hallam et al. 2001). Ratio of chlorine demand by the pipes in 

the network to the flask was observed to be in the range of 2.37 to 7.13 (Wable et al. 1991) 

and 1.07 to 20.16 (Clark et al. 1993b, 1994). This was an indication of additional chlorine 

demand exerted by the pipe wall which can be attributed to the pipe material itself, 

corrosion-related reactions and/or materials accumulated on the pipe wall. 

Biswas et al. (1993) suggested a model for calculating the average chlorine loss in a 

pipe which takes into account axial convective transport, first-order bulk decay and 

homogenous first-order reaction at the pipe wall under steady-state laminar and fully 

turbulent hydraulic conditions. The model takes radial diffusion into account but not the 

axial diffusion. 

AWWARF (1996) suggested that under the assumption of first-order kinetics, total 

chlorine decay can be expressed as the sum of the bulk decay constant (𝐾𝑏) and effective 

wall decay constant (𝐾𝑤): 

𝐾 = 𝐾𝑏 + 𝐾𝑤 

Separation of decay coefficients provides an opportunity to enhance the accuracy of 

predictions by considering the influencing factors of each mechanism individually and also 
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an opportunity to readily compare the relative importance of bulk and wall decays as they 

have similar units. 

Three models have been proposed that account for the effect of wall decay. Wall 

reaction limited in which it is assumed that the decay of chlorine occurs according to first-

order kinetics at the pipe wall with respect to Cw and at the rate that chlorine is transported 

to the reaction sites at the wall (no accumulation of chlorine). Thus, the radial flux to the 

pipe wall is defined as: 

𝑘𝑚𝑡(𝐶 − 𝐶𝑤) = 𝑘𝑤𝐶𝑤 

And the wall-reaction limited model is expressed by: 

𝐶𝑡 = 𝐶0𝑒−(𝐾𝑏+𝐾𝑊)𝑡 

In which, Ct is the concentration of chlorine at time t, kb is the bulk coefficient, kmt is 

the mass transfer coefficient, a is the pipe radius, C0 is the initial chlorine concentration, and 

KW is defined as: 

𝐾𝑊 = [
2

𝑎
] [

𝑘𝑚𝑡𝑘𝑤

(𝑘𝑚𝑡 + 𝑘𝑤)
] 

The second model is the zero-order reaction limited in which it is assumed that the 

radial flux of chlorine to the pipe wall is equal to the chlorine consumption at the wall (same 

as wall reaction limited) and the transport of chlorine to the pipe wall is reaction limited so 

the radial flux and the model are defined as: 

𝑘𝑚𝑡(𝐶 − 𝐶𝑤) = 𝑘0 

𝐶𝑡 = 𝐶0𝑒−𝐾𝑏𝑡 −
2𝑘𝑤

𝑎𝐾𝑏

(1 − 𝑒−𝐾𝑏𝑡𝑡) 

The third model is the mass transfer limited model in which it is assumed that the 

chlorine at the pipe wall reacts instantaneously and therefore, its concentration at the wall 

is zero so the radial flux and the model are defined as follows: 

𝑘𝑚𝑡𝐶 
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𝐶𝑡 = 𝐶0𝑒−(𝐾𝑏+
2𝑘𝑚𝑡

𝑎
)𝑡 

The mass transfer coefficient (kmt) is estimated by the Sherwood number as shown 

below (Clark et al. 1995): 

𝑘𝑚𝑡 = 𝑆ℎ.
𝐷

𝑑
 

𝑆ℎ = 0.023𝑅0.83𝑆𝑐0.33               𝑓𝑜𝑟   𝑅𝑒 ≥ 2300 

𝑆ℎ = 3.65 +
0.0668 (

𝑑
𝐿) 𝑅𝑒. 𝑆𝑐

1 + 0.04((
𝑑
𝐿) 𝑅𝑒. 𝑆𝑐)0.57

       𝑓𝑜𝑟   𝑅 < 2300 

𝑆𝑐 =
𝜈

𝐷
 

In which, d is the pipe diameter in (m), D is the molecular diffusivity of chlorine in 

water (0.10×10-3 m2/day) at 20℃, and L is the pipe length (m). Sh is the Sherwood number, 

Re is the Reynolds number, and Sc is the Schmidt number. 

Substituting the Sherwood, Schmidt and Reynolds numbers in total chlorine decay 

equation (see the equation proposed by AWWARF 1996 above) yields (Clark et al. 1995): 

𝐾 = 𝑘𝑏 +
0.66 × 10−4𝑢0.83𝑟−0.17𝑘𝑤

0.33 × 10−4𝑢0.83𝑟0.83 + 𝑟𝑘𝑤
             𝑓𝑜𝑟   𝑅 ≥ 2300 

𝐾 = 𝑘𝑏 +
𝐴𝑘𝑤

𝐵𝑟2𝑘𝑤 + (
1
2) 𝑟𝐴

                                  𝑓𝑜𝑟 𝑅 < 2300 

In which, A = 4.75×10-3L + 9.23×10-4 u0.67 r1.34L0.33 + 0.27 ur2 and B = L + 19458 

u0.67r1.24L0.33. 

The wall reaction limited model, which is used in EPANET, takes into account the 

radial transport and assumes first-order bulk and wall reactions. In this model decay of 

chlorine is a function of bulk decay coefficient, wall demand, molecular diffusivity of 

chlorine, kinematic viscosity of water, pipe diameter and flow velocity (Clark et al. 1995). 
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Performance of wall decay models 

In the wall reaction limited model, for a fixed wall demand (𝑘𝑤), 𝐾𝑊 approaches 

zero as mass transfer coefficient decreases and it becomes asymptotic to 2
𝑘𝑤

𝑎
 as mass 

transfer coefficient increases. It is worthwhile noticing that under low flow conditions 

(laminar or transitional) there is a possibility that wall demand becomes negative according 

to the formula below (Clark 2011): 

𝑘𝑤 =
𝑘𝑚𝑡

𝑎
2 (𝐾 − 𝑘𝑏)

𝑘𝑚𝑡 −
𝑎
2 (𝐾 − 𝑘𝑏)

 

This formula shows that wall demand changes with the flow rate and it contradicts 

the assumption underlying the development of EPANET that wall demand is constant. This 

should be kept in mind when using the wall reaction limited model (Clark 2011). Similarly, in 

the zero-reaction model the zero reaction coefficient varies with the flow but in a more 

predictable and consistent manner as reported by DiGiano and Zhang (2005). Mass transfer 

limited model also exhibits the same limitation. 

Clark and Haught (2005) compared the Biswas model with wall-reaction limited 

model in predicting experimental data and observed a good agreement. The authors 

pointed out that EPANET formula has the advantage of simplicity but the asymptotic issue 

discussed earlier limits its ability in predicting the wall demand to a bounded range and 

beyond a particular velocity the wall demand becomes constant. In contrast, Biswas formula 

is more complex but it presents more flexibility in estimating the wall decay over a wider 

range of flow.  
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Appendix F 

FDM  

It is an Eulerian approach used to approximate the derivatives in the transport 

equation with the finite difference equivalents in a grid of points fixed in time and space 

(Rossman and Boulos 1996). There are different choices to do this conversion. For instance, 

according to Lax-Wendroff scheme, widely used in fluid flow problems for solving hyperbolic 

differential equations, finite difference equivalent can be expressed as: 

𝐶𝑖,𝑠
𝑡+∆𝑡 = 0.5𝛼(1 + 𝛼)𝐶𝑖,𝑠−1

𝑡 + (1 − 𝛼2)𝐶𝑖,𝑠
𝑡 − 0.5𝛼(1 − 𝛼)𝐶𝑖,𝑠+1

𝑡 + 𝑅(𝐶𝑖,𝑠
𝑡 ) 

In which, ∆𝑡 is the water quality time step, Ci,s
t is the concentration of link i at the 

grid point s at time t, and 𝛼 =
𝑢∆𝑡

∆𝑥
. 

The Lax-Wendroff method provides a second order accuracy and it is stable when 

0 < 𝛼 ≤ 1 (Smith 1978). At the beginning of each hydraulic time step a new grid of points is 

defined and the number of distance interval is selected as the largest integer less than or 

equal to the amount obtained by equating the formula of α to unity: 
𝐿

𝑢∆𝑡
 (where L is the 

length of pipe). The closer the value of α is to unity the more accurate is the method 

(Rossman and Boulos 1996). The initial concentrations at the new grid points are obtained 

by linear interpolation between the old grid points. FDM can also be used to approximate 

the derivative of the mass balance equation in the tanks (e.g. forward difference method). 

DVM 

This is an explicit time-driven method in which pipes are divided into some equally-

sized segments which are assumed to have completely-mixed volume. In each water quality 

time step the concentrations resulted from all reactions occurring in a particular segment 

are calculated and then transferred to the adjacent segment. This process continues until 

when the adjacent segment is a node junction. In this case all the inflows and their 

associated concentrations entering the node are added and the concentration at the 
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junction is determined. The obtained concentration for the junctions is released into the 

most upstream segment of the outflowing pipes. These steps are repeated until the 

occurrence of a new hydraulic condition where the pipes are re-segmented to account for 

the changes in travel time and flow direction. The number of segments is considered as the 

largest integer less than or equal to a value obtained by dividing the time travel to desired 

water quality time steps (Greyman et al. 1988, Rossman et al. 1993, Rossman and Boulos 

1996). If the substance being modelled is non-reactive, the concentration remains the same. 

Otherwise, decay or growth in concentration is calculated based on the selected reaction 

function. If a link has no flow during a time step, then the number of segments and their 

concentrations remain constant for that time step in modelling non-reactive substances 

whereas, in modelling reactive substances, the decay/growth factor is applied to account 

for the change in concentration during the time step (Greyman et al. 1988). 

Selection of an appropriate water quality time step is an important step in dynamic 

water quality modelling. A large time step results in the lower number of segments and 

reduced accuracy particularly in the short links where water may travel through the link 

without transformation. A small time step increases the number of segments and 

consequently, the computational time and memory storage requirements (Greyman et al. 

1988).  

TDM 

This is a Lagrangian-based method which tracks the concentration and size of a 

series of discrete segments of water filling the pipes. In tracking the segment’s size, the size 

of the most upstream segment increases as water enters the pipe, the size of most 

downstream segment decreases as water leaves the pipe and the size of segments located 

between these two remains unchanged. This process is followed until the new hydraulic 

condition is introduced. Then, the pipe is re-segmented to take account of new travel time 

and the masses associated with old segmentation are reapportioned to the new 

segmentation (Rossman and Boulos 1996). The generation of new segment downstream of 

a particular node is based on a pre-specified tolerance in concentration between the 

downstream pipe and its upstream junction node. During each water quality time steps 
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there are three stages: reaction within the content of each segment, cumulative sum of the 

flow and concentration entering each link, and update the position of each segment 

(Rossman and Boulos 1996).  

EDM 

This method is similar to TDM except that the state of system is updated when an 

event occurs rather than at a pre-specified time intervals. Event is defined as the 

disappearance of a segment volume in its downstream node. In this method a list of the 

projected lifetime of each segment (i.e. the time required for the segment to disappear in 

its downstream node based on the current velocity and its volume) is kept in the algorithm 

and the one at the top of this list represents the first event. When an event occurs the 

associated segment is eliminated and a new concentration at the event node is calculated 

based on the inflow concentrations. Then, likewise TDM a new segment is introduced at the 

downstream pipes of the event node if the change in its concentration is greater than a pre-

specified value. Then, the projected lifetime of the segments is recalculated and the list is 

updated (Boulos et al. 1995, Rossman and Boulos 1996). Each segment contains four types 

of information including time of creation, distance travelled so far, its concentration, and 

the time of arrival at the downstream node.  

Comparison of the numerical methods 

In general, the numerical solution of the transport equation represents errors 

including numerical dispersion, spurious oscillation, phase error, peak clipping, and valley 

elevating (Yeh et al. 1992). The accuracy of FDM method depends on the size of the water 

quality time steps. There is a numerical dispersion error associated with this method in 

dealing with sharp concentration fronts as it is unlikely that the value of α to be exactly 1 

(Rossman and Boulos 1996). 

The accuracy of DVM also depends on the water quality time step. The method is 

subject to numerical dispersion due to blending the concentration of adjacent segments 

when the number of segments decreases at a new hydraulic time step. In addition, this 
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method shows phase error when the number of segments obtained for a time step is not a 

whole number and as a result, the volume of flow is less than the volume of each segment 

during a water quality time step (Rossman and Boulos 1996). 

The Lagrangian nature of TDM eliminates the numerical dispersion. However, some 

artificial mixing can occur if more than one segment in a link reaches the downstream 

junction during a water quality time step. Therefore, the accuracy of this method depends 

on the size of water quality time step and the predetermined tolerance for introducing new 

segments in downstream links of the nodes. Occasional deviations (numerical dispersion) 

have been reported in dealing with sharp concentration fronts (Rossman and Boulos 1996).  

The computational time and memory requirements of TDM and DVM methods 

depend significantly on the structure of the system such as pipe length, and hydraulic 

conditions such as flow velocity. These methods can become prohibitively excessive in case 

of the presence of long pipes with low velocity. Some measures (e.g. changing the actual 

flow velocity) have been proposed to overcome this problem but these measures inevitably 

leads to reduced accuracy. EDM method is, however, less sensitive to the topology of the 

network and it is independent of the duration of simulation due to its event-oriented 

nature. In addition, there is almost no numerical dispersion associated with modelling the 

sharp concentration fronts (Boulos et al. 1995). The pre-specified tolerance required for 

generation of new segments is the main factor influencing its accuracy (Rossman and Boulos 

1996). 

According to Rossman and Boulos (1996), the accuracy of the four methods is 

comparable. The Eulerian-based approaches require higher memory storage and 

computational time in chemical simulation than Lagrangian approaches. In water age 

simulation, however, Eulerian methods require less memory storage but TDM is the most 

efficient approach. 
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Appendix G  

Solution of hydraulic equations 

The development of a fast convergent and robust algorithm to simultaneously solve 

the aforementioned equations has been the subject of extensive research. Commonly used 

methods solve iteratively a system of linear equations to obtain the solution to an original 

system of equations being partly linear and partly nonlinear. Below a brief history of 

hydraulic analysis is presented. 

Hardy-cross method 

Cross (1936) was the precedent in systematising the problem of steady-state 

hydraulic analysis. There are two different approaches: 

 Loop approach: where initial flow rates that satisfy the continuity at the junctions of 

each loop are assumed and then these flow rates are adjusted via an iterative process 

to satisfy the energy equation around each loop. 

 Nodal approach: where initial heads that satisfy the energy equation around a loop are 

assumed and then these heads are adjusted so that the continuity equation around 

the junctions of the loop is balanced.  

Hardy-Cross method relies on applying Newton-Raphosn to iteratively solve the 

equations, one equation at a time. 

Newton-Raphson head algorithm (H equations) 

The existence and uniqueness of the solution obtained for nodal heads in steady-

state conditions has been proven by Warga (1954). This method is formulated by 

substituting head loss equation in its exponential form in the continuity equation at the pipe 

junctions; number of equations is equal to the number of nodes. Then, the final set of non-

linear equations with respect to nodal heads is iteratively solved by applying Newton-
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Raphson method. This scheme can also take account of any pumps and valves in the 

networks provided that the characteristic curves are given. Solvability of method depends 

on the rank of the Jacobian. The rank of the Jcobian must be equal to the number of 

unknowns which is in turn equal to the number of nodes (Shamir and Howard 1968). 

Newton-Raphson loop algorithm (∆𝑸 equations) 

In this algorithm a set of initial flows which satisfy the continuity at each junction is 

assumed and these flow rates are then adjusted by amount of ∆𝑄 (correction factor) to 

satisfy:     

𝐻𝑗 = ∑ ℎ𝑖 = 0 

In which, H is the total head loss around loop j, and hi is the head loss of pipes 

forming the loop.  The number of equations is about half the H equations and is equal to the 

number of corrective discharges. All equations are nonlinear and are formed by substituting 

the flow rates in energy equations around the loops. By solving above equations the 

corrective discharges at each loop are determined and then added to initial discharges 

assumed for the pipes (according to convective sign direction) to calculate the actual 

discharge (Laroc et al. 2000): 

𝑄𝑖 = 𝑄0𝑖 + ∑ ∆𝑄𝑘   

In which, the summation indicates the corrective flow rates passing through pipe i 

and Q0i is the initial flow rate assumed for pipe i that must satisfy the continuity at the 

junctions. 

Linear theory method 

Linear theory method determines the pipe flow rates. Problem is formulated by 

writing J-1 (J is number of nodes) linear continuity equations at the junctions and L non-

linear energy equations (L is the number of loops) around the loops (the number of 

equations must be equal to the number of unknowns which are pipes flow rates). Following 
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transformation is used to convert the non-linear loop equations into linear equations by 

approximating the exponential head-loss formula: 

ℎ𝑓𝑖 = 𝐾𝑖𝑄𝑖
𝑛 = 𝐾𝑖𝑄0𝑖

𝑛−1𝑄𝑖 = 𝐾𝑖
′𝑄𝑖 

In which, Q0i is the approximated flow rate in pipe i. when Q0i reaches Qi above 

expression produces the exact pipe head loss. 

By using the above transformation and the continuity law, a set of n linear equations 

is obtained that can be iteratively solved for pipe flow rates. This method does not require 

initial balanced solution and the values of Q0i can be simply chosen as 1 for the first 

iteration. For the subsequent iterations the value of Q0i is determined by taking the average 

of flow rates in the two last iterations 𝑄0𝑖 =
𝑄𝑖−1+𝑄𝑖−2

2
 to ensure and accelerate the 

convergence (Wood and Charles 1972).  

When there are more than one source in the network additional unknowns (flow in 

the pipe connecting the source to the network) are introduced and consequently, additional 

equations are required. The additional equations are defined by writing energy balance 

between the sources of the network (so called Pseudo loop). 

Newton-Raphson global gradient 

This method solves the partly linear partly nonlinear equations representing the 

conservation of mass and energy, respectively, by applying Newton-Raphson to determine 

the heads and flows simultaneously. By using the Newton-Raphson method and algebraic 

operations the problem is transformed to an iterative solution of a system of linear 

equations with the size equal to the number of unknown heads. The solution is obtained at 

each iteration by applying Incomplete Choleski Conjugate Gradient method.  

As seen, all the algorithms proposed for hydraulic analysis (except the optimisation-

based approach proposed by Collins et al. (1978) utilises Newton-Raphson method to 

iteratively solve a set of linear and non-linear equations. Newton-Raphson shows better 

convergence properties (quadratic convergence) compared to other methods provided that 

a reasonably good estimation of initial solution is made. However, it requires excessive 
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storage and computational efforts unless an efficient method to take advantage of the 

sparsity of the Jacobian matrix of the linear equations as well as an efficient linear solver is 

employed (Hamam and Brameller 1971). For this purpose, in the global gradient algorithm 

the incomplete Choleski gradient method proposed by Kershaw (1977) is used. 

In the matrix form, for a WSN with a given topology, pipe characteristics, and 

boundary conditions such as demand at nodes and heads at the sources, the problem of 

determining nodal heads and pipe flow rates can be formulated by writing energy balance 

along each pipe and continuity at each node as follows: 

{
𝐴12𝐻 + 𝑓(𝑄𝑖) = −𝐴10 𝐻0               𝑖𝜖𝑁𝑃

𝐴21𝑄𝑗 = 𝑞 𝑗                                              𝑗𝜖𝑁𝑁
 

In which, Q is a vector of flow rate, H is a vector of piezometric heads, A12 is the 

link-node incidence matrix, A21 is the node-link incidence matrix (𝐴12 = 𝐴21𝑇), A10 is the 

link-fixed head node incidence matrix, NP is the number of pipes, NN is the number of 

junctions, and 𝑓(𝑄) is the nonlinear flow-head loss relationship. 

Applying Newton-Raphson and algebraic operations yields following equations that 

are solver iteratively: 

𝐻𝑘+1 = −(𝐴21𝑁−1𝐴11−1𝐴12)−1{𝐴21𝑁−1. (𝑄𝑘 + 𝐴11−1(𝐴10𝐻0)) + (𝑞 − 𝐴21𝑄𝑘)} 

𝑄𝑘+1 = (𝐼 − 𝑁−1)𝑄𝑘 − 𝑁−1𝐴11−1(𝐴12𝐻𝑘+1 + 𝐴10𝐻0) 

Performance of algorithms for hydraulic analysis 

Herein, the performance and convergence properties of the proposed algorithms for 

hydraulic analysis is presented. Hardy-Cross approaches (both nodal and loop formulations) 

and the Newton Raphson head equations (Shamir and Howard 1968) represents 

convergence problems and is very sensitive to the initial condition (Wood and Rayes 1981). 

In the nodal-based algorithms the convergence is also affected by the concavity of the 

function. The ultimate rate of convergence of these methods cannot reach the flow-based 

algorithms even when they are enhanced by means of employing relaxation coefficients 

proposed by Lemieux (1972). Comparing the flow-based algorithms, linear theory (LT) 
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(Wood and Charles 1972) and Newton-Raphson loop equations (NRLE) (Epp and Fowler 

1970), shows that both algorithms require the definition of independent loops but NRLE 

also requires the estimation of a balanced initial solution. With regard to the properties of 

the linear system, LT generates a non-symmetric Jacobian, therefore, it is the last efficient 

method compared to NRLE and global gradient (GG) method (Todini and Pilati 1987) which 

produce a symmetric matrix. With respect to storage requirement (sparsity of Jacobian) 

NRLE is superior which is followed by LT. Overall, if there is no storage restriction GG 

algorithm is the best method for the hydraulic analysis (Todini and Pilati 1987, Boulos et al. 

2006). 

Classification of hydraulic models 

Hydraulic models are classified as steady-state and dynamic based on the level of 

temporal variations and considering the type of forces applied to the flow. In the steady-

state analysis flow and pressure are determined under the constant external forces and 

assuming that the properties of the system is fixed and it has reached its equilibrium (Todini 

2003). These models provide useful information in analysing the behaviour of system under 

extreme conditions such as fire flow and peak hour demand.  

In the dynamic modelling, flow and pressure change with time. There are three 

types of dynamic models depending on the magnitude and rate of the change and 

considering fluid compressibility and pipe wall rheological behaviour as follows: 

 Extended Period Simulation (quasi-unsteady models): it is used when the rate of 

change of flow is slow over a period of hours and days (i.e. negligible fluid 

acceleration). It solves a sequence of steady-state simulations as described earlier. In 

addition, it requires an additional expression to describe the changes in the water level 

of storage tanks due to inflows and outflows (Boulos et al. 2006). At the end of each 

time step, water levels are updated (Rao et al. 1977, Rao and Bree 1977, Bhave 1989) 

and operational changes to the controlling components are applied.  

 Surge/rigid models: this is similar to the extended period simulation but it is used 

when the flow changes in a few minutes and the impact of inertia (i.e. flow 
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acceleration) needs to be taken into account. Fluid is assumed to be incompressible 

and pipe wall is assumed to be rigid. The solution is obtained by solving a series of 

ordinary differential and algebraic equations. 

 Transient/elastic models: this is used for cases when flow changes in seconds. In 

addition to considering inertia, it accounts for the compressibility of the fluid and 

mechanical behaviour of the pipe wall. The solution is obtained by solving partial 

differential equations since pressure and velocity not only changes with time in each 

pipe but also along the pipe.  

Due to their simplicity and acceptable accuracy for most applications, steady-state 

models are the most commonly used for determining the flows and pressures of the system. 

Modelling pressure reducing valves 

Presence of pressure reducing valves (PRVs) in the network represents a difficulty in 

solving the hydraulic model of the system. This is because PRV is hydromechanical device 

that its operational status is a function of the interaction between the PRV and the network 

(Prescott and Ulanicki 2003) and there is no simple mathematical representation that 

relates the main variables of the valve including upstream and downstream head, flow rate 

through the valve, and its setting (required downstream head) (Salgado et al. 1988). 

Therefore, PRVs are not represented as accurately as desired under dynamic conditions 

such as the Extended Period Simulations which represents the dynamic behaviour of the 

network (Simpson, 1999). 

Models have been suggested to simulate the PRV operation but all are based on a 

post-analysis checking procedure (Zarghamee 1971, Jeppson 1976, Chandrashekar 1980, 

Salgado et al. 1988). There is no flow-head loss relationship for PRVs and their status is 

determined based on following three states (Simpson 1999): 

 Standard/active mode: where the PRV maintains the required pressure setting 

therefore, pressure downstream of the PRV is equal to the pressure setting, and the 

pressure upstream of the PRV is greater than the pressure setting. 
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 Open/inactive mode: where the pressure downstream and upstream of the PRV is 

equal and both are less than the pressure setting. The PRV acts like a short length of 

pipe with minor head loss. 

 Check valve or closed mode: where the pressure downstream of the PRV is greater 

than both the setting and pressure upstream of the PRV. The valve closes and act like a 

check valve preventing reverse flow through the valve. 

Collins et al. (1978) questioned the validity of such a procedure since in the first few 

iterations the system may be working far from its final status and the checking can results in 

an inaccurate solution. Salgado et al. (1988) proposed a model to include PRVs and Pressure 

sustaining valves (PSVs) in the global gradient by introducing an imbalance term into the 

analysis, which is iteratively corrected. In this method the imbalance term, which is 

proportional to the force that changes the status of the valve from one status to another, 

for each control valve is introduced and then these forces will be corrected in two stages: 

detection and correction. This method can successful deal with multiple controlling devices 

in the network, without the need for changing the topology of the system (system remains 

linear and Jacobian remains symmetric) as in the methodologies proposed by Jeppson 

(1976) and Chandrashekar(1980). Prescott and Ulanicki (2003) proposed four models, two 

phenomenological models derived from physical laws governing the dynamics of PRVs, one 

behavioural model developed from experimental works and a linear model obtained by 

linearization of the phenomenological model. The Phenomenological Model (PM) is 

accurate but its complexity limits its use in large networks (Algeo 2011). In addition, it 

represents issues when there is a significant change in system operation which leads to a 

quick reaction of the PRVs. Amongst the four models, behavioural model is simpler for 

simulation and its results are comparable to phenomenological model under normal 

operating conditions (Prescott and Ulanicki 2003). However, the behavioural model does 

not reflect the change in the pressure when the PRV adjusts to respond to demand changes 

since the dynamics of the PRV are ignored (Algeo 2011). 
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Pressure Driven Analysis (PDA) vs. Demand Driven Analysis 

(DDA) 

The conventional approach used in hydraulic modelling is Demand Driven Analysis 

(DDA) in which demand is defined only as a function of time and it is assumed to be satisfied 

regardless of the available pressure at the nodes. However, nodal outflows occur via orifices 

(e.g. taps) and therefore it is pressure-dependant. The alternative approach which considers 

demand fulfilment as a function of pressure in addition to time is called Pressure Driven 

Analysis (PDA). Pressure deficient conditions are common in WSNs thus, ignoring the 

correlation between demand and pressure leads to inaccurate results in design, calibration, 

and operational analysis of the system (Cheung et al. 2005; Tanyimboh and Templeman 

2010). Seyoum et al. (2011) showed that under normal operating conditions both models 

produce identical results. However, under pressure-deficient conditions DDA produces the 

same results as under normal conditions while PDA shows different values for water quality 

parameters: greater water age, lower chlorine residual and greater values of THM, which 

are caused by lower flow conditions. 

The common practice in PDA is to define a critical pressure above which the nodal 

demands are fully satisfied, a minimum pressure below which demand fulfilment is zero and 

suggest a particular function that estimates the proportion of demand satisfaction as a 

function of available pressure (Gremanopoulos 1985, Goulter and Coals 1986, Su et al. 1987, 

Reddy and Elango 1989 & 1991, Wagner et al. 1988, Tucciarelli et al. 1999, Fujiwara et al. 

1998, Rossman 2000, Tanyimboh and Templeman 2010). 

Todini (2003) developed a general approach to convert the GG algorithm (originally 

DDA-based) used in the hydraulic engine of EPANET to PDA-based. Later, Todini (2006) 

pointed out that there is no requirement to define such pressure-demand relationship and 

modify the GG algorithm. Instead, this dependency can be taken into account by 

undertaking a few checking steps, which were derived based on the projected gradient 

procedure. 

Pros & cons of proposed PDA approaches 
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Rossman’s formula is simple but it can result in satisfying demand which is greater 

than required demand for a particular node due to unconstrained assumption (with the 

increase in H, qavl increases in an infinite way) (Cheung et al. 2005). The function proposed 

by Reddy and Elango (1989, 1991) also suffers from the same limitation (Tanyimboh and 

Templeman 2010). To deal with this limitation, the researchers have suggested a non-

continuous discretised procedure as follows: 

 Required demand is satisfied if Havl ≥ Hdes 

 Demand is not satisfied if Havl ≤ Hmin 

 Partial satisfaction for intermediate pressures Hmin ≤ Havl ≤Hdes. It is calculated by 

different formulas proposed in the literature. 

Including this discretised form in the hydraulic analysis tends to decrease the 

convergence properties of the algorithms. The lack of smoothness and differentiability (due 

to discontinuity) of these formulas leads to a reduction in the convergence of Newton-

Raphson method (Todini 2003, Todini, 2006).  

Some points about the formulas proposed by other scholars are as follows. The 

formulas proposed by Goulter and Coals (1986) and Su et al. (1987) disregards the partial 

flow (0<qavl<qreq) when available pressure is between Hmin and Hdes (Gupta and Bhave 1996). 

Selection of cj in Gremanopoulos’s formula significantly affects the results such that lower 

value of cj results in qavl<qreq when Havl>Hdes and higher value of cj generates qavl = qreq even 

when Havl<Hdes. Wanger’s approach generates accurate representation (qavl=qreq) when 

Havl=Hdes. However, the values of qavl is different from actual qavl when Havl<Hdes (Gupta and 

Bhave 1996). In addition, Wanger’s formula with α=0.5 is similar to the characteristic curve 

of a valve, therefore, it is appropriate for representing a single tap (Tanyimboh and 

Templeman 2010). The function suggested by Tanyimboh and Templeman (2010) has the 

advantage of its derivative being continuous which means that there is no need for 

considering extra conditions Qj (Hj≤Hj
min) = 0 and Qj (Hj≥Hj

des) = Qreq . Thus, unlike other 

formulas there is no discontinuity at Hdes and Hmin which is of importance from 

computational viewpoint. Finally, the method proposed by Todini (2003) has the advantage 
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that it can be incorporated into the analysis by modifying the logic of the analysis without 

making changes to the structure of the GG algorithm. It was reported to be robust and that 

it can reach the solution in a few iterations. 
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Appendix H 

DMA structure and topology 

DMAs have inlet/s and occasionally outlet/s chambers in each of which a flow meter 

is installed to measure (usually every 15 minutes) the flow into and out of each district. All 

other boundaries/connections with adjacent DMAs and the trunk mains are closed by 

permanent closure of valves. DMAs are usually fed directly from the trunk mains but can 

also be fed through another DMA. Based on the presence of outlet chambers DMAs are 

categorised as those with outlet chamber which cascades into adjacent DMAs (cascading 

DMAs) and those without outflows (discrete DMAs). Depending on the number of inlet 

chambers, DMAs can be single-feed or multi-feed (UKWIR 1999). A Single-feed DMA 

provides an easier controlling and monitoring system and a greater degree of pressure 

control but the resilience of supply under failure conditions decreases due to reduced 

redundancy of the network. Whereas, multi-feed DMAs increase the reliability in supply but 

are more complex to setup and manage. Pressure management in multi-feed DMAs can 

potentially cause hydraulic instabilities due to the possible interactions between PRVs at the 

inlets (particularly in smaller DMAs) (Prescott and Ulanicki 2003). Figure H.1 illustrates a 

typical layout of DMA-based networks. 

 

Figure H.1 Typical layout of DMA-based networks (adopted from Farley 2001) 
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Pressure control and PRVs 

Pressure control is performed by installing PRVs at DMA inlets. Reduction in 

pressure is achieved by generating energy loss across the valve resulted from the increase in 

velocity caused by a reduction in the area available for the water to flow through the valve. 

Various PRV controls are used for pressure management, which are reviewed below. 

PRV controls 

Fixed-outlet PRVs were originally the most common control used in WSNs in the UK 

(Jowitt & Xu, 1990). These valves eliminate the impact of fluctuation in pressure upstream 

of PRVs and create a constant specified outlet pressure, resulting in a lower and more 

consistent pressure throughout the downstream network. For this type of PRV, a pressure 

reducing pilot control valve is used as the control. The pilot control valve contains a spring 

which is set to the compression that corresponds to the desired downstream pressure. 

Although fixed outlet PRVs reduce operational pressure and consequently leakage, the 

outlet pressure is set to maintain a minimum pressure at critical point at the peak demand. 

This results in excessive pressure throughout the network for the rest of the day (Nicolini 

and Zovatto 2009).  

Fixed-ratio PRVs reduce the pressure by a pre-determined amount by acting as a 

throttle. The PRV is designed to open to the size required to generate the desired pressure 

reduction. The main valve can be only closed or fully open. For a valve of this type to be 

used, the upstream pressure would always have to be sufficiently high to meet the demand. 

Fixed-ratio PRVs are useful where the ground elevation decreases on a hill and the increase 

in pressure is due to the drop in elevation (Algeo 2011).  

Time-controlled pressure modulation PRVs (the cheapest way of advanced pressure 

control) accounts for the changes in demand throughout the day by adjusting the size of the 

opening of the diaphragm. These PRVs operate with open-loop controller and need a 24 

hours profile of set points to be loaded into a controller. In order to define the optimal PRV 

set points, a model of the network and an updated profile of predicted demands are 

required. The 24-hour profile of set points can be updated frequently based on acquired 
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operational data. For this type of control to succeed, accurate prediction of the daily 

demand pattern is essential. Ulanicki et al. (2000) explains the method of “predictive 

control” that uses an optimal scheduling algorithm to continually update the control model 

that is used to give the pressure profile. This type of PRV is more effective when the 

demand profile follows the same pattern on a day-to-day basis or can be predicted with 

high confidence. 

Flow-controlled pressure modulation PRVs aims to achieve a relatively constant 

pressure at the critical point downstream. It reacts to changes in flow through the DMA 

meter allowing the PRV outlet pressure to change in order to maintain the target pressure 

at the critical point (feedback control). The relationship between flow through the DMA 

meter and the corresponding pressure at the critical point is pre-determined and 

programmed into a control panel attached to the pilot control valve. In this control the 

target pressure at the critical point remains constant and fluctuations in the pressure 

throughout the network is minor compared to the fixed-outlet PRVs (Nicolini and Zovatto 

2009, Algeo 2011). An advantage of this type of PRVs is that the setting can be upgraded 

with a telephone or radio link connected to the critical point. Its drawback is the high cost 

and complexity compared to the other types of controls.  
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Appendix I  

Practical recommendations 

Frequency of cleaning 

Results of a study by Husband and Boxall (2011) showed that return period for the 

regeneration of accumulations after cleaning to the maximum level is a function of pipe 

material and the type of source water. On average, it takes 2 years for CI pipes to reach the 

same level of discolouration risk as prior to the cleaning (also in Husband and Boxall 2015). 

Depending on the type of source water, the return period can drop to 1.5 or increase to 3 

years for surface water and groundwater, respectively. On average, the return period for 

plastic pipes was estimated to be 4 years. It is noted that occurrence of discolouration 

incidents is not conditional to the full regeneration of accumulations (i.e. maximum 

discolouration potential of the pipes). Discolouration incident may well occur before the 

pipes reach their steady-state conditions (full discolouration potential) as discolouration is 

also a function of the severity of the disturbing force and the length of pipes that are subject 

to disturbance. In addition to discolouration, re-suspension of accumulated materials before 

reaching the maximum formation is also important from the compliance regulatory 

perspective which requires water utilities to maintain the metal concentrations and 

turbidity level of the bulk water below certain limits in WSNs. Therefore, although, the 

turbidity resulted from the disturbance of accumulations may not reach the level that can 

be detected by naked eye and cause customer dissatisfaction (or complaints), it can cause 

compliance failures due to concentration of metals and turbidity exceeding the allowable 

limits. 

Therefore, in determining the optimum frequency for cleaning it is recommended to 

not only consider the discolouration potential of the pipes but also the potential of the re-

suspended materials to cause compliance regulatory failures. In this way, not only the 

discolouration complaints are prevented but also the compliance failures. Furthermore, it 

should be noted that in estimating an optimum frequency for cleaning, the cumulative 
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concentration of re-suspended materials in all pipes exposed to cleaning (i.e. flow 

disturbance) need to be considered. 

Flushing requirements 

The lack of information regarding the spatiotemporal distribution of sediments 

within the network represents a risk of discolouration in the first application of the controls 

in the operational systems. Therefore, a pre-cleaning of the network is recommended 

before the onset of the control. This cleaning also sets a benchmark that enables to track 

the performance of the control in cleaning the network and any possible adverse impact on 

the areas that are not sensitive to the settings of control valves (i.e. the inlets and boundary 

valves). In the networks that have been in operation for long time, the sediments and 

accumulations are consolidated as a result of the physical forces and microbial-induced 

adhesions. Depending on the location, some pipes might not experience a cleaning velocity 

high enough to remove these consolidated sediments and as a result the discolouration 

potential will remain in the system. A high velocity flushing tailored based on the current 

status of the system (i.e. discolouration potential of pipes) before the application of the 

control is useful from this perspective, as well. Regular high flow velocities generated by the 

control would not let sediments to consolidate and pipes should effectively remain clean. 

As seen in chapters 4 and 5, exploitation of the boundary valves as new inlets to the 

area allows to expand the cleaning conditions within the network and eliminate the dead-

end-like behaviour created by DMA boundary valves. However, there are pipes located at 

the extremities of the system (i.e. naturally-created dead ends) that are not influenced by 

the controls. These pipes undergo accumulations and represent discolouration potential. 

Although these pipes are located further downstream in the system and represent lower 

risk of discolouration, but a flushing programme with suitable frequency has to be designed 

to clean these pipes. Determining the frequency of the flushing is not an easy task under the 

dynamic cleaning control as the network is subject to frequent changes in flow direction and 

velocities and does not reach steady-state conditions. As discussed, it is not feasible to track 

the sediment load within the networks at the moment therefore, implementation of a field 

investigation is recommended to identify (positive or negative) and quantify the impact of 
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cleaning the upstream pipes on the changes in the rate of accumulation of pipes which are 

not affected by the control. Obviously, not all the pipes can be cleaned by the control, but 

the aim is to clean as many pipe as possible and this minimises the discolouration risk of the 

entire system. 

Impact of changing water quality due to changing inlets 

The cleaning and water age controls proposed in this research rely on opening 

boundary valves between the DMAs either to interconnect the DMAs or to use as possible 

new inlets. Therefore, water with different qualities may be introduced into the DMAs. This 

represents a risk of water quality deterioration due to disturbing the equilibrium of the 

system. Accumulations in pipes including the scales, tuberculations and microbial 

communities reach an equilibrium in WSNs which have been in operation for a long time. 

Changes to the quality of water can lead to chemical destabilisation (Reiber and Dostal 

2000, Yang et al. 2012, Utecht and McCoy 2016, Hanna-Attisha et al. 2016) and 

microbiological destabilisation (Hwang et al. 2012, Wang et al. 2014, Yang et al. 2014) and 

subsequent water quality deterioration. In the context of DMAs with dynamic boundary, a 

thorough risk assessment is required if the DMAs, that are aggregated, are located in 

different water supply zones (i.e. supplied by different treatment works). 

The risk of water quality deterioration still exists for the DMAs that are in the same 

water supply zone. As shown in this research, stagnation and low flow conditions caused by 

the DMA-induced boundary valves lead to a significant increase in water age in the nearby 

mains. Increased water age is an indication of water with a different quality (i.e. usually 

highly deteriorated) compared to the rest of the DMA. In the context of DMAs with dynamic 

boundary, the intermittent operation of boundary valves can introduce water with different 

quality into the system and cause chemical and microbiological destabilisation. There are 

two types of boundary valve controls proposed in this research:  

 The boundary valves that are controlled on a binary-basis (either fully open or close) 

and operated to increase the interconnection between the DMAs. These are fully open 



334 
 

at least once each day therefore, the resulting flow circulation around these boundary 

valves would not allow significant water quality changes to occur.  

 The boundary valves that act as alternative inlets into the DMAs: depending on the 

control horizon, the number of the potential inlets, and the arrangement and 

sequence of operation of the inlets, these valves will be open much less frequently 

therefore, the initial opening of these valves and the introduction of the water with 

high age into the system is of a health risk concern and can also cause chemical and 

microbiological destabilisation. Risk assessment has to be carried out taking into 

account the control specifications (frequency and sequence of inlet operations), and 

the level of deterioration caused by DMAs when the boundary valves are closed. In 

case of a significant risk, the opening of boundary valve needs to be accompanied by a 

pre-flush to discharge the deteriorated water. 

 


