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Abstract 

Potable water in Canada leaves treatment facilities in pristine quality and excellent condition for 

both drinking and sanitation.   However, customer concerns related to discoloured drinking water 

continue to serve as a worldwide issue in urban drinking water distribution systems (DWDS).  

Fundamentally, water discolouration is a result of the long-term accumulation of particulate material 

which is subsequently mobilized due to sudden changes in hydraulic conditions.  Field and laboratory 

studies have shown that cohesive layers on the pipe wall are adaptive to the respective environmental and 

hydrodynamic conditions.  The most readily used approach to manage the risk of water discolouration is 

unidirectional flushing of watermains.  The imposition of an increased hydraulic shear stress erodes these 

cohesive layers from the pipe wall into the bulk water. 

To examine the regeneration and mobilization of discolouration material a full-scale laboratory 

was designed to simulate the operation of a DWDS.  The laboratory consists of two identical pipe loops 

comprised of 108 mm diameter PVC pipes, each with a length of 198 m.  All components of the 

laboratory are located within a climate-controlled chamber to simulate seasonal temperature variation.  

The laboratory is fitted with instrumentation to monitor turbidity, flow rate, pressure, and temperature in a 

real time manner.  

Three experiments of duration 40, 80 and 120 days allowed for the growth of cohesive layers 

under steady-state flow conditions.  Each growth phase was followed by 3 successive 15-minute flushing 

intervals to erode the layers.  Grab samples for TSS, metals composition and particle size distribution 

were scheduled throughout each experiment.  Results found that cohesive layers of various strength 

characteristics developed with an approximate linear increase in turbidity response with increased growth 

duration.  The strength of cohesive layers was observed to increase with increased growth duration.  The 

conditioning velocity during each growth phase had a negligible effect on both material accumulation and 

layer strength.  Turbidity was determined to be a good indicator of total suspended solids and iron in the 

water. 
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Chapter 1 

Introduction 

1.1 Background 

Canada’s current potable water networks are vulnerable, aging systems that are in desperate need 

of large-scale rehabilitation over the coming decades.  It has been estimated that $25 billion 

(approximately 12%) worth of potable water assets are in poor, or very poor condition (Canada 

Infrastructure, 2016).  It is crucial that with these major long-term investments, high quality designs are 

implemented that will provide reliable, clean and safe drinking water services to consumers much further 

into the future than their predecessors.  

Potable water in Canada leaves treatment facilities in pristine quality and excellent condition for 

both drinking and sanitation.   These levels are consistently met in annual water reports provided by each 

municipality that publicly operates an urban water distribution system across Canada.  However, 

customer concerns related to discoloured drinking water continue to serve as a worldwide issue in urban 

drinking water distribution systems (DWDS) (Armand, Stoianov, & Graham, 2015).  Approximately one 

third of all consumer complaints arise from tap water producing an unpleasant aesthetic appearance, taste 

or odour (Vreeburg & Boxall, 2007) indicating that water quality deterioration is occurring somewhere 

between discharge from the treatment plant and at the arrival point of consumer homes and businesses.   

Water discolouration risk is typically managed by utility companies by means of unidirectional 

watermain flushing.  The increased hydraulic force at the pipe wall results in the erosion and removal of 

sediment and suspended material which has accumulated in the distribution system over time.  Other 

management methods include improvement of treatment works, pipe relining and infrastructure 

rehabilitation (Armand et al. 2015). 

A novel approach from Boxall et al. (2001) explained the cohesive transport model as a method 

of modelling the risk of discoloured water.  The model explained that the strength characteristics of 
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particulate material which accumulates on pipe walls in the DWDS is conditioned by the shear stress of 

peak daily hydraulics (Boxall & Saul, 2005).  The model states that hydraulic disturbances which cause 

the shear stress to rise above average daily values results in the mobilization of the accumulated material, 

and thus discoloured water.  Field studies from Cook & Boxall, (2011) have shown that this accumulation 

rate of discolouration material is a near linear process and inversely proportional to the daily conditioning 

shear stress while independent of pipe diameter.  Numerous field and laboratory studies have shown that 

successive mobilization of material with increase steps of hydraulic force during flushing suggesting 

cohesive layers of different strength characteristics are regenerating simultaneously (Boxall & Saul, 2005; 

Cook & Boxall, 2011; Husband, Boxall, & Saul, 2008; Husband & Boxall, 2010; Sharpe, Smith, & 

Boxall, 2010).   

1.2 Scope of Studies 

The goals of this research included the following: 

i)  Determine whether cohesive layers which cause discoloured water could develop in a 

laboratory setting using Kingston municipal drinking water. 

ii)  Examine the ultimate shear strength of cohesive layers in PVC pipe.  Compare to ultimate 

shear stress of 1.2 N/m2 reported for plastic pipe by Husband & Boxall, (2010). 

iii)  Examine how conditioning flows effect the accumulation and strength of cohesive layers. 

iv)  Examine how growth duration effects material accumulation and layer strength, and examine 

the linearity of the material accumulation process. 

v)  Examine the relationship between TSS and turbidity. 

vi)  Examine the metals composition and relationship with turbidity during both conditioning and 

flushing phases, and finally 

vii)  Examine the particle size distribution during both conditioning and flushing phases. 
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Chapter 2 is a comprehensive literature review of the mechanisms which contribute to water 

discolouration, primarily focusing on the regeneration and mobilization of cohesive layers within a 

DWDS.  The section discusses the results of previous field and laboratory studies and explores empirical 

models which have been created to model the regeneration and mobilization of material. Chapter 3 is a 

thorough detailing of the laboratory methods used to conduct experiments for this thesis.  This includes a 

full site description, details of all lab components and instrumentation, experimental preparation methods, 

and sampling procedures.  Chapter 4 includes the results of 3 laboratory studies.  The turbidity response 

to flushing, material accumulation rate and strength characteristics are discussed in detail.  The results of 

TSS, metals and particle size distribution sampling are also discussed here.  Chapter 5 is a summary of 

each study as well as research and engineering contributions from this body of research.   
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Chapter 2 

Literature Review 

2.1 Introduction 

Water discolouration is a world-wide phenomenon which naturally occurs within drinking water 

distribution networks.  Water discolouration is a result of the long-term accumulation of particulate 

material which is subsequently mobilized due to sudden changes in hydraulic conditions (Vreeburg & 

Boxall, 2007).   The accumulation of material is typically produced by 4 general mechanisms; 1) 

gravitational sedimentation in quiescent flow regions, 2) non-gravitational ubiquitous accumulation 

across the inner circumference of the pipe wall, 3) corrosion and scaling, typically associated with aging 

cast-iron pipes, and 4) biofilm growth (Armand et al. 2015).  The mobilization of this material causes an 

increase in turbidity which is used as an indicator of water quality. 

The consequence of discoloured water and increased turbidity is a deterioration in the aesthetic 

quality of the drinking water which leads to customer complaints to utility companies.  Reoccurrences of 

discoloured water can cause consumers to lose confidence in the quality of their drinking water.  

Vreeburg and Boxall (2007) reported that approximately 34% of complaints in the UK related to drinking 

water are a result of discoloured water.  Husband & Boxall (2011) reported that 48% of discolouration 

incidents were planned works, while 52% were caused by issues within the system including pump 

failures, reservoir issues, mains damage, connections, and valve failure/replacement. 

The most readily used approach to deal with water discolouration is unidirectional flushing of 

watermains which are suspected to pose the highest risk of a discoloured water event.  The increase in 

shear stress at the boundary layer of the pipe wall is typically enough to remove the majority of 

discolouration material.  Flushing is typically done in a reactive manner after a complaint occurs rather 

than proactively (Boxall & Saul, 2005).  Other methods of prevention include (i) improving treatment 

works to reduce the amount of particulate material entering the distribution system and (ii) infrastructure 
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rehabilitation which includes pipe relining or replacement (Armand et al. 2015).  A collection of 

empirical models have been established through both field and laboratory testing in attempt to predict the 

risk of water discolouration.  Notable models include the prediction of discolouration in distribution 

systems (PODDS), the resuspension potential method (RPM), the particle settlement method (PSM) and 

the variable condition discolouration model VCDM.  The details of each model will be discussed in this 

chapter.  

2.2 Turbidity in Drinking Water 

In practice, the degree of water discolouration is quantitatively measured by the magnitude of 

turbidity.  Turbidity is a measure of the relative clarity or cloudiness of water.  Turbidity is typically 

measured in nephelometric turbidity units (NTU) which measures the scattering and absorbing effect that 

particles have on light (Health Canada, 2012).   Turbidity has shown to be a strong indicator of metals in 

drinking water such as iron and manganese (Seth et al. 2003).  It should be noted that turbidity is not a 

direct measurement of suspended particles, rather a general indicator.  Factors such as particle size 

distribution, particle shape and orientation, and light wavelength can have an impact on turbidity readings 

(Lawler, 2005). 

Turbidity acts as an indicator for the state of water quality, specifically in the filtration and 

treatment process.  Guidelines for water treatment in Canada recommend that all water entering the 

distribution network have a turbidity less than 1.0 NTU to allow for effective disinfection and good 

operation (Health Canada, 2012).   In Ontario, the aesthetic objective at the point of consumption is 5 

NTU (Ontario Ministry of The Environment, 2006). 

2.3 Mechanisms Influencing Water Discolouration 

There are two general processes that dominate water discolouration: the long-term accumulation 

and regeneration of sediment and omnipresent cohesive layers on the pipe wall, and the rapid erosion and 

mobilization of these layers producing high material concentration in the bulk water.  It is extremely 

unlikely for a significant discolouration event to occur without both processes occurring hand-in-hand 
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(Boxall & Saul, 2005).  It can be conceptualized that during the accumulation phase, a pipe wall will 

gradually clean the bulk water by adhering background particles from the treatment plant and upstream 

corrosion by-products (Boxall and Prince, 2006), and during a mobilization event a much higher 

concentration will be experienced in the bulk water due to the relatively short time scale at which the 

material is released (Vreeburg & Boxall, 2007).  The mechanisms that drive these accumulation and 

mobilization processes result from a complicated interaction between water chemistry, biological 

processes, pipe scale composition, temperature and hydraulic characteristics within the pipe (Benson, 

Dietrich, & Gallagher, 2012; Boxall et al. 2003). 

Although significant effort has been invested researching the effect and behavior of each 

mechanism, the ways in which each mechanism interacts with one another, and the extent to which they 

each influence water discolouration events are still poorly understood (Benson et al. 2012; Boxall & Saul, 

2005).  Currently, empirical approximations are the best solution to modelling the regeneration and 

mobilization of material (Husband et al. 2012). 

2.3.1 Water Chemistry 

Chemical and biological characteristics of source water quality have demonstrated an important 

impact on bacterial regrowth, material regeneration rates and thus discolouration risk (Benson et al. 

2012).  However, source water and its treatment processes rarely contribute directly to material 

mobilization events (Boxall et al. 2003). Source water quality has a direct effect on the rate of material 

loading, which can have a considerable impact on material regeneration rate (Husband & Boxall, 2011).  

This regenerated material is only released in a concentration with sufficient density to produce noticeable 

discolouration when triggered by an abrupt hydraulic disturbance.  Studies thus far have shown 

discolouration material is a blend of primarily inorganic material including iron and manganese, and 

organic material which form biofilms (Husband et al. 2012).  To date, little research has studied how 

water quality parameters effect both the regeneration rate and strength of cohesive layers. 

 



 

 

 

8 

2.3.1.1 Water Treatment 

Maintaining low turbidity levels at the discharge of the treatment plant and sufficient chlorine 

residual throughout the drinking water distribution system are the two primary approaches that 

municipalities use to consistently provide aesthetically acceptable water quality.  Turbidity levels >1 

NTU at the treatment plant are reported as an adverse effect, while the aesthetic objective at consumer 

taps is 5 NTU (Ontario Ministry of The Environment, 2006).  This increase in accepted levels at the tap 

may indicate that water quality is expected to deteriorate as it travels through the distribution system.  

Water entering the distribution system with turbidity levels greater than 1 NTU may result in a lower 

level of pathogen removal from disinfection (Health Canada, 2012).  For sufficient disinfection, a free 

chlorine residual range of 0.04-2.0 mg/L must be maintained throughout the entire DWDS (Health 

Canada, 2009).  Failing to meet the minimum amount is likely to promote microbial and bacterial growth 

that may contain unwanted pathogen that increase the risk to human health.  Thus, an improper 

combination of high turbidity levels entering the distribution system with low levels of chlorine residual 

within the network is likely to attribute to higher discolouration risk. 

2.3.1.2 Particulate Material 

Although the corrosion of cast-iron pipes is often seen as the cause of particulate material in the 

system, multiple field tests have shown that background particles originating from the treatment plant 

may be the dominant source of material (Blokker & Schaap, 2015a; Vreeburg, Schippers, Verberk, & 

Dijk, 2008).  Investigations into the inorganic material subject to discolouration have shown that 

particulate iron and manganese are largely responsible, regardless of pipe material (Seth et al. 2003).  

This suggests that the iron is either being sourced from the treatment plant itself or is transported as by-

products of corroded cast-iron pipes throughout the network.   

The particle size distribution will have an effect on the correlation between TSS and turbidity 

(Lawler, 2005).  The average particle size and particle size distribution will be expected to vary between 

sites.   A field study in the UK which collected 30 samples of discoloured water reported an average 



 

 

 

9 

particle size of 10 μm, with a significant number of particles below the 5 μm range (Boxall at al. 2001).  

The average concentration of particles in drinking water from several months of field testing in Australia 

was reported to be between 0.18 and 0.5 mg/L (Jayarante & Ryan, 2008). 

2.3.2 Pipe Characteristics 

Pipes in the DWDS can be characterized by criteria including material, geometry and age.  

Different variations in these three aspects will affect the discolouration risk in a certain region of the 

DWDS.  Pipe material has been indicated to have an effect on both the regeneration rate and strength of 

cohesive layers lining the pipe wall (Boxall & Saul, 2005). Different pipe materials will have greater 

roughness than other have, more pronounced microscopic depressions to collect particulate material as it 

migrates through the pipe in comparison to a smooth surface.  Also, different conduit materials such as 

cast-iron or asbestos cement pipes will be more prone to corrosion and/or leaching in comparison to 

materials such as PVC and PE.  Plastic pipes have also shown the ability to leach material (Quevauviller, 

Donard, & Bruchet, 1991), however possibly due to their more recent incorporation into drinking water 

distribution system’s there is less research to provide evidence of significant leaching events. 

Cast iron pipes are prone to corrosion over time, and can form by-products that result in relatively 

thick, rigid material layers.  Thus, aging conduits would be expected to have a much stronger correlation 

to discolouration events.  It has been observed that ferrous ions are released as a by-product of cast-iron 

corrosion, and when mobilized can attach to pipes of different material downstream in the DWDS 

(Benson et al. 2012).  Corroded material surfaces can foster microorganisms and biofilm growth (Kerr, 

Osborn, Robson, & Handley, 1999).    

2.3.3 Temperature 

It is possible that that regeneration rates are influenced by climatic conditions; specifically, that 

warmer temperatures will encourage growth while colder climates will have relatively slower growth 

rates.  Temperature will have an impact not only on regeneration rates in the distribution system, but also 

on source water and treatment plant turbidity levels (Blokker & Schaap, 2015b).   Investigations have 
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shown that due to the typical water retention time within the DWDS, water temperature within the pipes 

in governed by surrounding soil temperature (Blokker & Pieterse-Quirijns, 2013). 

Field investigations completed by (Blokker & Schaap, 2015b) compared seasonal temperature 

change to 6 different measurement methods of turbidity levels.  Results from flushing tests and online 

turbidity measurements showed that warmer temperatures in distribution systems correlate to a boost in 

particulate material accumulation.  However, there was no clear seasonal impact on turbidity levels in 

treatment plants.  In contrast, a separate field site investigation (Boxall et al. 2003) showed no trend in 

relation to temperature on seasonal growth rates in a 1.6 km distribution main.  However, the mean annual 

temperature variation was only around 3 degrees Celsius and thus concluded that the influence of 

temperature on regeneration rates should not be discounted in this study.  Laboratory studies at Sheffield 

University have compared material growth over 28 days at 8 versus 16 degrees Celsius (Furnass et al. 

2014).  The turbidity response at increasing flushing steps was consistently higher for the warmer growth 

phase.  Future testing under laboratory conditions could focus on comparing the further extremes of both 

cold and warm climates. 

2.3.4 Hydraulic Conditions 

In most cases, hydraulic conditions within the distribution system are the dominant factor that 

govern both the regeneration and mobilization of the particulate material which causes water 

discolouration.  Abrupt increases in flow caused by watermain breaks, fire flows and sudden valve 

changes is what leads to the mobilization of this accumulated material (Vreeburg & Boxall, 2007).  

Material regeneration rate and layer strength are governed by the conditioning velocity while the material 

erosion rate is a function of the flushing flow rate and layer strength.  

2.3.4.1 Conditioning Velocity 

Hydraulic conditions are always changing within a distribution network to meet the water 

demands of consumers.  A typical water distribution network operates under quasi-steady-state conditions 

with peak flows that are usually experienced in morning and evening hours.  It is assumed that material 
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characteristics like the strength and thickness of the cohesive layers on the pipe wall are conditioned by 

these normal everyday peak flow rates (Boxall & Saul, 2005).  Although still frequently referred to as the 

“conditioning velocity”, modelling approaches use the wall shear stress to govern layer strength.  The 

wall shear stress increases exponentially with an increase in flow rate, and increase in pipe roughness, and 

a decrease in pipe diameter.  This relationship is explained in equation 1 and 2 where 𝑄 is the flow rate 

(m3/s), 𝐶 is the Hazen-Williams roughness coefficient, 𝑑 is the diameter (m), 𝑝 is the density of the fluid 

(kg/m3), 𝑔 is the acceleration due (m/s2),  𝑆𝑓 is hydraulic gradient (m/m) and 𝜏 is the shear stress (N/m2).  

Therefore, using velocity is not an accurate linear representation of true force acting on the layers.  The 

conditioning shear stress is numerically defined as the shear stress which is correlated to the reoccurring 

peak daily flow rate (Cook & Boxall, 2011). 

     𝑆𝑓 =
10.67𝑄1.85

𝐶1.86𝑑4.87
       (1)   

     𝜏 = 𝑝𝑔𝑆𝑓
𝑑

4
        (2)     

 

The conditioning velocity will play a dominate role in the hydraulics processes which govern 

particle transport including gravitational settling, bed load transport and particle entrainment into 

suspension (Summeren & Blokker, 2017).  Summeren and Blokker (2017) have suggested pipes which 

experience daily velocities above 0.2-0.25 m/s are less prone to particle accumulation.  Laboratory tests 

have reported that a velocity of 0.21 m/s in sufficient to resuspend all settled particles (Jayarante & Ryan, 

2008).  However separate laboratory studies have suggested that at a flow velocity of 0.06 m/s the 

gravitational and turbophoresis forces are close to equilibrium while at flow velocities above 0.14 m/s 

turbophoresis dominates (Vreeburg & Boxall, 2007).   Turbophoresis is the process which describes the 

transport of particles from regions of high turbulence to lower or zero turbulence which occurs at the pipe 

wall (Young & Leeming, 1997). 

It is hypothesized that cohesive layers are adaptive to the respective environmental and 

hydrodynamic conditions.  Pipes which experience higher flow rates will have stronger layers and hence 
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less discolouration risk, while pipes with low flow rates will have relatively weaker layers subject to a 

greater discolouration risk due to an increased flow event (Boxall & Saul, 2005).  Studies conducted 

under laboratory controlled conditions have showed that high conditioning velocities results in less 

mobilization after an increase in flow (Sharpe et al. 2010).  It is however still unclear as to whether this is 

due to the higher flow rate resulting in less accumulation or stronger cohesive layers which are not eroded 

during flushing (Armand et al. 2015). 

Due to these mechanisms, in practice we should expect regions in networks with redundant loops, 

oversized pipes or dead-end cul-de-sacs to be at a much higher risk for material release and thus 

discolouration events due to their relatively low flow nature.  This knowledge has also lead to the premise 

of a “self-cleaning threshold”.  This would be achieved by designing networks based on demands such 

that the shear stress is high enough to prevent or at the very least limit layer accumulation and increase 

layer strength (Boxall & Prince, 2006).  Experimental studies have shown that material accumulation is 

reduced under a diurnal flow pattern (Husband, Boxall, & Saul, 2008).  This theory was supported by 

field testing by Husband and Boxall (2010) which found a diurnal flow pattern with a peak daily flow of 

0.6 m/s was sufficient to achieve a self-cleaning condition while Husband et al. (2008) found that a steady 

state flow rate of 0.65 m/s was not able to create the same self-cleaning condition (Armand et al. 2015).  

However, design for the implementation of self-cleaning daily flow rates would have to be incorporated 

early into the city master plan to account to future population growth and subsequent demand increases.  

Increasing flow rates would lead to more significant pressure losses and require installation of more 

pumping stations.  Municipalities typically size pipes for fire flow conditions, rather than regular 

operational conditions. 

2.3.4.2 Flushing Velocity and Ultimate Layer Strength  

The ultimate layer strength is the shear stress at which all, or the majority of cohesive layers are 

eroded from the pipe wall.  This value is important for utility companies as it can be used to determine an 

adequate flow rate which will properly clean pipes during flushing.  A combination of field testing in the 
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UK and modelling has found that for plastic pipes a shear stress of 1.2 N/m2 is sufficient to removal all 

layers (Husband & Boxall, 2010).   Separate field tests in the UK showed that no material was mobilized 

above a shear stress of 0.7 N/m2 in pipes (Cook & Boxall, 2011).  There is little published data on the 

ultimate shear stress for cast-iron pipes, however Husband and Boxall (2010) reported material 

mobilization in 4-inch cast-iron pipe at a flow rate of 8 L/s which corresponds to a shear stress of 

approximately 3.5 N/m2 (depending on the roughness coefficient and internal diameter which are not 

given).  This suggests that stronger layers are able to form on pipe surface with a greater roughness 

coefficient. 

Studies regarding the stratification of biofilms reported that the basal layer of biofilms grown at 

shear stresses less than 0.1 N/m2 can withstand shear stresses up to 37 N/m2.  The basal layer is located 

underneath the weaker biofilm layers.  This layer is far more cohesive and dense than the other layers and 

the size is greatly influence by the carbon source (Paul et al. 2012).  However this layer only comprises 

about 20% of the dry mass of the biofilm, while 80% of biomass is removed at a shear stress around 2 

N/m2 (Armand et al. 2015). 

2.4 Growth Duration and Turbidity Response 

Field testing and laboratory studies have both shown that the layer growth duration under 

conditioning flows has a direct impact on the magnitude of turbidity response during flushing.  One 

primary research question regarding cohesive layers is at what rate or function does material regenerate, 

and how much material can be stored in these layers.  Field studies from the UK have shown that the 

accumulation rate is a near linear process (Boxall et al. 2003; Cook & Boxall, 2011).  Determining site 

specific regeneration rates from field and laboratory studies could be used to more accurately predict the 

risk of discolouration as a function of time. 

2.4.1 Field Results 

   Boxall & Saul (2005) conducted flushing tests at 6 sites in the UK to record turbidity response 

which would be used for model calibration.  All sites were assumed to have fully regenerated layers.  
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Analysis of the results found that when using an in-line turbidimeter which takes continuous samples at a 

fixed position, the typical turbidity response to watermain flushing follows a repeatable shape.  An 

example from Boxall and Saul (2005) of this process is shown in Figure 1.  Once the flow rate increases, 

the weakest layers quickly begin to erode from the pipe wall.  The eroded material then enters the bulk 

water and begins to travel by advection through the pipe length towards the hydrant, passing in-line 

turbidimeters.  This process results in a steep increase in turbidity followed by an approximate 

exponential decay. 

 

Figure 1 - Turbidity response to flushing a 76 mm cast iron pipe (Boxall & Saul, 2005). 

The peak turbidity generally occurs when material from the entire length of pipe is contributing to 

the concentration of material at the inlet of the turbidimeter.  Therefore, there is an increase in the 

magnitude of turbidity response along 1/3, 2/3 and end of pipe sample locations (Figure 1).  Once all 

layers are exhausted from the pipe wall, turbidity readings slowly return to normal levels in an 

exponential decay as the remaining material is flushed out of the hydrant.  The severity of a 

discolouration event, which is related to the amount of material mobilized, can be determined by 

integrating the area under the turbidity response curve, measured in NTU.s.  It should be clarified 
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however that NTU.s cannot be used to directly compare the amount of material mobilized when 

comparing pipe lengths of different diameters.   

 Husband & Boxall (2010) also conducted flushing tests in the UK, recording turbidity for 

modelling purposes.  Results showed that in cast-iron pipes that turbidity responses >500 NTU are 

capable of occurring as a result of unidirectional flushing suggesting that there may be an additional 

source of material build-up on cast iron pipes which is likely attributed to corrosion.  

 Cook & Boxall (2011) conducted field studies in 2 separate DMAs to determine the regeneration 

rate of cohesive layers in watermains.  An initial flush was followed by flushing intervals of 3, 6 and 12-

month periods allowing for comparison in material regeneration rates.  Results found that the material 

regeneration rate was a linear process with an accumulation rate of 0.0057 mm/month with 95% 

confidence.  Back calculations showed that it would take only 43 days to achieve a turbidity response of 4 

NTU, and flushing after 12 months would produce a turbidity response of 35 NTU (Cook & Boxall, 

2011). 

 Husband & Boxall (2010) conducted field studies on a 13.3 km long, 700 mm diameter trunk 

main.  The main which had previously operated at 15 L/s (0.04 m/s) was flushed incrementally to a peak 

flow of 500 L/s (1.35 m/s).  Two turbidity probes were used to monitor turbidity at the flushing outlet.  

The turbidity response during flushing presented multiple peaks that were not typical of cohesive layer 

erosion.  It was determined that the travel time of the particles to the turbidity probes corresponded to low 

points, or inverts along the pipe length.  This indicated the influence localized gravitational accumulation 

can have on the turbidity response during flushing.  However, material sedimentation is not part of typical 

modelling approaches as it is extremely difficult to predict. 

2.4.2 Laboratory Results 

               Husband et al. (2008) reported results from laboratory experiments which investigated the 

processes of discolouration in distribution systems based on the empirical model concepts developed by 

Boxall, Skipworth, and Saul, (2001).  A pipe loop 90 m in length, with 79 mm diameter HPPE pipe was 
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used to recirculate water supplied by a 1 m3 tank (Figure 2).  The use of a full-scale pipe loop allows for 

the simulation of system hydraulics while being able to control environmental factors such as flow rate, 

pressure, temperature, water quality and pipe characteristics. 

 

Figure 2 - Experimental pipe loop laboratory at Sheffield University (Husband et al. 2008) 

Three series of tests with both steady-state and variable flow patterns were run for 1 week and 1-

month durations.  The system was then flushed with stepped increases in flow for 15-minute durations 

with a peak flushing flow of 8.9 L/s.  The goal was to determine if water quality that met UK regulatory 

standards could cause material accumulation.  The results showed that layers with cohesive properties 

were mobilized as a function of increasing shear stress.  These results also showed the generation of 

discolouration material to be a linear function when comparing time periods of 1 week and 1 month.  

However it was noted that these tests were not climate controlled, with an average room temperature of 

20 °C which may have promoted biological growth (Husband et al. 2008). 

Sharpe et al. (2010) improved upon previous work by Husband et al. (2008) by renovating the 

initial facility with a climate controlled room and longer length of pipe.  The test loop was used to 

determine what effect low, medium and high conditioning flows (0.2, 0.4 and 0.8 L/s) have on 
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accumulation rate and mobilization of layers over 28-day growth periods at a temperature of 8 °C.  

Stepped flushing intervals resulted in low range a turbidity response ranging between 0.2-0.4 NTU.  The 

results also showed an increased turbidity response corresponding to the lower conditioning velocity 

which is in agreement with Boxall et al. (2001). 

2.5 Empirical Modelling Approach 

Over the past two decades, models have been developed to further understand the function of 

each individual mechanism that contributes to discolouration and their interaction.  Creating a “universal 

model” that can accurately incorporate all of the factors that account for layer growth and mobilization 

that applies to all water distribution networks has to this point proved elusive.  Rather, a more logical 

approach may be applied to identify and validate the driving mechanisms to generate a more simplistic 

empirical prediction model.  Researchers have instead focused on developing models to help utility 

companies identify regions of high discolouration risk to help them put in place management protocols to 

mitigate this risk.  Through further laboratory and field research investigations, such a model could be 

calibrated to a specific distribution system based on source water quality, pipe characteristics, hydraulic 

conditions, temperature variance and other additional parameters.  Ideally, the model would require the 

minimum amount of calibration possible while still adequately producing accurate results when 

transferring its use between different sites. 

2.5.1 Prediction of Discolouration in Distribution Systems (PODDS) 

Developed by the Pennine Water Group (PWG) and field-leading research experts Joby Boxall 

and Stewart Husband at the University of Sheffield in 2000, the PODDS model has demonstrated the 

ability through extensive field testing and computer modelling to predict the discolouration response as a 

result of disequilibria events in water distribution networks.  The model applies the cohesive transport 

theory which at the time of its development was novel research in the area of water discolouration (Boxall 

& Saul, 2005).  PODDS approaches modelling discolouration through the fundamental understanding that 

increases in flow, and hence an increase in wall shear strength that drives mobilization of accumulated 
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material.  Layers are eroded by increasing shear strength that directly corresponds to their respective layer 

strength.  Weaker layers are believed to have a higher quantity of discolouration material than stronger 

layers.  The cohesive transport theory states that the strength of these layers is conditioned by everyday 

peak flows.  Higher conditioning flows correspond to strong layers while low conditioning flows 

correspond to weaker layers.  The model is comprised of 3 empirical equations.  Firstly, the model 

predicts an inversely linear correlation between the stored turbidity volume and the layer shear strength.  

This relationship is shown in Figure 3. 

 

Figure 3 - Layer shear strength vs. stored turbidity volume (Boxall & Saul, 2005) 

 

The relationship between layer strength and turbidity is described by 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3, where 𝜏′
𝑠  is 

the current layer shear strength, 𝐶 is the turbidity potential, 𝑘 is the calibrated linear gradient while the 

coefficient 𝑏 is used for slightly non-linear relationships when not equal to 1 (Boxall & Saul, 2005). 

            𝜏′
𝑠 =

𝐶𝑏−𝐶𝑚𝑎𝑥

𝑘
     (3) 

To model increased flow events and subsequent mobilization, 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 was derived.  Here, 𝑅 

is the rate of supply, 𝑄 is the flow rate, (𝜏𝑎 − 𝜏′
𝑠) is the excess shear stress, and 𝑃 and 𝑛 are empirical 
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parameters used for calibration.  This can be used to determine the incremental change in turbidity by 

multiplying the affected pipe length by R (Boxall & Saul, 2005). 

                                𝑅 =
𝑃(𝜏𝑎−𝜏′

𝑠)𝑛

𝑄
    (4) 

For the purpose of modelling the regeneration process in EPANET, 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 was developed.  

The equation simulates incremental changes in layer turbidity potential based upon current layer strength 

𝜏′
𝑠, temperature 𝑇, a time step ∆𝑡, and calibrated empirical constants 𝑚 and 𝑙.  The model assumes 

regeneration follows the reverse process of erosion in that the layers form in order from strongest to 

weakest (Stewart Husband et al. 2012).  However, the equation for the regeneration process was not based 

on any lab or field work and therefore not validated (Boxall & Saul, 2005). 

     ∆𝐶𝑟 = 𝑃′∆𝑡𝑇𝑙𝜏′𝑚
𝑠    (5)  

Early field testing from PODDS has shown that 1.2 N/m2 is enough to exhaust the bulk of 

material from plastic pipes (Husband & Boxall, 2010).  The shear stress can be determined from 

equations 1 and 2 described in section 2.3.4.1. 

The model has been validated in over 1000 field and laboratory tests (S Husband, Fish, 

Douterelo, & Boxall, 2016) including sites in the UK, Holland, Portugal and Australia.  Calibration is 

required for each region dependent on source water, temperature and pipe material (Boxall & Saul, 2005).  

PODDS is unique to other models in that it can be incorporated into EPANET and is available for public 

use (Benson et al. 2012) making it the most globally accessible discolouration computational modelling 

tool to date.  It can be used to compare discolouration risk at different regions of pipe based upon 

different hydraulic conditions (Boxall & Saul, 2005).  The model has also been coded as differential 

equations into MSX and has shown to be more user-accessible with increased accuracy.  The model 

allows for the alteration of different forms of linear/non-linear regeneration (Stewart Husband et al., 

2012). 
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The shorting of PODDS is that both field and laboratory studies have shown that the model uses 

an invalidated approach to describe the regeneration process.  At the time the regeneration process was 

not based on any testing or previous research, but was implemented for purpose of the EPANET model 

(Furnass et al. 2014).  Boxall & Saul, (2005) stated that the source material was not considered in the 

modelling approach and that all cohesive layers were assumed to be previously undisturbed and fully 

developed, which is likely not always to be the case.  A useful model requires accurate and validated 

model representation of both the regeneration and material release processes.  It is also noted that the 

model is limited to a maximum pipe size of 150mm (Boxall and Prince, 2006). 

2.5.2 Resuspension Potential Method (RPM) 

Vreeburg (2004) developed the resuspension potential method as a tool to characterize the 

discolouration risk in a given section of pipe.  The fundamentals of the model run under the assumption 

that material release is driven by hydraulic disturbances within the pipe.  The model is used to rank 

sections of a distribution system from 0-15 based on increasing discolouration potential.  To do this, 

manual flushing of a chosen pipe is undertaken at a velocity of 0.35 m/s great than the normal daily flow 

(this value that was proven experimentally to produce suitable material release).  During a flushing period 

of 15 minutes along a pipe span that is a minimum of 315 m in length, turbidity levels are measured and 

recorded.  This procedure can be seen in Figure 4.  Turbidity levels are measured until readings return to 

normal operating levels.  Five different criteria over the span of the flush and thereafter are considered 

based on ranges of average and absolute turbidity values. Each criterion is equally ranked from 0 to 3 and 

the summation is used to calculate a discolouration risk (Kjellberg, Jayaratne, Vreeburg, Sukumaran, & 

Verberk, 2007).  Therefore, a score of 15 signifies the highest possible discolouration risk based on the 

scale while a score of 0 indicates negligible discolouration risk.  The ranking system can be used to 

prioritize flushing intervention for the regions of watermains at greatest risk of discolouration.  
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Figure 4 - Resuspension potential method (Vreeburg, 2007). 

 

Disadvantages of RPM include that in order to accurately rank the discolouration risk of a pipe 

length you must isolate each and every pipe for testing and set up all necessary equipment for monitoring 

turbidity and flow rate during the 15-minute flush event.  This is an unrealistic method with thousands of 

conduits in any given distribution system that are always under changing conditions.  To test and rank all 

pipes in a single distribution system would use an enormous quantity of resources and time.  To 

compromise for this, currently the Netherlands conduct one RPM test to represent every 12.5 km section 

of pipe.  However this may result in a decrease in accuracy of the discolouration risk as you move away 

from the test site (Blokker & Schaap, 2015a).  The model also limits itself, as thus far it has only been 

applied to relatively small pipes typically seen in the UK ranging from 100-150mm (Vreeburg, 2004).  

Many pipes observed in North America, primarily trunk mains, can range upwards of 500 mm in 

diameter. 
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2.5.3 Particle Settlement Model (PSM) 

Jayarante & Ryan, (2008) developed the particle settlement model to predict mass distribution in 

DWDS by tracking the transportation, settlement and resuspension of particles through the distribution 

system.  The model states that there are two mechanisms responsible for particle accumulation inside 

pipes; particle sedimentation due to gravity and particle deposition driven by surface attractive forces.  

The end goal is to be able to predict suspended particles concentration through time and location.  The 

model is also used to track the dimensionless particle cloud height, which is the ratio of the cloud height 

divided by the pipe depth; a ratio of 0 indicates complete settlement, while a ratio of 1 indicates full 

particle suspension (Jayarante & Ryan, 2008). 

Settlement versus resuspension is assumed to be governed by the flow regime, whether it is 

stagnant, laminar, or turbulent. Stagnant flows (when 𝑈 < 𝑈𝑑) that occur in dead end mains or oversized 

pipes are expected to experience gravitational particle settlement.  This is contrary to research from 

(Vreeburg & Boxall, 2007) suggesting that stagnant flows do not exist long enough to allow for 

sedimentation based on Stokes’ law and the particle size distribution. Laminar flows have been shown to 

produce enough lift force to either slow settlement or maintain suspension (𝑈𝑠 < 𝑈 < 𝑈𝑟𝑠).  Turbulent 

flows will always produce a greater lift force than the downward gravitational force, therefore 

maintaining suspended particles, and at a high enough velocity (𝑈 > 𝑈𝑟𝑠) will begin to re-suspend 

particles that have accumulated to the pipe wall.  These processes are illustrated in Figure 5.  The model 

lists the expected necessary velocity for a given diameter of pipe required to trigger particle resuspension 

(Benson et al. 2012; Jayarante & Ryan, 2008).  
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Figure 5 - Gravitational settling model (Jayarante & Ryan, 2008) 

 

Shortcomings to the model include a failure to predict suspended particle concentrations within 

+/-50% of field measurements (Jayarante & Ryan, 2008).  Due to this amount of error it indicates that the 

model is not yet accurate enough to be used in common practice.  Error may be due to the fact that the 

model assumes that the initial condition of each pipe is clean, while in most cases there is likely a pre-

existing build-up of material. 

2.5.4 Variable Condition Discolouration Model (VCDM) 

Furnass et al. (2014) developed the variable condition discolouration model to continually track 

both the material erosion and regeneration of a finite amount of cohesive layers that are characterized by a 

range of shear strengths (Furnass et al. 2014).  Similar to the PODDS model, the variable condition 

discolouration model assumes that layer strength and accumulation are governed by the cohesive layer 

transport theory.  Again, this states that cohesive layers are conditioned by average day flows, where low 

flows generate weak layers and augment material accumulation, while higher flows will form stronger 
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layers and less accumulation.  The model assumes that the regeneration rate is a linear process as previous 

field tests have shown (Cook & Boxall, 2011).  A major difference is that the VCDM model assumes that 

all finite layers are continuously regenerating simultaneously, as opposed to PODDS that suggested layers 

will regenerate in order from strongest to weakest. 

The model uses Euler’s method to predict material erosion at each time step correlating to a 

change in shear stress.  Prior to running the model, site specific calibration is required for the erosion and 

regeneration rate coefficients 𝐵𝑒 and 𝐵𝑟 respectively, as well as the calibration coefficient α which 

attributes to the turbidity response. 

Ultimately, the intention of this model is to accurately predict the turbidity profile that is 

produced after abnormally high hydraulic forces are imposed along the pipe wall.  This model could then 

be used by utility companies as an effective tool to proactively mitigate discolouration risk by intervening 

with a proper flushing schedule and velocity (Furnass et al. 2014).  A current limitation to the model, as 

of most models, is the input of the unknown condition of the cleanliness of pipes for model initiation 

(initial layer thickness).  The model is also likely to lose accuracy over a long period of time if 

unaccounted for material is lost or accumulated in the model during each growth stage/hydraulic 

disturbance.  Unidentified leaks in the system may also hinder results introducing outside sediment into 

the pipes and altering flows rates.  The model does not consider the sedimentation process, which has 

been shown to have a major influence in specific situations.  Husband and Boxall (2010) found that when 

comparing the particle travel time to the turbidity response, there was a greater response corresponding to 

sediment material was mobilized from inverts and low areas in the pipe rather than from cohesive layers. 

2.6 Summary 

Water discolouration remains an ongoing issue for municipalities across the world.  Significant 

effort has been invested by utility companies and research groups in attempt to understand the 

mechanisms driving water discolouration.  Thus far it has been shown that water discolouration is 
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fundamentally driven by the regeneration and erosion of both sediment and cohesive layers within 

distribution networks.   

A number of models including PODDS, RPM, PSM and VCDM have been created in attempt to 

predict water discoloration using an empirical approach.  Water discolouration events are difficult to 

anticipate due to the complex interaction of different driving mechanisms, which are typically site 

specific. 
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Chapter 3 

Methods 

3.1 Introduction 

A full-scale laboratory has been commissioned at Queen’s University in Kingston Ontario, 

Canada to simulate the operation of a DWDS.  The laboratory was built to examine the regeneration and 

mobilization of discolouration material under conditions that cannot otherwise be controlled in a real 

DWDS.  The laboratory consists of two identical, full-scale pipe loops comprised of 108 mm diameter 

PVC pipes, each with a length of 198 m.  Both loops (referred to as North and South) sit adjacent to each 

other in a climate-controlled environmental chamber to reproduce seasonal water temperature variation in 

the cold climate of Canada (see Figure 8).  Each loop has drinking water supplied by its own 3800 L tank 

which is fed directly by the Kingston distribution system.  High-flow and low-flow pumps configured in 

parallel draw from these tanks to allow for the variation of flows and pressures experienced in a typical 

DWDS (250-650 kPa).  The lab is equipped with online sensors to measure turbidity, pH, chlorine 

residual, flow rate, and pressure in a real-time manner with a maximum achievable resolution of 1 

measurement per second.   

3.2 Site Description 

  The coastal engineering laboratory is located in Kingston Ontario which is positioned on the 

northeastern shore of Lake Ontario, as seen in Figure 6.  Water at the coastal engineering laboratory is 

supplied by the King Street water treatment plant which draws water from Lake Ontario.  The intake is 

located ~1 km off shore, at a depth of 18 m, 4 m above the lake bed.  Extensive testing was done by the 

municipality to ensure the location of the intake provides the most consistent source water quality 

available  (Utilities Kingston, 2017).  The Kingston distribution system is made up of 570 km of 

watermain ranging in size from 150-1200 mm.  The system has 4 booster stations to raise water pressure 

and 9 storage facilities which hold 5.3 million litres of water for consumption and fire protection.   In 
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2017, 21 billion litres of potable water was pumped through the municipal distribution system (Utilities 

Kingston, 2018).  An EPANET analysis of the Kingston network found a mean pressure of 440 kPa, see 

Appendix B for full results. 

Water travels approximately 2.2 km from the King Street plant (by length of pipe) before 

reaching the coastal laboratory (Figure 6).  Process and network diagrams for the King Street plant and 

distribution network can be found in Appendix A.   The full network map of the Kingston distribution 

system can be found in Appendix B.  

 

Figure 6 - Network map of Kingston distribution system (downtown region). 

3.2.1  Water Supply Network 

The distribution network is a collection of various pipe materials including PVC, cast-iron, 

ductile iron, and asbestos cement. Pipe diameters range from 150-1200 mm.  Pipe installation dates range 

from early 1900s to 2018.  The main which services the coastal laboratory is a 62 m long, 150 mm PVC 

pipe which runs north-south and was installed in 2016.  This dead-end main experiences an irregular flow 

pattern when compared to a typical looped main in the DWDS.  Occasional high flows >15 L/s (0.84 m/s) 

occur to fill the demand of large reservoirs in the coastal lab.  This main is supplied by a 300 mm cast-

iron pipe which runs east-west along Johnson Street and was installed in 1969.  This main connects to a 
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600 mm CPP trunk main which runs north-south along Sir John A. MacDonald Blvd, and was installed in 

1962 (see Figure 7). Once the water enters the coastal laboratory it travels through ~18 m of 3/4 inch 

copper pipe before entering the environmental chamber which houses the experimental pipe loops. 

 

Figure 7 - Coastal lab service watermain network. 

3.2.2 Local Climate 

Kingston has a high variation in seasonal temperature between summer months (June-September) 

and winter months (December-March).  Utilities Kingston, (2017) reported treated water temperatures 

entering the distribution system ranging between 0.8-24.2 °C.   Data collected from 1981-2010 showed 

that July averages daily high air temperatures of 25 °C and lows of 16 °C while the cold days of January 

average highs of -3 °C and lows of -12 °C (Current Results, 2018).  This variation in air temperature 

subsequently has a large impact on both the lake and soil temperature.  Blokker & Pieterse-Quirijns, 

(2013) modelled the interaction between air, soil and water temperatures determining that the mass of the 
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soil governs water temperature in the distribution system.  Since water has such a relatively high specific 

heat capacity, it could take a great deal of time and energy to cool the water if there is a large gradient 

between the incoming water temperature and desired experimental water temperature.  This was 

considered in determining the water retention time of the system.   

3.3 Full-Scale Water Distribution Pipe-Loop 

In 2017, a full-scale pipe loop laboratory was commissioned to investigate the mechanisms 

causing water discolouration in distribution systems.  The laboratory as seen in Figure 8 consists of two 

3800 L tanks, 2 sets of low and high flow pumps, and 2 separate pipe rigs, each 198 m in length which sit 

adjacent from each other housed inside an environmental chamber.  The 2 rigs are referred to as North 

and South as given by their geographical location within the building.  The laboratory is outfitted with 

instrumentation to measure flow rate, pressure, turbidity, air temperature, water temperature, total 

chlorine, pH and tank water level in a real time manner.  A technical schematic of the lab is indicated in 

Figure 9.  The components of the laboratory illustrated in Figures 8 and 9 as well as the methods used to 

prepare and conduct the first tests in this facility will be discussed in the subsequent sections. 
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Figure 8 - Queen's drinking water distribution laboratory. 
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Figure 9  - Schematic of laboratory system components and configuration.  
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3.3.1 Environmental Chamber 

All the components of the laboratory, aside from the data collection computer are housed within 

an environmental chamber.  The chamber is fully insulated and outfitted with two Keeprite 3 HP single 

phase indoor condensing units and evaporator coils (chillers) capable of maintaining air temperature from 

2-20 °C.  The dimensions of the room are 11m in length, by 5 m wide, by 2.5 m high.  Early testing found 

that although the room is relatively small, a temperature gradient formed across the room.  This was likely 

a cause of non-symmetrical placement of the chillers in the room.  During installation, one chiller was 

positioned in the middle of the west wall between the tanks, while the other was directly over the south 

rig on the west wall (Figure 10).  This resulted in the south side of the room to be on average 2 degrees 

cooler than the north side.  As a temporary fix, three fans were orientated to better recirculate the cool air 

in the room reducing the temperature gradient to 1 °C.  An improved temperature monitoring system will 

be implemented in the future to measure water temperatures from the tanks which will best represent the 

overall average temperature of each system. 

   

Figure 10 - East (left) and west (right) environmental chamber chilling units. 

3.3.2 Tanks 

Drinking water from the Kingston Distribution system enters this environmental chamber through 

the methods described in section 3.2.1.  From here supply lines are used to replenish water into two 

separate 3800 L tanks which act as water sources for the North and South rigs respectively.  When full, 
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each tank holds more than twice the volume of each rig (1810 L) allowing for 2 full turnovers of water 

during flushing.  This prevents particles from being immediately recycled into the pipe loop. 

For the initial test, one 3/4-inch line supplied each tank with water levels maintained using a 

Flowline Echopod ultrasonic level transducer.  However, early testing found that these devices were 

subject to occasional unplanned failure leading to complete drainage of the tanks.  To prevent this from 

reoccurring, two separate supply lines of size 1/2 inch (a) and 3/4 inch (b) were used to replenish each of 

the tanks (see Figure 11).  The 1/2-inch supply line is referred to as the “equilibrium supply” as it was 

designed to supply water at a rate slightly less than the rate at which water is lost from the system for the 

given rig pressure, Kingston distribution system pressure and reservoir level.   The 3/4-inch line is still 

connected to an ultrasonic water level control sensor which was programmed to open a valve when the 

tank water level falls below 64 inches, and to close the valve when the water level rises above 68 inches.  

This results in a continuous oscillating pattern of water level in each tank.  If the ultrasonic system were 

to fail, the water level would drop until a new equilibrium tank level corresponding to the pressure of the 

1/2-inch supply line.  This new equilibrium would be maintained at a water level between 40-50 inches 

until the ultrasonic sensor could be reset. 
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Figure 11 - North (left) and South (right) 3800 L tanks. 

Due to the quiescent nature of flow within the tanks, a second issue occurred in initial testing.  

Over time particles began to slowly settle and accumulate on the bottom surface of the tanks.  Since 

testing was ongoing when this was discovered, 2 temporary solutions were implemented.  Firstly, in 

attempt to promote natural mobilization of the settling particles, an electric submersible pump was placed 

in the bottom of the tank.  Secondly, the 1/2 inch and 3/4-inch city water replenishing lines were also 

redirected from the top of the tank to the bottom as seen in Figure 9, to help promote particle 

resuspension. 

3.3.3 Pipe Loops 

The laboratory contains 2 hydraulically identical pipe rigs (North and South) which are each 198 

m in length.  This length of pipe was chosen to provide sufficient contact between the bulk water and the 

pipe wall (Sharpe et al. 2010).  Each rig contains 11 ascending rectangular loops with 8 m straight 

sections connected perpendicularly to 1 m end sections with 90° bends (Figure 9).  Each pipe rig holds 



 

 

 

37 

1.81 m3 of water in the 198 m length.  The pipes are Blue Brute PVC class 235 (DR18) with an internal 

diameter of 108 mm and an external diameter of 122 mm (wall thickness 7 mm).  The pipes have a 

Hazen-Williams C value of 150 and a pressure rating of 235 psi (1620 kPa).  

3.3.4 Pumps 

The laboratory is fitted with Armstrong 4300 and 4380 vertical in-line centrifugal pumping units.  

These low and high flow pumps draw from the bottom of each reservoir and force water against gravity 

from the bottom loop (loop 1) to the uppermost loop (loop 11) and back into the top of the tanks in each 

the North and South rigs.  This was done to ensure air is forced out of the system each time the pipes are 

drained and refilled.  The impeller and the internal casing on all pumps was lined with polyurethane to 

prevent internal corrosion and contamination of laboratory water.  The pump configuration cis indicated 

in Figure 12. 

 

Figure 12 - Low and high flow pump configuration. 

All 4 pumps can operate with frequency settings between 20 and 60 Hz.  The low flow pumps can 

produce flows up to ~7.1 L/s in the pipe loop, while the high flow pumps can achieve a maximum flow 

rate of ~14.3 L/s.  A system pump curve was developed experimentally for each pump and can be found 

in Appendix C.  These curves were used to quickly determine the proper pump and valve combinations to 
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achieve specific conditioning and flushing flows at a given pressure.  The pump curves were also used to 

ensure the pumps were operating at sufficient efficiency to prevent pump deterioration. 

3.3.5 Flow Control Valves 

Needle flow control valves are used in conjunction with the vertical in-line pumps to control the 

operating flow rate and pressures within the system.  Directly at the end of the 198 m pipe loop, a bypass 

system is used which splits the flow into 2 inch and 1.5-inch pipes as seen in Figure 9.  The flow through 

each pipe section is controlled by its own needle valves (e and f) as seen in Figure 13.  

 

Figure 13 - Flow control needle valves. 

During flushing flows both valves are left fully open to achieve maximum flow.  However, 

during conditioning flows the 2-inch valve is fully closed and fine tuning is done with the 1.5-inch control 

valve.  The setting of the 1.5-inch control valve was determined by measuring the degree of rotations 

from the fully open position.  A piece of tape was used to visually indicate the valve setting.  A fully 

closed position could be achieved after 3.5 full rotations of the valve. 

3.3.6 Instrumentation  

The laboratory was equipped with instrumentation for the purpose of monitoring and collecting 

data during experiments.  Flow rate, pressure, turbidity, temperature, chlorine, pH and water level sensors 

are all connected to a Hach SC1000 controller which sends the information to a desktop computer where 
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it is stored both remotely and online.  The Hach chlorine analyzer which measures both pH and total 

chlorine was not used for this experiment but will be calibrated and used for future tests.  The relevant 

details of all other instrumentation used in experiments will be discussed in the succeeding sections. 

3.3.6.1 Flow Meters 

Ultrasonic flow technology was chosen to measure the flow rate through the pipe loop.  The 

Sierra InnovaSonic 205i is a non-intrusive flow meter which has 2 transducers which clamp onto the 

outside of any pipe surface ranging from 50-6000 mm.  The transducers were installed with the V method 

as instructed in the manual, and spacing was determined based on the pipe diameter, material, wall 

thickness, temperature and fluid properties.  The transducers were installed along a straight section of the 

9th loop of each rig, at a distance at least 10 D (1.08 m) both upstream and downstream from a 90-degree 

bend (see Figure 9) to ensure a fully developed flow regime.  The flow meter has an accuracy rating of +/- 

0.5% for flow velocities of 0.49-12 m/s.  The maximum range of operating specifications is 0.05-12 m/s.  

Flow rates during the experiments ranged from 0.05-1.56 m/s.  Flow rates in the lower range were 

calibrated using a stop watch and bucket fill method which is discussed in greater detail in section 3.4.3. 

3.3.6.2 Turbidimeters 

The Hach TU 5300sc turbidimeter was used to continuously measure turbidity during 

experiments.  The turbidimeter was installed midway along the 10th loop of each rig at a distance 176 m 

from the beginning of the loop.  This location is illustrated in Figure 9.  The instrument can measure 

turbidity in the range of 0-700 NTU.  The accuracy for readings from 0-40 NTU is the larger of +/- 2% or 

+/- 0.01 NTU.  For readings greater than 40 NTU the accuracy is +/- 10%.  The TU 5300sc can measure 

water samples from 2-60 degrees Celsius. 

The TU 5300 unit was chosen for the fast response time in comparison to previous models.  The 

cell sample is 90% mixed in less than 30 seconds at a flow rate of 100 mL/min.  This was necessary to 

increase the response time of the readings to create a turbidity profile with higher resolution during 
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flushing events.  The maximum range of sample flow is 100-1000 mL/min with an ideal flow range 

between 200-500 mL/min.   

3.3.6.3 Pressure Transducers 

Omega PXI319-V150GI pressure transducers were used to monitor pressure on the lower and 

uppermost loops on each pipe rig as seen is Figure 9.  The instruments were calibrated by Omega to 

measure pressures from –103.4 kPa to 1034 kPa.  This calibration range was chosen as pressure within 

the rig during operation typically lies between 100-450 kPa.  The pressure transducers were all installed at 

a distance at least 10 D (1.08 m) upstream from a 90° bend to ensure a fully developed flow regime.  

Pressure at any point between the 2 transducers can be interpolated using hydraulic equations. 

3.3.6.4 Tank Level Transducers 

Ultrasonic technology was used to maintain water level in the 3800 L tanks as seen in Figure 9.  

The Flowline Echopod DL-24 is capable of level detection, switch and control functions up to 3 m with a 

resolution of 1 mm.  The device was threaded into the top of the tanks and connected to a 2-inch diameter 

standpipe which extends downwards into the tank with a 45-degree cut at the end (see Figure 9).  This 

was done to as per manufacturer instruction to prevent the likelihood of any signals from being deflected 

by an irregular water surface.   

The level transmitter was programmed to maintain a water level in the tanks between 64-68 

inches.  When the water level fell below 64”, a signal would be sent to a valve to open and allow the tank 

to fill.  Once the water level reached 68” a signal would be returned to close the valve and the tank would 

begin to drain.   During experiments the oscillation of this filling and draining pattern repeated 

approximately every 3 hours.  Maintaining a constant water level was important to provide sufficient head 

for the pumps to draw from, as well as maintaining a consistent water pressure in the pipe loop. 
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3.3.6.5 Data Collection 

Two Hach SC1000 controllers (one for the North and South rigs respectively) were used to 

collect data from all instrumentation in the laboratory.  Simultaneously this data was sent by Ethernet to 

the local desktop computer.  Data from all instruments was collected at a resolution of 5 seconds and 

stored in the Hach UDG1000 software.  The information was also automatically stored on the local hard 

drive and Hach WIMS online database, but rather in the form of 1-minute average readings.  WIMS 

online allowed for monitoring of the laboratory conditions remotely.  The system is capable of measuring 

and storing data at a resolution of 1 second, however a 5 second resolution was chosen as it was sufficient 

for the purpose of the experiment.  A 1 second measuring frequency may be chosen for future testing at 

the facility for increased resolution of results. 

3.4 Experimental Preparation 

3.4.1 Filling the Rig 

The first step before beginning any experiment was to properly fill the rig with water.  Initial 

trials showed that if the proper procedure was not taken, air cavities could form in the upper portion of the 

pipe curvature.  This would be detrimental to the experiment as it would not represent proper hydraulic 

conditions and not allow for ubiquitous growth of cohesive layers across the circumference of the pipe.  

Air in the pipes would also provide inaccurate flow readings with the ultrasonic flow meters. 

To prevent this from occurring, a detailed rig filling procedure was documented through trial and 

error.  To summarize, this involved first filling the tank and allowing the water to slowly drain by gravity 

into the rig.  The high flow pumps were then used to force water through the pipes while slowly 

increasing the frequency of the pumps and closing the flow control valve. The high flow pump was 

allowed to run at 40 Hz, at a pressure between 400-500 kPa for 15 minutes, ultimately forcing all air 

bubbles out of the pipe rig. 
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3.4.2 Rig Disinfection 

Prior to the beginning of the first experiment in the laboratory, a series of cleaning procedures 

were undertaken to remove inorganic and organic material that may have been introduced during 

installation.  When the pipes were installed, an orange coloured lubricant was used to fit the pipe bell and 

spigots together.  When the system was filled with water, the excess material slowly began to mix into the 

water.  In attempt to remove this material both rigs were flushed at max velocity and fully drained.  

However, once the system was fully drained the lubricant hardened on the bottom surface of the tanks.  

This rigid coating was manually detached using soap, rinsing and abrasion and removed from the tanks 

with a vacuum. 

In the months leading up to the first tests, both rigs were typically filled, flushed and drained in a 

weekly manner.  This was done along with manual cleaning to eliminate any material that may have still 

been left over from installation.  The average turbidity of water in the system decreased over this time 

period until the average turbidity reached a base level of 0.05 NTU.  Field tests in the UK from Husband, 

Mistry, & Boxall, (2014) also reported a base level of turbidity of 0.05 NTU. 

Ahead of the three experiments, a rig disinfection procedure was completed.   This involved first 

flushing both rigs at the maximum flow rate of 14.3 L/s for 20 minutes.  Each rig was then dosed with a 

1-3% sodium hypochlorite solution. The total chlorine residual was raised to 20 mg/L and returned to 

normal levels after 24 hours of replenishing city water into the system.  During this 24-hour period the 

flow rate was maintained fixed at 3 L/s.  Immediately before calibrating the flow meter in each test, each 

rig was then flushed again for 20 minutes at 14.3 L/s.  These methods were based on rig disinfections 

procedures in a laboratory pipe loop at University of Sheffield which reported dosing the system with a 

20 mg/L solution of sodium hypochlorite for 24 hours at constant flow rate of 4.5 L/s (Fish et al, 2015).  

The sodium hypochlorite solution of 20 mg/L is ~ 10 times greater than the average chlorine residual in 

the Kingston system which ranges between 1.48-2.48 mg/L (Utilities Kingston, 2017). 
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3.4.3 Flow Calibration 

Before initiating the beginning of each experiment, both conditioning flows and system residence 

time in each rig were calibrated using the bucket fill method.  The first step was to set the approximate 

operating pressure and flow rate for conditioning flows using readings from the instrumentation.  Fine 

tuning of the flow rate could be done from here but would have a negligible effect on the overall pressure 

of the system for such small changes.  

 The second step was to adjust valves such that flow rate through each instrument was at the best 

setting for accurate results.  Once this was achieved, the flow rate through each instrument was 

determined by using a stopwatch to measure the time taken to fill a 2 L graduated cylinder.  Three 

measurements were taken for each instrument and an average value was recorded.  The sum of flow 

through instrumentation in each rig was calculated to be on average 0.075 L/s.  This resulted in a system 

residence time of ~20 hours.  The long residence time was necessary to allow sufficient time to transfer 

the energy required for cooling of the incoming water, specifically in the warmer summer months as well 

as maintain a sufficient chlorine residual. 

Once the flow rate through instrumentation was calculated, the flow rate through the end of the 

pipe loop could be calibrated. This is because the total flow rate through the length of the pipe loop under 

examination is the sum of both the flow leaving the end of the loop, and the flow draining through 

instrumentation.  A gate a ball valve was used to divert the flow from the 3800 L tank into 130 L 

graduated tank was used to calibrate flows as seen in Figure 9.  The flow control valves were used to fine 

tune the flow to the desired rate.  Once this was achieved 3 trials of filling the bucket were repeated to 

verify consistent flow.  The flow was then diverted back to the 3800 L tank marking the beginning of the 

conditioning phase. 
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3.5 Sampling Procedure 

3.5.1 Monitoring 

During the conditioning phase of each experiment, minute averages of laboratory parameters 

including turbidity, flow rate, pressure, water level, and temperature were monitored remotely using the 

Hach WIMS online software.  This data was stored in the UDG1000 software with a 5 second resolution 

and extracted to analyze the results. 

3.5.2 pH 

Grab samples were taken during the conditioning phase to monitor pH levels.  500 mL samples 

were taken in sets of 3 from sample port S2 in each rig (refer to Figure 9).  The samples were transported 

to Ellis Hall in an insulated cooler where pH analysis was conducted.  A 3-point calibration on the pH 

meter was completed before the first measurement was taken.  The pH probe was rinsed with distilled 

water before each measurement.  The temperature of each sample was recorded prior to pH measurement.    

Three readings from each sample were measured and the average value was calculated.   The average of 

the 3 samples was used as the pH value for that day in each rig. 

3.5.3 Turbidity 

Turbidity samples were taken using the Hach TU 5300sc.  This in-line turbidimeter was 

programmed for a continuous sampling frequency of 5 seconds.  The inlet of the device was installed at a 

distance 176 m along the length of both the North and South rigs (see Figure 9). The flow rate through the 

turbidimeter was adjusted with a 1/4-inch ball valve and set to 400 mL/min during the conditioning phase 

of the experiment.   During flushing, the increase flows resulted in a decrease of pressure in the system 

subsequently causing a decrease in flow rate through the turbidimeter.  To compensate, during the 80 and 

120-day flushes extreme care was taken to manually adjusted this valve as pressures decreased during 

flushing to maintain a flow rate as consistently close to 400 mL/min as possible.  The higher rate was 

chosen to achieve a faster response time and thus a turbidity profile with a sharper resolution. 
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3.5.4 Total Suspended Solids 

During the 40-day conditioning phase, 500 mL samples were taken in 2 sets of triplicates from 

location S2 (see Figure 9).  These samples were sent to Caduceon Environmental Laboratories in 

Kingston for analysis of total suspended solids.  The results of these samples were below the minimum 

reporting limit of (3 mg/L).  After a request to for lower range measurement, the readings remained below 

an updated detectable limit of 1 mg/L.   

Although a 500 mL sample size is recommended, initial results prompted the development of a 

new method to be implemented where the sample sized was increased to 4 L.  It was calculated that the 

larger sample size, and increased particle concentration would reduce the error associated with previous 

sampling method. The newly designed filtering apparatus is indicated in Figure 14.  When filling the 

bottles with sample water, an outlet flow rate of 4 L/min was used to achieve a 1-minute fill duration from 

the newly installed sample port S3.   

 

Figure 14 - TSS filtering apparatus. 

 A 1.5 µm filter paper was used to filter the sample water.  The filter paper was dried for 1 hour at 105 °C 

before filtering.  The tare weight of the filter and aluminum dish was recorded (𝑤𝑑).  After filtering, the 
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sample was again dried for 1 hour at 105 °C.  The weight of the filter and dish plus the dried residue was 

recorded (𝑤𝑡).  The mass of each water in each sample was weighed and the temperature was recorded to 

accurately measure the volume.  These methods were based on standard methods for measuring TSS 

(American Public Health Association, 1999) with slight modifications as discussed to account for the 

extremely low concentration of suspended particles in drinking water.  TSS was calculated using equation 

6.  Thirty samples were taken using this approach and a summary of the results can be found in Table 3 in 

Appendix D.                                     

    𝑇𝑆𝑆 =
𝑤𝑡−𝑤𝑑

𝑉
     (6) 

3.5.5 Metals 

Fifty-two 100 mL samples for metals including aluminum, copper, iron, lead, manganese and 

zinc were taken from sample port S2 (see Figure 9) throughout the course of the 3 experiments.  The 

samples were analyzed at Caduceon Laboratories in Kingston.  When filling the bottles with sample 

water, an outlet flow rate of 10 mL/s was used to achieve a 10 second fill duration.  A slow fill rate was 

used to prevent disruption of the previously prepared 0.5 mL 50% HNO3 preservative in the sample.  A 

detailed metals sampling schedule and results can be found in Table 4 in Appendix D. 

3.5.6 Particle Size Distribution 

Seven 1 litre particle size distribution samples were taken during the course of the 3 experiments.  

The samples were sent to Caduceon laboratories in Kingston where they were then outsourced the work to 

Lex Scientific in Guelph, Ontario.  Lex Scientific used a microscope and computerized imagining system 

to complete a detailed particle count after filtering a portion of the sample onto 0.8-micron glass filter.  

An emersion filter was used to increase contract between individual particles.  Lex provided both particle 

count and cumulative distribution reports for each sample.  The particle size range included in each report 

was kept between 2.5-250 µm.  A detailed particle size distribution sampling schedule and summary of 

results can be found in Table 5 in Appendix D. 
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Chapter 4 

Laboratory Examination of the Regeneration and Mobilization of 

Discolouration Material in a Canadian Drinking Water System 

4.1 Introduction 

In Canada, 89 percent of households rely on municipal water distribution systems as their primary 

source of drinking water (Stats Canada, 2018).  In Ontario, high compliance with the safe drinking water 

act is met to ensure high quality drinking water is consistently leaving the treatment plant.  However, 

occasional complaints still arise at consumer taps concerning discoloured water indicating water quality is 

deteriorating as it travels through the distribution system.  Customer complaints are not routinely tracked 

on a national level however Gallagher & Dietrich, (2014) reported a mean complaint frequency of 0.2-2.6 

complaints per 1000 customers per year for different utilities.  In 2007, England and Wales customers 

made 154,985 complaints about water quality, of these 80% were connected to discoloured water 

(Husband et al. 2010). 

The current methods used to reduce the risk of discoloured water events include both reactive, 

and proactive periodic unidirectional flushing of localized regions of the distribution system (Vreeburg & 

Boxall, 2007).  Watermain flushing can be resource intensive and thus the methods used to flush should 

be optimized to minimize water and energy use.  Due to variation in hydraulic and environmental 

conditions, spatial and temporal accumulation of material will inherently change across the distribution 

system.  Thus the optimal flushing flow rate, duration and return period of flushing operations will vary 

respectively to these conditions (Vreeburg, 2007).  

This paper will discuss the results of three laboratory studies conducted in a full-scale drinking 

water distribution laboratory focusing on the regeneration and mobilization of cohesive layers.  The 

studies targeted the effects of cohesive layer growth duration on material accumulation and layer strength 

in the relatively cooler climate of Canada. 
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4.2 Background 

Water discolouration is the accumulation and mobilization of suspended particles within the 

distribution system as a result of hydraulic disturbances.  Boxall et.al, (2001) described a cohesive 

transport modelling approach in which the layer strength and mobilization rate is governed by the peak 

daily shear stress acting on the pipe wall.  Numerous field and laboratory have worked to validate this 

model by examining the effect of growth duration and conditioning velocities on turbidity response and 

layer strength.  Field studies from Husband & Boxall, (2010) simulated an ultimate cleaning shear stress 

of 1.2 N/m2 for plastic pipes in the UK.  Cook & Boxall, (2011) reported an average linear layer 

accumulation rate of 0.0057 mm/month from field testing in 2 separate distribution systems in the UK.  

Calculations showed that at this rate an average turbidity response of 4 NTU could be achieved after just 

43 days of conditioning in a 140 mm pipe.  Field studies from Husband & Boxall, (2011) reported that on 

average plastic pipes reach a fully regenerated discolouration risk after 4 years. 

Laboratory experiments from Husband et al. (2008) studied the accumulation and mobilization of 

material in a 90 m test loop comprised of 79 mm HPPE pipe.  The results found that the layers formed 

exhibited cohesive-like behavior.  It was observed that material was mobilized with successive increases 

in wall boundary shear stress.  The generation of discolouration material was observed to accumulate as a 

linear function when comparing growth periods of 1 week and 1 month.  Sharpe et al. (2010) improved 

upon this facility by installing 3 tests loops, each of length ~200 m in a climate-controlled room.  These 

improvements allowed for simultaneous testing of different flow regimes, temperature control, and an 

increased pipe surface area to allow for sufficient exchange interaction between the bulk fluid and pipe 

wall.  The facility was also fitted with a new coupon design which allowed for direct sampling of the 

cohesive material on the pipe wall.  The results of 28-day growth periods followed by flushing observed 

the mobilization of material was a function of increasing imposed hydraulic force.  A turbidity response 

between 0.2-0.4 NTU was observed (Sharpe et al. 2010). 
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Over the past 2 decades a number of modelling approaches have been developed to help manage 

the risk of water discolouration including PODDS, RPM and PSM (Armand et al. 2015).  In recent years, 

the Variable Condition Discolouration Model (VCDM) has expanded on previous development of the 

PODDS model, introducing a new method for the regeneration rate coefficient (Furnass et al. 2014).  The 

modelling approach tracks the temporal regeneration and mobilization of a finite number of cohesive 

layers which cause discolouration.  Cohesive layers of all strength characteristics are assumed to 

regenerate simultaneously, and mobilization is governed by hydraulic shear stress conditions.  The model 

however requires site specific calibration for improved accuracy and efficacy. 

4.3 Scope of Work 

The aim of this paper was to examine water discolouration process under laboratory-controlled conditions 

in a full-scale water distribution system. The specific research objectives are to: 

i)  Determine whether cohesive layers which cause discoloured water could develop in a 

laboratory setting using Kingston municipal drinking water. 

ii)  Examine the ultimate shear strength of cohesive layers in PVC pipe.  Compare to ultimate 

shear stress of 1.2 N/m2 reported for plastic pipe by Husband & Boxall, (2010). 

iii)  Examine how conditioning flows effect the accumulation and strength of cohesive layers. 

iv)  Examine how growth duration effects material accumulation and layer strength, and examine 

the linearity of the material accumulation process. 

v)  Examine the relationship between TSS and turbidity. 

vi)  Examine the metals composition and relationship with turbidity during both conditioning and 

flushing phases and finally 

vii)  Examine the particle size distribution during both conditioning and flushing phases. 
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4.4 Methods  

A full-scale drinking water distribution laboratory was commissioned at Queen’s University in 

the Fall of 2017 for the purpose of examining the mechanisms causing discoloured water and subsequent 

public health implications.  The laboratory consists of 2 identical pipe loops comprised of 108 mm PVC 

pipe, each 198 m in length.  Each loop has drinking water supplied by its own 3800 L tank which is fed 

directly by the Kingston distribution system.  Two sets of low-flow and high-flow pumps each work in 

parallel to draw water from the tanks and upwards against gravity through each pipe loop.  All 

components of the laboratory are housed within an environmental chamber with a cooling system capable 

of maintaining temperatures between 2 and 20 °C to simulate seasonal temperature variation.  The lab is 

equipped with online sensors to measure turbidity, flow rate, pressure, pH, chlorine residual and 

temperature in a real time manner.  Each rig is fitted with 3 grab sample ports for additional sampling of 

TSS, metals composition and particle size distribution. 
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Figure 15 - Full-scale water distribution laboratory. 

4.4.1 Conditioning Phase 

Prior to the start of each conditioning phase the environmental chamber was acclimatized to 

maintain a seasonal average water temperature of 8°C.  Both the North and South loops were dosed with a   

1-3% sodium hypochlorite solution which raised the total chlorine residual to 20 mg/L.  The system was 

replenished with drinking water from the Kingston distribution system for 24 hours until chlorine levels 

returned to normal.  Both loops were then flushed at the maximum achievable flow of 14.3 L/s for 20 

minutes.   

Three layer-growth experiments lasting 40 days, 80 days, and 120 days were performed to 

examine the impact of growth duration on turbidity response and presumptive layer thickness/growth rate.  

The water temperature in the environmental chamber was maintained at 8°C to simulate the 
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seasonal average water temperature in Kingston.  For each experiment, a low and high conditioning 

flow rate were chosen for each rig to examine the effect of conditioning velocity under otherwise 

identical conditions.  Hydraulic modelling of the Kingston distribution system (see Appendix B) was 

performed to determine and select representative conditioning velocities for the growth experiments 

in the full-scale water distribution laboratory.  The results of the modelling exercise showed an 

average peak daily flow rate of 0.12 L/s for a pipe diameter of 108 mm.  This value was low compared to 

many previously documented conditioning flows in different municipalities, possibly suggesting Kingston 

has relatively larger pipe sizes promoting slower flow velocities.  Since this low conditioning flow rate 

was fully laminar it was expected to promote sedimentation which was not the goal of the research.  

Therefore higher conditioning flows which were both fully turbulent (Re>4000) and closer to the range of 

previously examined conditioning velocities were chosen (Sharpe et al. 2010).  The South rig was 

conditioned at a steady-state flow rate of 0.48 L/s while the North rig was conditioned at a 3 times greater 

flow rate of 1.44 L/s.  Both rigs were maintained at a constant pressure between 345 and 375 kPa.  All 

critical flow values during conditioning can be found in Table 2.   

During each conditioning phase, online data for flow rate, turbidity, pressure and temperature was 

monitored, and continuously recorded with a sampling frequency of 5 seconds.  Periodic grab samples 

were taken for pH, metals composition, total suspended solids and particle size distribution.  The average 

turbidity during conditioning remained between 0.02-0.06 NTU with occasional brief spikes due to 

transitory water quality disturbances caused by pipe bursts in the Kingston distribution system.  The mean 

of all water quality parameters measured during all 3 conditioning phases is indicated in Table 1. 
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Table 1 - Average background water quality. 

Water Quality Parameter Parameter Value 

Turbidity 0.02-0.06 NTU 

pH 7.2-7.6 

Temperature 8°C ± 1°C 

Aluminum 0.08-0.13 mg/L 

Copper 0.0016-0.0072 mg/L 

Iron <0.005-0.011 mg/L 

Lead 0.00003-0.00014 mg/L 

Manganese 0.0002-0.0003 mg/L 

Zinc <0.005-0.025 mg/L 

 

4.4.2. Flushing Phase 

At the end of each of the 40, 80 and 120-day growth phases, each pipe loop was flushed in three 

successive 15-minute stepped intervals.  All critical flow values during flushing can be found in Table 2.  

The first flushing step of 6.47 L/s was selected because it corresponds to a threshold shear stress of 1.2 

N/m2 to erode all cohesive layers on the wall of plastic pipes (Husband & Boxall 2010).  The subsequent 

flushing steps of 3.2 and 5.2 N/m2 were chosen to examine if and how much material held in any stronger 

layers would be mobilize from the pipe wall.  Shear stresses (𝜏) were calculated using equations 1 and 2.  

During the flushing phase, the pressure decreased to a level between 150-220 kPa as flow control valves 

were fully opened to achieve the desired flow rates. 

 During the flushing phase, flow rate, turbidity, pressure and temperature data were stored with a 

sampling frequency of 5 seconds.  However, when compared to the conditioning phase, a far more 

comprehensive grab sampling schedule was implemented during the flush phase. The timing of grab 

samples was scheduled with a resolution of 5 seconds so that they could be referenced back against the in-

line instrumentation when analyzing the results. 
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     𝑆𝑓 =
10.67𝑄1.85

𝐶1.86𝑑4.87
         (1) 

     𝜏 = 𝑝𝑔𝑆𝑓
𝑑

4
            (2) 

 

Table 2 - Critical experimental flow values. 

 

Flow  

(L/s) 

Velocity 

(m/s) 

Shear 

Stress 

(N/m2) 

Reynolds 

Number 

South Conditioning 0.48 0.05 0.01 4087 

North Conditioning 1.44 0.16 0.08 12260 

Flush Step 1 6.47 0.71 1.20 55113 

Flush Step 2 10.99 1.20 3.20 93601 

Flush Step 3 14.29 1.56 5.20 121658 

 

4.5 Results 

4.5.1 Turbidity Response 

The application of stepped flushing flows in the laboratory distribution system caused a near-

immediate increase in turbidity as the material on the pipe wall was mobilized into the bulk water. The 

material mobilized from the pipe wall was visible in samples of bulk water taken from the distribution 

systems.  The flow profile and turbidity response for both the North and South 40, 80 and 120-day flushes 

are indicated in Figures 16, 17 and 18 respectively.  At first glance, results of each flush show a 

repeatable shape of the turbidity profile with similar magnitudes in turbidity response.  The flushing 

produced brief spikes in turbidity (lasting less than 50 seconds) as high as 13 NTU.  However, over the 

full duration of the flush, the majority of the turbidity response remained below 2 NTU.  These large 

spikes, which reoccurred during the second flushing step of 10.99 L/s (3.2 N/m2) did not behave like a 

typical response to cohesive layer mobilization from the pipe wall as observed in previous field studies 

(Boxall & Saul, 2005; Husband & Boxall, 2010).  Rise 1 in Figures 16-18 which occurs in all flushing 
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events is the initial increase in turbidity that occurs primarily due to the release of material in cohesive 

layers from the pipe wall at a shear stress of 1.2 N/m2.  This region will be explored in further detail later 

in this section and are indicated in Figure 19.  Rise 2 in Figures 16-18 occurs in all flushing events and is 

the increase in turbidity that occurs due to the release of cohesive layers from the pipe wall during the 

second flushing step (3.2 N/m2).  The large peak in turbidity response which occurs in each flush and lasts 

approximately 50 seconds (Rise 3 in Figures 16-18) corresponds to material that has settled to the bottom 

of the tank and that was mobilized at the beginning of the second flushing step and transported to the 

point of measurement in the distribution rig.  Particulate material was found to settle at the bottom of the 

tank during the growth/conditioning phase of the experiments and this was likely owing to quiescent 

hydraulic conditions that existed in the tanks during the conditioning phase.  Rise 4 is the second arrival 

of material which was mobilized from the bottom of the tanks and transported one has full cycle through 

the pipe distribution rig.  Note that the turbidity level that corresponds to Rise 4 is lower due to natural 

dilution with the relatively cleaner bulk water of the system.   Rise 5 corresponds to the mobilization of 

the strongest cohesive layers mobilized from the pipe wall at a shear stress of 5.2 N/m2 (North and South 

120-day flushes).   Rise 6 corresponds to the occurrence of residual material in the tanks (that was not 

mobilized during the second flushing step) at the point of turbidity measurement in the distribution rig. 

Overall, the turbidity response in Figures 16-18 is a combination of material mobilization from 

cohesive layers from the pipe wall and material that has settled at the bottom of the tanks and introduced 

into the distribution rig during the second flushing step (3.2 Pa) and third flushing step (5.2 Pa).  The bulk 

of particle resuspension and thus turbidity response and observed discolouration was a result of sediment 

from the tanks.  This was not the initial goal of the experiments, and improvements will be necessary for 

future tests to prevent or limit this process to increase the clarity of results. 
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Figure 16 - 40-day turbidity response and flow profile. 



 

 

 

58 

 

Figure 17 - 80-day turbidity response and flow profile. 
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Figure 18 - 120-day turbidity response and flow profile. 
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Figure 19 shows the turbidity response to the first flushing step (a shear stress of 1.2 N/m2) in the 

South rig for the 40, 80 and 120-day tests.  This flushing step was expected to erode the majority of 

cohesive layers from the pipe wall (Husband & Boxall, 2010).  Just after 4 minutes into this flushing step, 

material which was mobilized from the bottom of the tanks begins to arrive at the turbidimeter 

consistently resulting in a small peak.  This is indicated by the dashed transition line in Figure 19.  All 

turbidity levels during this flushing step for both the North and South rigs remained below 1 NTU.   

 

 

Figure 19 - 40 vs. 80 vs. 120 day turbidity response to 1.2 N/m2 flushing flow in South rig. 

 

The area under the turbidity response curve during the first 4 minutes of each flush was integrated 

with time to determine the amount of material released.  Integrating only the first 4 minutes of the curve 

ensured that all material was a result of cohesive layer erosion form the pipe wall only rather than 

material from the tank.  The total material release in units of NTU-s is plotted in Figure 20.  The 

relationship between growth duration and material release best fits approximate parabolic curve with an 

R2 value of 0.97. 



 

 

 

61 

 

Figure 20 - Relationship between growth duration and material release. 

4.5.2 Total Suspended Solids (TSS) 

Total suspended solids analysis has shown to be effective in measuring the particles which cause 

discoloured drinking water (Boxall et al. 2003).  However, extremely low concentrations are typically 

observed in drinking water due to common treatment practices (Jayarante & Ryan, 2008).  The purpose of 

this relationship is to find an accurate relationship to use turbidity measurements to approximate TSS 

concentrations for a specific water source.   During both 40-day conditioning and flushing phases, 500 

mL TSS sample results provided non-detectable readings (<1 mg/L).  During the 80-day flushing phase 

the sample size was increased to 4L to verify that detectable TSS concentrations could be measured with 

acceptable error.  Once confirmed, the procedure was refined.  Eighteen 4 L grab samples were taken 

during 120-day flushing phase to analyze total suspended solids found in the water.  14 of these samples 

were taken at a distance 177 m along the 198 m pipe loop while 4 of the samples were taken at a distance 

1 m along the 198 m pipe loop.  The sampling times were scheduled to target peak turbidities observed 

during both the 40 and 80-day flushes.  20 mL of each sample was extracted to record the turbidity of 

each sample.  The relationship between turbidity and TSS is indicated in Figure 21.  A linear regression 

R2 value of 0.77 was observed which is comparable to similar tests done by Boxall et al. (2003) which 
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reported a relationship with an R2 value of 0.78.  (The intercept was set to zero for both of the linear 

regression fits in these studies). 

 

Figure 21 - TSS vs. Turbidity samples from 120-day flush. 

 

Figure 22 shows the dried filters from the 18 TSS samples taken during the 120-day flush.  

Samples 1-3 and 10-12 were taken during the first flushing step, samples 4-6 and 13-15 were taken during 

the second flushing step and samples 7-9 and 16-18 were taken during the third flushing steps from the 

North and South rigs respectively.  All TSS samples measured during the 120-day flush ranged between 

0.05-1.51 mg/L.  Samples 5, 13 and 14 had the highest measured solids concentration at 0.84, 1.23 and 

1.51 mg/L respectively, along with noticeable orange tinge.  These samples also recorded the highest 

turbidity levels of 2.59, 4.71 and 5.30 NTU respectively.  This was expected as their sampling time was 

scheduled to overlap with the large rise in turbidity which is sourced by material suspended in the bottom 

of the tanks.  TSS samples levels during the conditioning phase were undetectable when measured using 

the 4 L sample method. 
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Figure 22 - 120-Day Flush 4L TSS filtered samples. 

4.5.3 Metal Samples 

A detailed analysis of the metals composition in the bulk water was conducted over the 3 

experiments.  Typical metals found in drinking water, and metals likely to corrode from distribution 

system appurtenances were examined including aluminum, copper, iron, lead, manganese, and zinc. 

A total of 52 samples for metal composition were taken, 16 of these samples were collected during the 

conditioning phases while 36 samples were collected during the flushing phases.  The samples were taken 

at a distance 177 m along the 198 m pipe loop.  Copper, iron, lead and manganese all showed an increase 

in concentration during flushing, with iron showing the most noticeable increase. 

The concentration of iron was plotted against turbidity for all 52 samples and these data are 

indicated in Figure 23. Average bulk water turbidity travelling through the pipe was simultaneously 

collected from in-line instrumentation 1 m upstream from the metal grab sample location.  The R2 value 

between iron and turbidity was higher than that of TSS and turbidity.  The strong relationship indicates 

iron is a large component of the discolouration response in these tests.  Unlike results from UK field 

testing (Seth et al. 2003), all samples reported either non-detectable or low concentrations of manganese 

with the highest recorded value of 0.0095 mg/L occurring during the 120-day flush in the South rig. 
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Figure 23 - Iron concentration vs. turbidity. 

4.5.4 Particle Size Distribution  

Seven particle size distribution samples were taken during the 3 experiments. One sample was 

taken during each of the conditioning and flushing phases, except for the 120-day flush where 2 samples 

were taken.  All samples were taken at a distance 177 m along the 198 m pipe loop.  The cumulative 

distribution of all samples is indicated in Figure 23.  On average, over 50% of the particles (by count) 

were found between the 2.5-5.4 μm size ranges, while fewer than 10% of particles were greater than 15 

μm.  The mean particle size of each of the 7 samples range from 5.4-10.7 μm with an average particle size 

of all samples of 7.5 μm.  During the conditioning phase the average particle count was found to be 95 

particles/mL while during the flushing phase the average particle count was found to increase to 985 

particles/mL. This amounts to a tenfold increase in average particle count during the flushing phase when 

compared to the conditioning phase.  Particle counts were in agreement with both increases in TSS and 

turbidity levels at the time of sampling. 
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Figure 24 - Cumulative particle size distributions. 

4.6 Discussion 

Initial results from a full-scale drinking water distribution laboratory facility have set the 

groundwork for future experiments ultimately focused on managing water quality and discolouration 

problems in real distribution systems in Canada.  The results confirm that cohesive layers of various 

strength characteristics can form on PVC pipe under laboratory-controlled conditions.  Material 

mobilization above a shear stress of 1.2 N/m2 was observed in all experiments performed.  This is 

contrary to the finding of (Husband & Boxall, 2010) which used results from field flushing tests to model 

an ultimate shear stress of 1.2 N/m2.  Sharpe et al. (2010) also found material layers to remain adhered to 

the pipe wall after a flushing shear stress of 1.2 N/m2 was applied through coupon analysis from similar 

laboratory experiments.   It is however important to note that based on the turbidity response, the majority 

of the layers were removed from the pipe wall after a shear stresses exceeding 1.2 N/m2.was applied in 

the water distribution laboratory at Queen’s.  It can be noted in the 40, 80 and 120-day South flushes that 

the rate of material release in the first 25 seconds of flushing (Figure 19) is significantly higher than from 

25 seconds onwards during a constant flushing shear stress of 1.2 N/m2.  The 120-day North and South 
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flushes were the only tests which generated measurable cohesive layer mobilization at a shear stress of 

5.2 N/m2.  This suggests that longer growth duration promotes the formation of stronger layers.  This is 

contrary to (Furnass et al. 2014) which assumes a variable layer modelling approach in which layers of all 

strength characteristics are regenerating simultaneously based on field results from (Husband & Boxall, 

2011).  Tests of a duration greater than 120 days under similar conditions will have to be run to verify if 

material strength continues to increase with increased growth duration. 

The regeneration rate of material for the first 120 day of growth was observed as an approximate 

parabolic process when comparing the first flushing step in the South rig (a conditioning flow of 0.48 L/s) 

for test 3 periods of 40, 80 and 120 days.  A similar increase in turbidity response was observed on the 

North rig (a conditioning flow of 1.44 L/s) however the true results were not as clear due to unexpected 

experimental disturbances during the conditioning phase which were not experienced in the South rig.  

Specifically, one of these hydraulic disturbances occurred only 20 minutes before the beginning of the 

North 120-day flush and is indicated in Figure 18.  The regeneration rate was observed as a relatively 

slow process.  Extrapolating calculations suggests that flushing the South rig after a 240 day growth 

period at a shear stress of 1.2 N/m2 would only produce a peak turbidity of ~2.4 NTU, which is still below 

the Ontario aesthetic objective at the tap of 5 NTU (Ontario Ministry of The Environment, 2006).  These 

calculations also assume the parabolic material accumulation rate continues past a growth duration of 120 

days, however future testing will need to verify this growth pattern.  Although the turbidity response 

during all laboratory tests was relatively small and well below aesthetic limits, it is expected that the 

magnitude of turbidity would me much greater in real system due to a single hydraulic disturbance.  This 

is due to factors including longer material accumulation period, longer pipe lengths, and the absence of 

pipe thorough cleaning and disinfection procedures between hydraulic disturbances. 

The results of these tests suggested that there is no clear indication to whether the difference in 

conditioning velocity affects the growth rate or strength of cohesive layers on the pipe wall.  However, 

the difference in conditioning shear stress of 0.01 to 0.08 N/m2 applied in all the experiments may not be 
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significant enough to cause important enough changes to the strength of the layers. In future testing, a 

greater range of conditioning shear stresses will be applied to the two pipe rigs to better elucidate the 

effect of conditioning stress on layer accumulation and layer strength. 

TSS samples taken during the 120 day flush when plotted against turbidity taken from the same 

samples produced a comparable linear regression fit to field results from Boxall et al. (2003).  The slope 

of the regression fit of 0.31 mg/L per 1 NTU is steeper than that of of 0.073 mg/L per 1 NTU reported in 

Boxall et al. (2003).  However, these results are primarily from field testing in the UK and different 

relationships are expected from different water sources.  It should be kept in mind these are very 

preliminary results which are from only 18 samples which ranged between 0 – 1.51 mg/L and 0 – 5.3 

NTU.  Results from the UK included more samples with a far greater range of both TSS concentrations 

and turbidity levels.  Strength in the relationship will increase as additional samples are recorded in future 

experiments.   

The results of the metal composition analysis suggest iron is major source of the discolouration 

material mobilized during testing.  Manganese was not determined to be an issue as reported in the UK by 

Seth et al. (2003).  Particle size distribution analysis reported a mean particles size of 7.5 μm, with 50% 

of the particle count below 5.4 μm.   These results are comparable to results from Boxall et al. (2001) 

which reported a mean particle size of 10 μm with a significant number of particles less than 5 μm.   

Thus far, it is difficult to state the severity of implications caused by sediment material mobilized 

from the tanks.  However it is likely to have had an impact on the particle size distribution, metals 

composition and suspended particle concentrations during flushing thus having a direct effect on the 

turbidity response.  Husband, Boxall, & Williams, (2010) experienced a similar phenomenon on field 

results from a flushing a 700 mm trunk main.  The turbidity response indicated that a large quantity of the 

material mobilized corresponded to inverts or low geographical regions favorable for material deposition.  

However due to the length of the main, it was easier to distinguish the difference between the erosion of 

cohesive layers adhered to the pipe wall and material accumulated by sedimentation.  The accumulation 
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of sediment material can be avoided by designing distribution systems which reduce regions of low or 

stagnant flow.  Future laboratory experiments will have to implement new measures to remove this source 

of material when examining pipe wall material is the primary research goal. 

4.7 Conclusions 

In this paper the results from 3 experiments which examined the regeneration and mobilization of 

discolouration material in a full-scale laboratory simulation of a Canadian drinking water distribution 

system are presented.  40, 80 and 120 day steady-state growth periods were run in 2 separate 198 m pipe 

loops at 0.48 L/s and 1.44 L/s.  Each growth phase was followed by three 15-minute successive stepped 

flushing intervals of 6.47 L/s, 10.99 L/s and 14.29 L/s to mobilize the material.   The results of these tests 

have suggested the following conclusions: 

i)  A full-scale laboratory at Queen’s University has demonstrated the ability to effectively replicate 

the operation of a drinking water distribution system. 

o The regeneration and mobilization of cohesive layers of various strength characteristics 

was demonstrated on 108 mm PVC pipe under laboratory-controlled conditions. 

o Material was both regenerated and mobilized by 2 separate mechanisms; cohesive layer 

growth in the pipes, and particle sedimentation in the tanks. 

ii)  The majority of cohesive layers were mobilized at a shear stress of 1.2 N/m2 (6.47 L/s), 

however there is evidence of small amounts of material being mobilized at flushing steps of 3.2 

N/m2 (10.99 L/s) and 5.2 N/m2 (14.29 L/s). 

iii)  A conditioning shear stress of 0.01 N/m2 (0.48 L/s) and 0.08 N/m2 (1.44 L/s) in 108 mm PVC 

pipe had a little to no effect on the growth rate of cohesive layers adhered to the pipe wall or the 

strength of these cohesive layers. 

iv)  Increased growth duration from 40 to 80 to 120 days showed an approximate parabolic 

increase in the magnitude of turbidity response as a result of cohesive layer erosion for the 120-

day period. 
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o A growth duration of 120 days was the only test to generate a measurable turbidity 

response at a shear stress of 5.2 N/m2 due to the mobilization of cohesive layers.  

This suggests that stronger layers form with increased growth duration.  

v)  Turbidity is a good indicator of TSS when compared to results from Boxall et al. (2003), 

however thus far this relationship presents itself to be highly site specific. 

vi)  Iron was identified as the primary metal causing water discolouration.  Increased turbidity 

was determined to be a good indicator of increased iron concentration.  Manganese was not 

determined to be an issue as reported in the UK by Seth et al. (2003). 

vii)  An average particle size of 7.5 μm was observed, with 50% of the particle count below 5.4 

μm.  Particle counts had a tenfold increase when comparing samples taken before and after 

flushing.  
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Chapter 5 

Summary and Conclusions 

5.1 Conclusions 

This thesis provided a thorough review of drinking water discolouration literature. The focus 

centers around the regeneration and mobilization of cohesive layers which Vreeburg & Boxall, (2007) 

explain to be the most crucial mechanisms causing discoloured water within drinking water distribution 

systems.  A full-scale laboratory examination of the regeneration and mobilization of cohesive layers 

which adhere to the walls of drinking water pipes was conducted.  The goals of this research included the 

following: 

i)  Determine whether cohesive layers which cause discoloured water could develop in a 

laboratory setting using Kingston municipal drinking water. 

ii)  Examine the ultimate shear strength of cohesive layers in PVC pipe.  Compare to ultimate 

shear stress of 1.2 N/m2 reported for plastic pipe by Husband & Boxall, (2010). 

iii)  Examine how conditioning flows effect the accumulation and strength of cohesive layers. 

iv)  Examine how growth duration effects material accumulation and layer strength, and examine 

the linearity of the material accumulation process. 

v)  Examine the relationship between TSS and turbidity. 

vi)  Examine the metals composition and relationship with turbidity during both conditioning and 

flushing phases, and finally 

vii)  Examine the particle size distribution during both conditioning and flushing phases. 

 

The results from 3 laboratory experiments which examined the regeneration and mobilization of 

discolouration material is presented.  40, 80 and 120 day steady-state growth periods were run in 2 

separate 198 m pipe loops at 0.48 L/s and 1.44 L/s under climate-controlled conditions at 8°C.  Each 
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growth phase was followed by three 15-minute successive stepped flushing intervals of 6.47 L/s, 10.99 

L/s and 14.29 L/s to mobilize the material.   Turbidity, TSS, metals composition and particle size 

distribution samples were collected periodically to examine the results before, during and after the 

planned hydraulic disturbances.  The results of these tests have suggested the following conclusions: 

i)  A full-scale laboratory at Queen’s University has demonstrated the ability to effectively replicate 

the operation of a drinking water distribution system. 

o The regeneration and mobilization of cohesive layers of various strength characteristics 

was demonstrated on 108 mm PVC pipe under laboratory-controlled conditions. 

o Material was both regenerated and mobilized by 2 separate mechanisms; cohesive layer 

growth in the pipes, and particle sedimentation in the tanks. 

ii)  The majority of cohesive layers were mobilized at a shear stress of 1.2 N/m2 (6.47 L/s), 

however there is evidence of small amounts of material being mobilized at flushing steps of 3.2 

N/m2 (10.99 L/s) and 5.2 N/m2 (14.29 L/s). 

iii)  A conditioning shear stress of 0.01 N/m2 (0.48 L/s) and 0.08 N/m2 (1.44 L/s) in 108 mm PVC 

pipe had a little to no effect on the growth rate of cohesive layers adhered to the pipe wall or the 

strength of these cohesive layers. 

iv)  Increased growth duration from 40 to 80 to 120 days showed an approximate parabolic 

increase in the magnitude of turbidity response as a result of cohesive layer erosion for the 120-

day period. 

o A growth duration of 120 days was the only test to generate a measurable turbidity 

response at a shear stress of 5.2 N/m2 due to the mobilization of cohesive layers.  

This suggests that stronger layers form with increased growth duration.  

v)  Turbidity is a good indicator of TSS when compared to results from Boxall et al. (2003), 

however thus far this relationship presents itself to be highly site specific. 
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vi)  Iron was identified as the primary metal causing water discolouration.  Increased turbidity 

was determined to be a good indicator of increased iron concentration.  Manganese was not 

determined to be an issue as reported in the UK by Seth et al. (2003). 

vii)  An average particle size of 7.5 μm was observed, with 50% of the particle count below 5.4 

μm.  Particle counts had a tenfold increase when comparing samples taken before and after 

flushing.  

5.2 Research Contributions 

The experiments conducted in this thesis are the first laboratory studies on the regeneration and 

mobilization of discolouration material on PVC pipe.   Preliminary testing has found that cohesive layers 

of various strength characteristics can form on the walls of 108 mm PVC pipe under steady-state 

conditioning flows at 8°C.  Flushing tests shown that cohesive layers exist with strength characteristics 

between 0 – 5.2 N/m2, however the majority of cohesive layers are exhausted at a shear stress of 1.2 

N/m2.  Comparing 2 separate conditioning velocities under otherwise identical laboratory-controlled 

conditions has shown that a flow rate of 0.48 L/s (0.01 N/m2) versus and flow rate of 1.44 L/s (0.08 N/m2) 

had no observable effect of material accumulation or cohesive layer strength.  Previous field studies have 

shown the regeneration of material to be an approximate linear process (Boxall et al. 2003; Cook & 

Boxall, 2011).  Extrapolating the results of these studies suggests a relatively slow, however parabolic 

rate of material accumulation indicating a growth duration >1 year is required under similar conditions 

before the risk of discoloured water becomes an issue.  The results of this study will have to be compared 

with local field testing.  Longer growth durations should be examined to verify that the accumulation rate 

remains a parabolic process for all layer strength characteristics after a 120-day period.  The 120 day 

experiment was the longest published test on the regeneration and mobilization of cohesive layers.  The 

results suggest that layer strength increases with increased growth duration.  A new sampling method has 

shown that turbidity is a good indicator of increased iron concentration in laboratory drinking water and a 

preliminary relationship has been developed between turbidity and TSS. 
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5.3 Engineering Contributions 

As the drinking water discolouration processes continue to become better understood, 

municipalities will be able to better manage drinking water discolouration risk in new infrastructure.  

Determination of the strength characteristics and regeneration rates of cohesive layers can lead to more 

proactive cleaning schedules and appropriate methods.  If compatible with fire flow regulations, future 

infrastructure projects in Canada can consider the possibility of introducing self-cleaning networks into 

design criteria to reduce material accumulation.  Ultimately these results from these laboratory studies 

will help reduce the number of public complaints due to discoloured drinking water. 
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Appendix A 

Kingston Water Treatment and Distribution Processes 

 

Figure 25 - King Street Water Treatment Plant process flow. 
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Figure 26 - Kingston water distribution process flow. 
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Appendix B 

Analysis of Typical Flow and Pressure Conditions in Kingston Distribution 

System Using EPANET 2 

Using EPANET 2 and MATLAB, a statistical analysis was conducted to characterize the flow 

and pressure operating conditions within the Kingston water distribution system.  Using a network map of 

Kingston as seen in Figure 34, arrays of flows were developed for pipes ranging from 150 to 600 mm in 

diameter.   All flows in these pipe sizes were adjusted to a flow rate that would achieve an equivalent 

shear stress within a 108 mm pipe with a C factor of 150 using equations 1, 2 and 7.  The relationship 

between flow rate and shear stress for each pipe size is plotted in Figure 27.   

     𝑆𝑓 =
10.67𝑄1.85

𝐶1.86𝑑4.87          (1) 

     𝜏 = 𝛾𝑆𝑓
𝑑

4
             (2) 

     𝑄 = √(𝜏
4

𝑑

𝐶1.86𝑑4.87

10.67𝛾
)

1.85
    (7) 

 

Figure 27 - Relationship between flow rate and shear stress for varying pipe sizes. 
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This data set excluded all pipes from the model that were less than 10 m in length.  From 

inspection, this was done to avoid including pipe section that do not represent a significant length of pipe 

and are typically attributed to low flow dead ends mains or high flow sections between pumping stations.  

The lower and upper 10% of the data was then removed to avoid skewing the results with outlying flows 

that are not representative of the majority of the distribution system. This resulted in a total of 7647 pipes 

to be sampled. 

 2 separate analysis were run, the first including all data from a 24 hour simulation and the second 

only including the peak daily flow from each pipe which defines the conditioning flow rate.   Figure 28 

shows the distribution of flows from the refined pipe selection for each pipe size for the 24-hour 

simulation.  It can be observed that as the pipe size increases the pattern transitions from an exponential 

distribution to a more normalized distribution of flows.  The mean flow was indicated with a dashed red 

line. 

 

Figure 28 - Operating state flow rate for each pipe size (prior to equivalent flow conversion). 
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 The distribution of flow for each pipe was then normalized as seen in Figure 29.  The first, second 

and third standard deviation are indicated by dashed lines.  The trend is observed as an increase in flow 

with an increasing pipe diameter.  The results of all pipe diameter are combined into one plot in Figure 30 

for the peak daily flow rates.  These results are normalized in Figure 31. This reveals the mean 

conditioning flow rate of all pipes in the Kingston DWDS after adjusting flows to fit an equivalent shear 

strength in 108 mm PVC pipe.  Based on these results, the mean flow is 0.114 L/s with a standard 

deviation of 0.02 L/s. 

 

Figure 29 - Normalized operating flow rates for each pipe size (prior to equivalent flow conversion).  
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Figure 30 - Flow distribution for equivalent flows. 

 

 

Figure 31 - Normalized flow distribution for equivalent flows. 
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The same approach was taken to categorize the distribution of pressure in the Kingston DWDS.  The 

distribution of pressures across all nodes in the model is plotted in Figure 32.  It can be observed that the 

majority of pressure in the DWDS range between 300-600 kPa.   After normalizing the data, the results 

revealed a mean pressure of 440 kPa with a standard deviation of 29 kPa as seen in Figure 33. 

 

Figure 32 - Nodal pressure distribution for Kingston. 

 

Figure 33 - Normalized nodal pressures for Kingston. 
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Figure 34 - EPANET map of Kingston distribution system. 
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Figure 35 - Satellite map of Kingston Ontario water distribution network. 
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Appendix C 

Laboratory Pump Curves 

Experimentally calibrated pump curves specific to each of the 4 vertical in-line pumps in the 

laboratory are shown in Figures 36-39.  Each curve on the plots corresponds to a pump frequency setting, 

increasing by 5 Hz increments.  Each dot on the curve corresponds to a specific flow control valve setting. 

 

Figure 36 - North low-flow pump curve. 

 

 

Figure 37 - South low-flow pump curve. 
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Figure 38 - North high-flow pump curve. 

 

 

Figure 39 - South high-flow pump curve. 
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Appendix D 

Sampling Results 

i) Total Suspended Solids 

 

 

Table 3 - Total suspended solids sampling, raw data. 
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ii) Metals Composition 
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Table 4 – Metals composition sampling, raw data. 



 

 

 

89 

iii) Particle Size Distribution 

 

Table 5 - Particle size distribution sampling, raw data. 

 


