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Analytical and experimental investigation of chlorine
decay in water supply systems under unsteady
hydraulic conditions
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PRINCIPAL NOTATION

A Cross-sectional area of pipe, m? Kp Bulk decay coefficient, s~*

ao Acoustic wave speed, ms* Kw Wall decay coefficient, s™*

C Disinfectant residual concentration, g m—2 Kss Steady-state decay coefficient, applied for steady-
Ci123.4 Constants to describe K state flow conditions, s~

D Diameter of the pipe, m Kus Unsteady decay coefficient, applied for unsteady
fs Darcy-Weisbach friction factor flows, st

g Gravitational acceleration, m s—2 Q Flow discharge, m3~*

H Piezometric head, m Re Reynolds number

h¢ Friction head loss per unit length of pipe Ru Hydraulic radius, m

h¢s Steady-state friction head loss per unit length of pipe T Turbidity, NTU

hsy Unsteady-state friction head loss per unit length of pipe P Density of water, kg m~3

1 Inertia (acceleration) head, m v Kinematic viscosity of water, m? st

J Contaminant flux, gm—2s™* Ts Steady shear stress generated during unsteady flows,
K¢ Flow dependent mass transfer coefficient, m st Pa

Kw Wall reaction rate constant, ms * Ty Unsteady shear stress generated during unsteady

1

Single decay coefficient, s~ flows, Pa
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INTRODUCTION

Chlorine and monochloramine are commonly used water
treatment disinfectants. Understanding the spatial and tem-
poral variability of these disinfectants in water transmission
and distribution networks is critical for managing the water
quality, detecting and responding to contamination events
(Yang et al. 2008) and complying with various regulatory
requirements. The loss of disinfectant residual weakens the
barrier against microbial contamination that poses a public
health risk. An optimal concentration of disinfectant residual
throughout a water supply system is necessary as excessive
levels may produce taste and odour problems, accelerate
pipe corrosion and enhance the formation of trihalo-
haloacetic acids and

methanes, chlorophenols

(Vasconcelos et al. 1997). The parameters and processes

that influence the water quality changes are complex. Pipe
material, age, water temperature, pH, corrosion and biofilm
formations modify the chemical and biological reactions
that take place in the bulk fluid and on the pipe wall.

A critical factor governing the decay of residual disinfec-
tant within transmission and distribution pipes is the
hydraulic conditions. Although it is assumed that water
supply systems operate under steady or nearly steady
hydraulic conditions, this assumption is frequently violated
due to routine demand changes, planned or accidental oper-
ational changes, pump scheduling, pressure management
activities and occasional failures (Figure 1). Consequently,
the operational conditions vary between steady-, quasi-
unsteady- and unsteady-state flows.

While previous experimental studies have concluded
that chlorine demand and in particular the wall demand is
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Figure 1 | Continuously monitored pressure using InfraSense™ RTUs (SR 1285/s): (a) and (b) a pressure transient generated by a large industrial consumer; (c) hydraulic instabilities
generated by a pressure reducing valve (PRV); (d) gradual transients (quasi-unsteady flows) and fast transients (unsteady-state flows) in a water transmission main (1,066 mm

ID). Further details are shown in Figure 2.
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flow dependent, there has been little evidence of the impact
of the dynamic hydraulic conditions on chlorine decay
(Schneider et al. 1993; Woodward et al. 1995; Hallam et al.
2002; Menaia et al. 2003; Clark & Haught 2005). Gradual
to fast changes in hydraulic conditions generate fluctuations
in the velocity profile that increase shear stress and energy
dissipation (Brunone et al. 2000). The resulting dispersive
and transport forces can change the water quality by influen-
biofilm
formation, shear-induced biofilm detachment, internal cor-

cing the mechanisms of particle deposition,

rosion and particle resuspension (LeChevallier et al. 1988;
Clark et al. 1993; Mays 2000). The rates of chemical reac-
tions are also affected by the greater mixing and transport
of chemicals between the pipe wall and the bulk flow
(LeChevallier et al. 1988; Yung-Pin 2006; Clark et al. 2010).
Recent studies also demonstrated that transients can
occasionally cause negative pressure and facilitate contami-
nant intrusion (Fleming et al. 2006).

An accelerated decay of chlorine residual caused by
resuspended sediments and corrosion scales during
increased flow velocity was demonstrated by Gauthier
et al. (1998) and Sarin et al. (2004). The particle-size,
nature and origin of these sediments depend on the pipe
material and quality of source water (Sarin et al. 2001; Vree-
burg et al. 2008). When deposits are mobilised by hydraulic
disturbances, the chlorine demand may become extremely
high and lead to the rapid depletion of chlorine residual.
Experimental studies have reported that up to 80% of total
suspended solids obtained from water distribution systems
are organic matter including possible pathogens as cor-
rosion scales support the growth of microbiological
organisms (LeChevallier et al. 1987; Gauthier et al. 1998;
LeChevallier 1999; Camper et al. 2003). The causality
between hydraulic disturbances and discoloration events is
also highlighted by the UK Drinking Water Inspectorate
(DWI). The DWI identified 148 major discoloration events
in England and Wales in 2008 (DWI 2009) which affected
over 1.5 million customers. Nearly 75% of these events
were associated with changes in the hydraulic conditions.
These discoloration events almost certainly affected the
chlorine residual; unfortunately, no continuous and auto-
mated chlorine sampling is currently carried out in the UK
and this is a common problem worldwide. As water utilities

are under pressure to implement operational strategies to
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mitigate the risk for potential water quality failures against
a backdrop of increasingly stringent regulatory legislation,
understanding the mechanisms of water quality failures in
water transmission and distribution has important impli-
cations for their serviceability (Ofwat SIM 2013).

The inadequacy of current telemetry systems to continu-
the dynamic hydraulic conditions in
operational water networks, combined with the lack of accu-

ously monitor
rate and reliable in-pipe water quality sensors have
precluded investigations into the deterioration of water qual-
ity under unsteady flows. Various approaches have been
proposed that model chlorine propagation based on the
assumption of steady-state flows (e.g. Vasconcelos et al.
1997; Uber 2009) or transient conditions (Fernandes &
Karney 2004) with limited experimental research. Long-
term field investigations with high spatial and temporal res-
olution data for studying the kinetics of disinfectant decay in
operational systems have been non-existent. A recent study
carried out by the Greater Cincinnati Water Works is con-
sidered to be the largest reported study of chlorine decay
in operational water distribution systems; it used 38 tempor-
ary monitors to measure free chlorine and pH for a period of
1 week (Lee et al. 2010). These monitors represent the state
of the art in remote water quality sensing in distribution net-
works. They included reagent and membrane-based sensor
technologies installed in a flow cell attached to fire hydrants
with slip stream drainage to discharge water samples. Such
an intense measurement effort is still only applied for short-
term investigations and the data may not be representative
of the true water quality due to the volume of the by-pass/
flow cell, the water sample and the long sampling interval.
In addition, the measurements did not capture the dynamic
hydraulic conditions.

In order to investigate experimentally and analytically
the impact of the unsteadiness of flow conditions on the
temporal and spatial variability in water quality, and the
mechanisms of deterioration and their control, the authors
have been developing a simulation framework which
enables scale-adaptive hydraulic and chlorine decay model-
ling for a wide range of flow conditions (i.e. steady, quasi-
unsteady and unsteady state) (Figure 2). This framework is
supported by novel instrumentation technologies for con-
high-frequency time-synchronised monitoring
(Stoianov et al. 2006; Stoianov & Hoskins 2012). The

tinuous
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Figure 2 | Continuous monitoring and scale-adaptive modelling framework enabled by the InfraSense™ telemetry system (Stoianov & Hoskins 2012).

InfraSense ultra-low-power remote telemetry units (RTU)
continuously capture the dynamic hydraulic conditions
with a sampling rate of 128S/s and time synchronisation
of 5 ms. Acquired raw data and classified events are stored
for up to 6 months in a rotating memory buffer. In this
way, periods of steady-, quasi-unsteady- and unsteady-state
flows are automatically identified and the data are available
for further analysis and calibration with user defined time
resolution for retrospective time intervals (Figure 2). In com-
parison, current telemetry systems for monitoring the
hydraulic conditions in water supply systems typically
sample at a frequency of 15 min (15 min sampling). These
are powered down between sampling periods and conse-
quently the captured data include periodic snapshots of
the hydraulic conditions, providing no information or
insight into rapidly changing flows.
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This paper uses the term unsteady state to describe fast-
occurring transient events in which the effects of the fluid
inertia and/or elasticity of the fluid and pipe are an essential
factor in the flow behaviour. The term quasi-unsteady flow
(sometimes also referred to as quasi-steady flow) is used to
describe unsteady flow in which the inertial or elastic
terms have a negligible influence on the flow behaviour.
For the purpose of this study, we have integrated the Infra-
Sense RTUs with reagent and membrane-free, in-pipe
water quality sensors (Intellisonde™, Intellitect Water, UK).

The remainder of the paper is organised as follows: Sec-
tion Analytical investigation summarises the kinetics and
modelling of chlorine decay, outlines the scale-adaptive
simulation framework and describes the development of
the one-dimensional (1D) transient water quality model
and novel unsteady decay coefficients; Section Experimental
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investigation details the pioneering experimental pro-
gramme; Section Data analysis describes the acquired data
and observed hydraulic and water quality processes; Section
Calibration of analytical models discusses the application
and limitations of the proposed model and coefficients.

ANALYTICAL INVESTIGATION

The Kinetics of chlorine decay is a topic of extensive
research (e.g. Wable et al. 1991; Vasconcelos et al. 1997;
Kowalska et al. 2006; Devarakonda et al. 2010; Lee et al.
2010; Brown et al. 201). Existing water quality models simu-
late chlorine propagation assuming a steady-state flow
(Chun & Selznick 1985; Males et al. 1988), or a sequence
of steady-state flow snapshots over an extended period of
time (Liou & Kroon 1986; Clark et al. 1993).

The overall disinfectant decay can be modelled as a
single decay coefficient K which is flow dependent and a
function of residence time (Schneider et al. 1993; Heraud
et al. 1997; Menaia et al. 2003; Clark & Haught 2005). Wood-
ward et al. (1995) conducted experiments under laminar and
turbulent flows and derived an empirical formulation which
correlates a single decay coefficient with flow rate: K=
0.222 - Q%% 4+ 0.002.

Another approach uses a decay coefficient which takes
into account the reactions in the bulk and at the pipe wall
(Rossman et al. 1994; Vasconcelos et al. 1996):

K = Kp + K @

where K, and K,, are the bulk and wall reaction rate con-
stants, respectively. Ky is a function of temperature, initial
disinfectant concentration and organic content in the
water, and it is determined by laboratory bottle tests. K,
depends on the pipe characteristics and the rate of mass
transfer of disinfectant to the wall and is defined as:

Kwks

Ky=—"——
v RH(kw+kf)

)

where k¢ is a flow dependent mass transfer coefficient and R
is the hydraulic radius. k,, is the wall reaction rate constant
and it is inversely proportional to the Hazen-Williams
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roughness (Vasconcelos et al. 1997). The coefficient k¢ is a
function of the Sherwood number to incorporate the flow
rate, pipe diameter and length, kinematic viscosity and mol-
ecular diffusivity (Rossman 1994). K,, takes into account the
flow rate but not its acceleration and deceleration.

The impact of flow velocity on the loss of chlorine
residual in unlined metallic pipes could be significant
(Powell 2000; Clark & Haught 2005). Clark et al. (2010)
studied the free chlorine loss in corroded metal and polyvi-
nyl chloride (PVC) pipes subject to changes in flow velocity
under controlled laboratory conditions. The study demon-
strated that in old unlined metal pipes, the loss of chlorine
residual increases with velocity, i.e. the fitting parameter
Ky is flow dependent. In comparison, the wall demand in
PVC pipes under the same flow conditions was negligible.
The observed discrepancy may be attributed to dynamic
changes in particulate surface area associated with the
release of corrosion products from the pipe surface.

Chlorine residual transport models commonly use first
order kinetics due to its relative simplicity. Experimental
results from bench-scale reactors built from old cast/ductile
iron mains show that first-order reaction kinetics represents
well the observed changes in chlorine concentration
(Digiano & Zhang 2005). Alternative approaches were also
investigated including a wall reaction limited model, a
zero-order reaction limited model and a mass transfer lim-
ited model as outlined by Clark (2o011). These models have
their strengths and limitations, and more experimental
research in operational systems is needed to fully assess
their application and the complexity of calibration.

Fernandes & Karney (2004) developed a transient 1D
water quality model to investigate the impact of inertia and
compressibility on the disinfectant transport and the changes
in chlorine concentration. Naser et al. (2004) extended this
transient water quality model to a two-dimensional model
to include the unsteady shear stress, i.e. the energy loss due
to fluctuations in the velocity profile. This study concluded
that fluctuations in the velocity profile and the mass transport
in the radial direction can affect the chlorine decay by
increasing mixing and transport of chemicals.

In summary, very few water quality models take into con-
sideration the changes in disinfectant decay due to the cross-
sectional variations in flow velocity during unsteady-state
flows which result in increased shear forces along the pipe wall.
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The approach proposed in this paper acknowledges that
quasi-unsteady- and unsteady-state flows generate large dis-
persive and transport forces which affect the chlorine
decay by influencing the mechanisms of particle deposition,
biofilm formation, shear-induced biofilm detachment and
particle suspension. To the authors’ knowledge, none of
the existing chlorine decay models include the impact of
detached biofilms and resuspended deposits caused by
unsteady flows on changes in chlorine demand. Various
intriguing questions arise: (i) what level of unsteadiness in
flow conditions (i.e. small amplitude high frequency hydrau-
lic instabilities) would resuspend sediments and cause
significant removal of biofilms? (ii) what approaches
should be used to model and/or account for occurring
hydraulic unsteadiness? (iii) what level of computational
accuracy and complexity is required to accurately simulate
the chlorine decay? and (iv) how could these mechanisms
be used for operational management?

These questions are explored through a scale adaptive
simulation framework (Figure 3). There are various
approaches to model unsteady flows (Karney et al. 2006).
Quasi-unsteady flow conditions can be approximated with
extended period simulation analysis (EPS) with a short
time step (dV/dt~0) rather than using rigid water column
analysis. Unsteady-state flows for which fluid inertia and
elasticity of fluid and pipe must be considered are modelled
using conventional transient analysis. The analyses of the
hydraulic conditions are coupled with varying disinfectant
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decay coefficients which take into account the change in
shear stress and the rate of change of shear stress (Figure 3).

Proposed 1D transient water quality model

The main characteristics of the developed transient water
quality model are as follows:

(1) The model is 1D in order to be computationally efficient
and with a lower complexity of calibration.

(2) The 1D transient water quality model simulates chlorine
propagation under unsteady-state (transient) flows as it
takes into account inertial and compressibility effects,
and the unsteady-state shear stress.

(3) The 1D transient water quality model includes a decay
coefficient which takes into consideration the influence
of biofilms and resuspended deposits on chlorine
demand.

For the 1D transient water quality model, the hydraulic
conditions are simulated from the solution of hyperbolic
partial differential equations (PDE) of continuity and

momentum:

OH a20Q
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Figure 3 | A scale-adaptive simulation framework for modelling chlorine decay under unsteady flow conditions (quasi-unsteady state and unsteady state).
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in which Q(x,t) and H(x,t) are the instantaneous average fluid
flux and the piezometric head, respectively, along the longitudi-
nal distance, x, and time, t; a, is the acoustic wave speed; g is the
acceleration due to gravity and A is the area of the pipe. The
friction head loss per unit length of pipe hy is the sum of the
steady-state h¢ and unsteady-state hg, friction head losses.
The steady-state friction loss per length is approximated by
the Darcy-Weisbach formulation, hg=fQ|Q|/2gDA? in
which fs is the friction factor that depends on the material
roughness and the flow regime, and D is the pipe diameter.

To estimate the unsteady friction loss hg, and conse-
quently the unsteady shear stress 7, various 1D models for
representing the non-uniform distribution of a velocity pro-
file were incorporated and analysed (Trikha 1975;
Vitkovsky et al. 2006; Vardy & Brown 2003). Most unsteady
friction models focus upon the accurate representation of
experimentally generated pressure transients under labora-
tory conditions and neglect the physical meaning of the
proposed formulations and the magnitude of the estimated
shear stress. The inclusion of an unsteady shear stress in
water quality models requires the use of a physically based
approach which estimates the magnitude of the wall shear
stress both for rapidly accelerating and decelerating flows.
For example, instantaneous acceleration models which are
based on empirical parameters (Brunone et al. 1991; Vit-
kovsky et al. 2000) significantly underestimate the shear
stress for decelerating flows. Consequently, the Ghidaoui
& Mansour (2002) approach was adopted in the developed
transient water quality model. Its performance was validated
by using experimental data obtained both from a laboratory
test facility at Imperial College London and operational
water transmission mains (Aisopou 2010). The unsteady
head loss at the end of a time step, j, is determined from:
(i) the value of the unsteady shear stress at the start of the
time step, 7, and (ii) the velocity change during the time
step, At, as follows:

ho_ 4
™ gD AAt\/—

\/J—l 2(J—l)

erf\/_At

—Qj-1 +§eXp( BAY)

\J_
1} JrlruJ

®)
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where ¢ is a numerical parameter, whose value is ~0.85 to
0.9 (Ghidaoui & Mansour 2002), 8= 0.311vRe*/D?, k = log
(15.29/Re%%%%7), Re is the Reynolds number, erf is the
error function, p is the water density and v is the kinematic
viscosity. The hyperbolic PDEs are solved with the method
of characteristics (MOC) and stability is assured with the
Courant condition (C,<1) (Wylie et al.
2010). The steady and unsteady shear stresses are estimated

by

1993; Aisopou

T=71s+ 1y — 7s = pgh; Ty = pghy, (6)

Disinfectant (chlorine and chloramine) propagation
model

The transport of the disinfectant residual concentration (C)
in a pipe is described by the 1D advection reaction equation
(ARE):

ac
5= ax KC @)

where J is the flux in or out of the control volume, and K is a
decay coefficient (Figure 4). Diffusion is neglected since the
high turbulent flow makes advection the main transport
mechanism in a pipe with a Peclet number >10° A first
order reaction term is considered to adequately represent

|.: unknown concentration

~.
—_—

X

Ax

Figure 4 | Space-time grid for MOC and control volume for definition of the ARE (adapted
from Fernandes & Karney (2004)).
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the chemical and biological reactions that occur in cast/duc-
tile iron pipes (Digiano & Zhang 2005). The mass transport
equation is coupled with the hydraulic transient model. The
finite difference element solution for the transport equation
is superimposed on the MOC grid for the hydraulic com-
ponent so that the fixed space-time grid of the MOC
solution and the fine level of temporal discretisation
couple the hydraulic and water quality models. Figure 4
illustrates the propagation of the hydraulic solution along
the characteristics lines with a, = Ax/At, where a,, is the
wave speed. Since a, is large, At tends to be small. The dis-
crepancy in time-scales when coupling the transient flow
and water quality models are numerically resolved by
extending the water quality time step and accumulating
the mass flux over a sequence of hydraulic time steps.

Unsteady decay coefficient

Three definitions of disinfectant decay coefficients are inves-
tigated: (i) a single and constant coefficient K; (ii) a bulk and
wall coefficient, K = Ky, + K,,; and (iii) a new coefficient that
differentiates between quasi-unsteady- and unsteady-state
flow conditions: K = Kgs + Ks.

In the proposed decay coefficient, K and K are fitting
parameters that take into account the steady- and unsteady-
state hydraulic conditions. K is applied during steady-state
flows and K,s defines the disinfectant decay attributable to
the unsteady flow conditions (gradual and fast changes in
direction and velocity). Experimental studies have been per-
formed to determine mathematical expressions describing
biofilm-sediment detachment rates (e.g. Horn et al. 2003;
Abe et al. 2012). Boxall & Saul (2005) proposed a model
(PODDS) which links particle mobilisation to the excess
fluid shear stress during hydraulic changes, i.e. the difference
between the applied shear stress at the wall and the steady-
state shear stress under which biofilms are grown and con-
ditioned. The PODDS model does not consider the rate of
change of flow, i.e. the rate of change of shear stress, when
modelling the particle resuspension and this might explain
discrepancies reported by Boxall & Saul (2005).

It is assumed that the rate of change in shear stress is a
critical factor for the shear-induced detachment of biofilms
and resuspension of sediments. This implies that small-
amplitude but fast-occurring hydraulic instabilities (Figure 1)
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might have significant impact both on chlorine residual and
discoloration. Experimental results by Abe et al. (2012)
showed that the biomass detachment rate correlate neither
with the increase in shear stress during detachment nor
with the ratio of shear stress, i.e. the underlying assumption
used for the PODDS model. This is most likely due to the
viscoelastic behaviour of biofilms, which has been neglected
in detachment models so far. This hypothesis is extended
here to biofilm-sediment formations which might also
behave viscoelastically. In pipes, the sediments are analo-
gous to colloids and the biofilm acts as cross-linked
polymer gel. This perspective might be beneficial for under-
standing the dynamics of these formations under unsteady
flow, where they behave as elastic solids over short time
periods but linear viscoelastic fluids over longer time
scales. Contrary to the elastic behaviour where the strain
of a material is linearly proportional to the applied stress,
viscoelastic materials exhibit time-dependent strain. If a
load is applied slowly, the stiffness decreases and the bio-
film-sediment formation is able to store the applied energy.
The hypothesis is also supported by experimental results
provided by Stoodley et al. (2001, 2002) who demonstrated
that biofilm detachment is linked to a rapid increase in
shear stress.

In this study, K. s describes the additional chlorine
demand due to the particle resuspension resulting from
the flow dynamics as defined in Equation (8). Ks is a func-
tion of the absolute change of steady shear stress and the
rate of change of shear stress. Under unsteady-state flows,
the rate of change of shear stress is determined by the
value of the unsteady shear stress. The latter is calculated
using the transient hydraulic model, and it accounts for
the rate of change and magnitude of flow velocity and
cross-sectional variations in a velocity profile during
unsteady-state flow conditions. Both of these processes
cause particle mobilisation.

dzg
K =K Atsl, |—
Kys = us(q_us) us (' 7s| ‘ dt

Kuss) = Kus(|Az], |7u]) — unsteady state

) — quasi-unsteady ®)

The coefficient K is calibrated with experimental data
obtained during steady-state flow conditions and represents
both the bulk and wall decay processes. The additional K
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term describes the disinfectant decay that is assumed to be
caused by biofilm resuspension and enhanced mixing associ-
ated with: (i) the change of shear stress and the rate of
change of shear stress for quasi-unsteady flows; and (ii) the
change of shear stress and the unsteady-state shear stress
developed during unsteady-state flows.

EXPERIMENTAL INVESTIGATION

The experimental investigation was carried out in a water
transmission pipeline. The pipeline is an unlined cast iron
main which has an internal diameter of 1,220 mm and a
total length of 21,905 m (Figure 5).

The transmission main was laid in 1905 and transports
an average flow of 50,112 m®/d (580 I/s) between a water
treatment plant and a reservoir in an urban environment.
The treatment plant uses chlorine for disinfection as the
surplus free chlorine residual is converted to monochlora-
mine in a postcontact tank. A pumping station
(Figure 5(b)) which includes six fixed-speed pumps delivers
water to five water transmission mains, one of which was
used in this study. The initial selection of the case study
was driven by the following criteria: (i) a simple pipe top-
ology with uniform material and diameter to facilitate the

interpretation of captured data; (ii) proximity to a chlori-
nation point with an independent measurement reference
regarding the input concentration; (iii) adequate lengths
between the installation sites to observe measurable decay;
(iv) suitable sites for the installation of the in-pipe water
quality probes and insertion electromagnetic flow meters;
(v) long-term monitoring of the hydraulic conditions to cap-
ture naturally occurring transient events, since the artificial
generation of transient flows was not perceived acceptable
by the operator; (vi) safe and accessible installation sites.
A critical task was the modelling and calibration of the
observed hydraulic behaviour as various connectivity and
topological uncertainties were identified. This reflects a
trend among UK water utilities where the resources and
effort expended on building and calibrating hydraulic
models for distribution networks have not been applied to
water transmission systems. The current drive for more
aggressive pump optimisation and energy reduction is for-
cing a change to this practice. For the purpose of this
study, the hydraulic analysis was simplified by using time-
synchronised high-frequency measurements as boundary
conditions.

Unlined cast iron pipes tend to have a higher probability
of corrosion which results in encrustation, tuberculation,
deterioration in water quality and the potential for increased

(b)
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Figure 5 | Case study: (a) longitudinal profile of the water transmission main; (b) pumping station layout.
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bacteriological growth and biofilms. Excavated sections
of the pipe were examined to gain a general understanding
of the level of corrosion. This included the assessment of
pipe coupons taken within the last 5 years and of sections
removed following the repair of bursts (Figure 6(a)).

The degree of corrosion (including encrustation and
tuberculation) was variable (Figures 6(a)—(c)). The burst fre-
quency for the last 10 years was 1.3 bursts/annum. The
visual assessment and the burst records led to the assump-
tion that the corrosion was moderate.

High-frequency hydraulic data including flow at 1 S/s
and pressure at 128 S/s with time synchronisation of 5 ms
were collected at the three sites labelled F&P and the
water quality data were collected at the two sites labelled
WQ (Figure 5). The F&P sites (Figure 6(d)) included an
InfraSense RTU interfaced with a pressure transducer with
a high frequency response (1 kHz) and an insertion type
electromagnetic flow meter (ABB Aquaprobe V2). The
Aguaprobe is interfaced with the InfraSense RTU so that
the flow velocity is sampled at 1 s intervals. Flow, pressure
and water quality data were also acquired at the pumping
station.

The WQ labelled sites (Figure 6(e)) included a multi-par-
ameter, in-pipe water quality probe and an InfraSense RTU
measuring pressure continuously at a sampling rate of

128 S/s. The acquired water quality data included pH,
total chlorine, free chlorine, dissolved oxygen (DO), conduc-
tivity, temperature, turbidity and ‘apparent’ colour, i.e.

colour from both dissolved and suspended components.
The sampling interval was 15 min for site WQ1 and 5 min
for site WQ?2 and the data were captured using the Intelli-
sonde™. The Intellisonde™ combines electrochemical
and optical sensors which were evaluated under controlled
laboratory conditions in preparation for this study (Aisopou
et al. 2012). According to the manufacturer, the accuracy of
the chlorine sensors was +10%, while the accuracy under
controlled laboratory conditions was estimated at +18% of
the reading and the repeatability was within +=10%. Bio-foul-
ing and deposition of calcium carbonate caused by the
electrochemical reactions significantly affected the perform-
ance of the sensors during the trial. Frequent sensor
calibrations were carried out to improve and ensure the
quality of the acquired data.

DATA ANALYSIS

Unsteady hydraulic data

The piezometric head and flow data for a 1 hr period which
capture a naturally occurring unsteady flow event are
plotted in Figure 7. The elevation of the pressure transducers
was measured using a Leica GPS1200 + /GNSS surveying
system with a vertical accuracy of 10 mm. Unfortunately,
instrumentation failures limited the continuous availability
of data; these were caused either by water ingress through

Figure 6 | Experimental programme: (a) an excavated pipe section; (b) and (c) tubercles and other deposits on the pipe wall; (d) F&P site: InfraSense and Aquaprobe V2; (e) WQ site:

Intellisonde WQ probe and InfraSense.
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Figure 7 | Dynamic hydraulic behaviour caused by upstream pumps switching off and on: (a) high-frequency pressure; (b) flow; details of the propagation of the pressure wave are shown

in (c) and (d).

sub-standard 1P68 rated connectors or problems associated
with the water quality sensors.

The observed rapid flow changes (Figure 7) were caused
by the upstream pumps switching off at t ~ 1,000 s followed
by switching the pumps on at t ~2,400s. The propagation
velocity of the generated pressure wave was calculated
from the acquired data (Figure 7(c)) and found to be
~1,100 m/s, which is within the expected range (Wylie
et al. 1993). The friction factor, f;=0.036, was estimated
from the loss in the piezometric head. As the pumps were
switched off, flow reversal occurred between J1 and F&P3
(Figure 7(b)) due to the demand at J1 and J2 and the longi-
tudinal profile of the transmission main (Figure 5). This is
illustrated by the piezometric head in Figure 7(d). The flow
reversal was measured as zero by the flow meter at site
F&P3 as the output signal was not scaled for negative
values (reverse flows). Flow data acquired from the pumping
station (the inlet of the transmission main, Figure 5(b)),
F&P1 and WQ2 show that no flow reversal occurred
between the pumping station and WQ2 which is the pipe
section used in this study. The positive flow measured
during the pumps shut-down period between the pumping
station and WQ2 is maintained by the combined action of
the surge protection and pressure equalisation schemes
which are used to minimise the impact of pump trips and
the resulting pressure surges and flow reversals. For
example, a 1,524 mm pipeline provides additional flow
into the manifold when the pumps switch off via a set of
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infusion valves (Figure 5(b)). Any potential water blending
or contamination resulting from that additional flow was
carefully considered and it was concluded that it would
have no influence on the presented results due to the low
flow velocity and time it takes to reach WQ2.

Water quality data during the unsteady flow

Colour, pH and monochloramine (total chlorine) obtained
from the water quality probes at the pumping station and
WQ?2 site during the captured fast hydraulic changes are
shown in Figure 8. Poor performance of the turbidity sen-
sors at both WQ1 and WQ?2 limited the use of turbidity
data. The water quality data used in the presented analysis
were acquired from the pumping station and WQ2. The
data from WQ1 were used to benchmark the performance
of the in-pipe electrochemical sensors with the reagent-
based sensors installed in the pumping station. While the
accuracy of the reagent-free water quality sensors gradually
deteriorated, their repeatability and good dynamic response
combined with frequent grab sampling allowed for a reason-
able estimation of the water quality changes occurring in the
studied section of the transmission main. The acquired
water quality data can be summarised as follows:

o Little variability in the water quality data at the measure-
ment locations during steady-state flow conditions.

o The observed increase in ‘apparent’ colour (Figure 8(d))
was attributed to the resuspension of sediments caused
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by the rapid changes in flow velocity similar to obser-
vations made by Hoven & Vreeburg (1992) and Boxall
& Saul (2005). The magnitude of this increase is within
the range of 20° Hazen for WQ2 which indicates a
medium to high level of sediments (biofilms and cor-
rosion tubercles).

e The rapid changes in flow velocity (Figure 8(b)) corre-
spond to significant changes in monochloramine
(Figure 8(f)). This phenomenon is subsequently discussed
and modelled.

¢ Changes in the pH (Figure 8(h)) correlate with the

observed increase in colour.

CALIBRATION OF ANALYTICAL MODELS

Hydraulic model

The implemented solver models the system hydraulics
between the inlet of the transmission main where the
pressure and flow data were acquired and F&P3 as pressure
driven demands. The complexity of the system topology
combined with the lack of detailed technical information
regarding the boundary conditions prompted the use of

time-synchronised high-frequency hydraulic data as bound-
ary conditions. As a result, the pressure measurements at
site F&P3 were used as the downstream boundary condition
and the flow data the inlet as the upstream boundary con-
dition. Transient simulations used a time step At=0.03s.
These were compared with the results from an EPS model
which used time steps of 60's, 5 and 15 min. The collected
data and simulated results at WQ2 and at the downstream
boundary F&P3 are shown in Figure 9. The steady and
unsteady shear stresses developed at the pipe wall at WQ2
are presented in Figure 9(c). The magnitude of the unsteady
shear stress is proportional to the magnitude and rate of
change of flow and its contribution to the total shear stress
is in the range of 20% for the captured data. The numerical
results of the transient hydraulic simulator agreed well with
the experimental observations (Figure 8(b) and 8(d)). The
results obtained with the EPS use At=15 min. This is the
sampling period commonly utilised by the UK water utilities
but it poorly describes the hydraulic changes. For a smaller
time step of At=2300s, the EPS simulated reasonably well
the hydraulic changes, despite the fact that it did not con-
sider the unsteady shear stress. As the observed flow is
quasi-unsteady without considerable fluid inertia, compres-
sibility and unsteady shear stress, the use of a full transient
model does not provide an advantage.
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Figure 9 | Measured and simulated hydraulic data at WQ2 (a) and (c) and F&P3 (b) and (d).
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Modelling disinfectant decay

Boundary conditions

The concentration of monochloramine used in the water
quality model as an upstream boundary condition was
acquired at the pumping station. A Neumann adiabatic
boundary condition 0C/dx =0 was used at the downstream
end, F&P3.

Decay coefficients

Three formulations of the monochloramine decay coeffi-
cient were applied: (i) a single coefficient, K; (ii) a
combined bulk and wall coefficient, K =K, + K,,; (iii) the
proposed unsteady-state K =Kgs + Kys
(Figure 10).

coefficient,

(i) Single decay coefficient (Case I): The value of K was

determined to be 107%s~! using the analytical solution
of the ARE for steady-state flow and the acquired data.
The measured and predicted monochloramine concen-
tration at site WQ2 during and after the rapid changes
in flow velocity underestimate the observed disinfectant

decay.
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Figure 10 | Observed and simulated monochloramine concentrations at site WQ2. The
simulated concentrations are obtained using: (i) constant decay coefficient,
K; (i) combined bulk and wall coefficient, K=K}, + Ky; (i) unsteady-state
coefficient, K = Kss+Kys When K, is applied to a section of the pipe and
when Ks is applied to the whole pipe. The vertical dotted line shows the
occurrences of the quasi-unsteady state flows.
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The presented case study includes an abrupt flow decrease
followed by a rapid flow increase after around 21 min as
the pumps were switched off and on again (Figure 8).
During that period, the flow velocity was considerably
reduced which resulted in decreasing the concentration
of monochloramine within 0.02 mg/l (Figure 10). This
change in concentration is insignificant in comparison to
the monochloramine decay following the increase in
flow velocity. The maximum monochloramine decay cap-
tured at WQ2 following the rapid increase in flow velocity
was in excess of 0.2 mg/l. The decay in monochloramine
concentration captured by the water quality sensors is cor-
related with changes in flow velocity and it is not
accurately modelled by a constant decay coefficient.

Combined bulk and wall coefficient (Case II): The
coefficient is estimated from Equations (1) and (2); it
accounts for changes in flow velocity from the par-
ameter Ky The value of the bulk coefficient (Ky) was
estimated from bottle tests as 7x10 ®s~'. The mass
transfer coefficient was calculated as described in
Rossman (1994) and was approximated as k; ~ 107> m/s
for the initial flow (580 1/s) and k¢ ~ 1077 m/s for the
period of reduced flow. Using Equation (1) and the esti-
mated total decay coefficient during steady-state flow
(K), Kw =~ 10~® m/s which is similar to the value derived
by Maier et al. (2000). As a result, the overall bulk and
wall decay coefficient was calculated as K~ 107> st
during the regular flow rate (580 1/s) and K ~9.10 ®s~?*
during the reduced flow rate. The monochloramine con-
centration profile predicted at site WQ?2 using the flow-
dependent bulk and wall decay coefficient is shown in
Figure 10. The use of combined bulk and wall coefficient
as implemented by EPANET estimated a lower decay
rate during the reduced flow period, which results in
lower monochloramine decay than the one achieved
by using the single coefficient in Case I. The bulk and
wall decay coefficient (Case Il) also failed to predict
the significant decrease observed in the monochlora-
mine concentration following the pumps switching on.
These results are in agreement with previous experimen-
tal studies (Clark & Haught 2005; Clark et al. 2010)
which demonstrate that the assumption the wall

demand parameter is constant for a given pipe
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may lead to significant discrepancies in predicting
the concentration of disinfectants. A most likely expla-
is that while the
combined bulk and wall coefficient takes into account

nation for these observations

the impact of flow velocity on the monochloramine
decay rate, it does not consider the potential increase
in the disinfectant decay rate caused by the detachment
of biofilms and resuspended sediments following the
rapid changes in flow velocity. Consequently k,, may
considerably vary both with the amplitude and the rate
of change of flow velocity. This phenomenon is con-
sidered by introducing a steady- and unsteady-state
decay coefficient.

(iii) Unsteady decay coefficient (Case III): The continu-
ously acquired hydraulic data are utilised for the
identification of periods of steady-, quasi-unsteady-
and unsteady-state flows for which the value of inertia
(acceleration head) is derived:

Ldv
T ©
where L is the length of the pipe, g is the acceleration
due to gravity and dV/dt is the rate of change of flow.
For 1<10m the flow is considered quasi-unsteady,
while for 1 >10m is considered to be unsteady-state)
(Karney et al. 2000).

During steady-state flows, K=K, while for unsteady-
state flows K =K+ Ky s. For quasi-unsteady flows where
compressibility and inertia effects are not predominant,

(a) (b)

Quasi-unsteady Flow

us us

d
Kus(qins] = Kus [ATS ‘;’;5 J

)

K =K

us(us) —

=

Kys is associated with the change of steady shear stress
and the rate of change of shear stress as these two factors
control the biofilm-sediment resuspension. For a transient
event, Kys is related to the change of steady shear stress
and the unsteady shear stress, z,, which describes the rate
of change of shear stress and the fluctuations of the velocity
profile. It should be noted that hydraulic events with
changes in shear stress |Az| of similar order of magnitude
were captured during the experimental programme. How-
ever, these did not cause discoloration or major changes
in chlorine residual as the rate of change of shear stress
was an order of magnitude smaller than the one observed
in the presented case study. These observations highlight
the importance of recognising the rate of change of shear
stress when modelling particle mobilisation and chlorine
decay. As an initial approximation, Equations (8) and (9)
are formulated for the quasi and unsteady-state flows as
follows:

dzs[\ @ .
Kus(gus) = C1 <|Ars\* £ ) — quasi-unsteady (20)
Kusws) = Ca(|Azs|*|7|)** — unsteady state (11)

where C4, C,, C3 and C, are constants calibrated from exper-
imental data. K is a fitting parameter.

It is assumed that C, <1 and C, <1 so that the functions
are concave as the decay coefficient should reach a finite
threshold irrespective of the magnitude of the unsteady
event. These relationships are illustrated in Figure 11.

Unsteady (transient) Flow

AT

’|Tu |)

Figure 11 | Decay coefficient during unsteady flow. Relationship between decay coefficient and change of steady shear stress for a quasi unsteady flow, in which compressibility and

inertial effects are not important (a) and for a transient flow (b).
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According to Equations (8) and (9), K.s becomes zero as
soon as the flow velocity stabilises and |Azs| =0 and |z,| =0.
However, the effects of a short duration hydraulic event last
longer since the released material travels along the pipeline
and reacts within the bulk and pipe wall for some finite time.
Kys is applied for a period of time that represents the advec-
tion time required for the mobilised material to travel along
a stationary (monitoring) point (Figure 12). Furthermore,
the discoloration material is not uniformly distributed
along a pipeline and it most likely resides in discrete
locations. Consequently, slugs of resuspended material
might be formed rapidly into a pipe following a hydraulic
disturbance (Figure 12).

The enhanced decay reactions do not occur along the
complete pipeline system, but rather in discrete locations
based on the size and position of slugs of resuspended
material. Therefore, the length of pipe for which K is
applied and the duration depend on the size of the mobilised
slug and the flow rate. To describe this process, it is assumed
that at every time step n, K s can only increase from its pre-
viously obtained values and remain high such that:

Kusn = maxj{Kus,,-}?:l (12)

where j =1 is the beginning of a transient event and n is the
number of time steps after the beginning of the unsteady-
state event. As the flow returns to steady state and |Azs| =0
and |zy| =0, Equations (8)-(10) are applied for N consecu-
tive water quality time steps, after which K = K.

The model requires the calibration of five coefficients
(C,—C4 and N) which depend on the absolute value of
sheer stress and its rate of change. Furthermore, the value
of Kgs is site and time dependent as the migration of sedi-
ments and the conditioning of biofilms might change

WQ Sensor (WQ2)

Contaminant slug

Figure 12 | Schematic diagram for the transport of ‘slugs’ of resuspended material
between two monitoring locations.
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following a hydraulic disturbance. The calibration process
is facilitated by the availability of continuous hydraulic
and water quality data from which specific events can be ret-
rospectively extracted. In this way, a range of values for each
parameter is derived and the model gradually increases the
confidence of its predictions.

For the case study, I =5m which indicates that the
observed hydraulic change is quasi-unsteady. The estimated
value of K=Kg+ Kys for the case study is presented in
Figure 13. Figures 13(a), (b) and (c) show the shear stress
respectively, the change of shear stress and rate of change
of shear stress during the flow disturbances; where the
latter two parameters influence the value of K. K is calcu-
lated both for the flow deceleration at approximately 1,000 s
and the flow acceleration at approximately 2,500 s. During
the flow acceleration K is higher due to the higher change
of shear stress and rate of change of shear stress which affirms
the assumption that these two parameters control particle
mobilisation. Figure 13(d) shows the calculated K¢ using
Equation (8) in which Kg=1-10"°5"% C; = 7.2 1074
and C, = 0.2to achieve a reasonable prediction of the mono-
chloramine decay during the hydraulic event. Based on the
captured data, it is estimated that the higher reaction rate
continues for 20 min after the rapid change in flow velocity.
Consequently, K,s is applied at approximately 700 m
upstream from WQ2 and N =480, where N is the number
of water quality time steps during which |Az|=0 and
|dzs/dt| = 0 before K = K.

Figure 10 compares the modelled monochloramine con-
centration during and after the rapid change in flow velocity
for cases when the unsteady-state decay coefficient is
applied within the whole pipe and at a discrete location,
i.e. 700 m upstream of WQ2. The application of a higher
reaction rate within the whole pipe results in low mono-
chloramine concentrations over a long time period. This
comparison circumstantiates the assumption that the par-
ticle mobilisation occurred within a discrete section.

In conclusion, while a perfect agreement between the
model and observed disinfectant decay required a complex
calibration procedure of various parameters, the results
demonstrate that the proposed approach can describe the
significant changes in monochloramine concentration fol-
lowing a hydraulic disturbance which are most likely
caused by resuspended biofilms and sediments. The



706 A. Aisopou et al. | Chlorine decay under steady- and unsteady-state hydraulic conditions

Journal of Hydroinformatics | 16.3 | 2014 ‘

(a) 2 (b) 2
1.5
1.5
= - 1
g £
= 1 - 05
s ]
0
0.5
0.5
0 -1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
time [sec] time [sec]
(c) (d) y x10
0.03
—_— 57
-.(:‘ | iy |
= 0.02 @© 4
= =,
2 001 o3
£ 2|
0 1
-0.01 : g
0 1000 2000 3000 4000 0 2000 4000 6000 8000
time [sec] time [sec]

Figure 13 | Estimation of unsteady-state decay coefficient during a quasi-unsteady hydraulic event: (a) variations of shear stress; (b) the change of steady shear stress; (c) the rate of
change of shear stress; (d) K = Kss+Kys Using: Kss=107° s C; =7.2107% C,=0.2.

validation of the modelling approach to a range of oper-
ational systems and conditions is an ongoing process.

CONCLUSIONS

The mechanisms that lead to the deterioration in the quality
of potable water, principally chlorine residual and discolor-
ation, are not well understood. The presented study provides
a unique insight into the impact of the unsteady flow con-
ditions on the kinetics and decay of chlorine disinfectants.
This has been done by integrating novel instrumentation
technologies for continuous high-frequency time-synchro-
nised monitoring with scale adaptive modelling of the
unsteady hydraulic conditions and their impact on the loss
of disinfectant residual. To the authors’ knowledge, the
experimental investigation presents for the first time hydrau-
lic and water quality data that demonstrate the continuous
and dynamic processes occurring in a water transmission
system. The data show that unsteady hydraulic conditions
may significantly affect the chlorine (chloramine) decay
within water supply networks.
The main conclusions of this study are as follows:
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(1) The assumption of steady-state hydraulic behaviour of
water supply systems is frequently violated. The flow
regimes that occur in water supply systems should be
modelled within a scale adaptive simulation framework.
This provides major benefits over the current practice of
an over-simplified assumption for steady-state hydraulic
conditions based on fixed/periodic data snapshots. In
this way, operators can simulate both transient and
quasi-unsteady hydraulic
sudden water quality changes and prevent failures and
suboptimal control. An EPS hydraulic model with

conditions to diagnose

scale adaptive time steps is sufficiently accurate to
model quasi-unsteady hydraulic flows while a transient
model can be promptly applied to analyse flows where
inertia and compressibility effects are substantial.

(2) The concept of a single model to cover all occurring
hydraulic conditions is associated with many complex-
ities, such as the consideration of hydrodynamic

dispersion. While dispersion is important under laminar

flow cases, it is not important during unsteady-state
flows. The proposed scale adaptive simulation frame-
work switches between modes of analysis depending
on the system state. The current exploration of faster
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©)

(4)

®)

(6

transients is the foundation and pre-requisite knowledge
for achieving this goal.

Understanding the spatial and temporal decay of com-
monly used disinfectants in water supply systems is
critical for defining the optimal concentration at the
source and the required level of booster disinfection in
distribution. Rapid changes in the flow are neither mon-
itored nor simulated. These can significantly increase
the disinfectant decay in operational systems.

It is important to recognise the impact of biofilm-sedi-
ment resuspension resulting from unsteady hydraulic
flows when modelling chlorine decay. The observed dis-
infectant decay in the presented experimental study
could not be simulated successfully by the commonly
used bulk and wall reaction model. The use of a novel
unsteady-state decay coefficient is proposed which is
triggered during a hydraulic change. In this way, bulk
flow and pipe wall reaction coefficients are replaced
with steady- and unsteady-state reaction coefficients.
Based on the acquired hydraulic and water quality data
and published studies, it is hypothesised that the change
of shear stress, the rate of change of shear stress and the
unsteady shear stress are the main factors affecting bio-
film-sediment resuspension. Consequently, the proposed
unsteady decay coefficient accounts for these phenom-
ena. For quasi-unsteady flows, it considers the change
of shear stress and the rate of change of shear stress;
while for transient flows the unsteady decay coefficient
depends upon the change of shear stress and the
unsteady shear stress. The precise mechanisms remain
unclear and further research is required to better under-
stand the unsteady turbulent flow behaviour and its
impact on the formation and transport of slugs of resus-
pended material.

The use of the proposed K. s formulation requires the
calibration of five parameters. The value of K is site
and time dependent as the migration of sediments and
the conditioning of biofilms change with location and
the history of hydraulic disturbances. The calibration
process is facilitated by the availability of continuous
hydraulic and water quality data (turbidity and chlorine
residual) from which dynamic hydraulic events can be
retrospectively extracted (Figure 2). A range of values
for each parameter is derived and the model gradually
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increases the confidence of its predictions. This cali-
bration approach utilises and extends the resuspension
potential method proposed by Vreeburg & Boxall
(2007).

(7) While this study was applied to a water transmission
main, further experimental research is required to
gather hydraulic and water quality data with sufficient
temporal and spatial resolution in distribution networks.
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