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ABSTRACT
This paper explores the concept that periodic imposed excess shear stress events to manage
discolouration risk in trunk mains can also impact on the chlorine wall decay by changing the
properties of the accumulated pipe wall material. By implementing a series of varying magnitude
shear stress events in multiple trunk main demonstrated that significant material was mobilised,
thereby cleaning the mains and reducing discolouration risk. Measured chlorine data also suggests
that repeated shear stress intervention also reduced the chlorine wall decay relative to a control
network and the larger the intervention greater the benefit. Calibrated first order chlorine decay
simulations in EPANET supported this finding. The modelling results further show that the wall
decay has a dominant influence on this change even for these large diameter pipes. The
significance of these findings is to evidence the additional value of regular hydraulics based
cleaning interventions for large diameter mains delivering service improvement in terms of both
discolouration risk and persistence of chlorine residual.
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1

BACKGROUND

1.1

Discolouration Processes and Management Strategies

The effective management of water distribution networks from water treatment works (WTW) to
tap approach is an essential action to safeguard public health and asset longevity. However as soon
as water flows through distribution systems, it starts to deteriorate due to complex physico-chemical
and microbiological interactions. Hence, water quality failure is predictable considering network
complexities and the diverse variables interacting with bulk water and pipe wall. This includes
discolouration incident due to the mobilisation of accumulated material from the pipe wall.
Discolouration is a wide-spread water quality issue due to its visibility and causes the highest
consumer contacts globally which affecting customer confidence in tap water [1]. In 2001, the
PODDS (Prediction of Discolouration in Distribution Systems) model [2] was developed and
validated to describe the behaviour of the wall bound accumulated layers and hence to simulate
discolouration response. The model assumes accumulated layers have cohesive strength properties
where layers conditioned by the peak daily shear stress, can be mobilised during excess imposed
shear stress conditions. Discolouration due to the hydraulic disturbance is critical for transmission
(trunk) mains as it can cause a substantial impact on large numbers of downstream consumers.
However, interventions to remove wall bound materials from large diameter pipes are often
complex, expensive and potentially disruptive for consumers. Based on the PODDS model concept
of conditioning layers with excess imposed shear stress, a non-invasive flow conditioning strategy
[3] was developed by the University of Sheffield in collaboration with UK water companies. This
strategy involves periodic interventions to impose excess shear stress in such a way to mobilise
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controlled amounts of material, below the UK turbidity regulatory limit of 4.0 NTU. This method is
designed to be implemented in operational networks without interrupting customer supply. This
strategy has been successfully implemented in several trunk main systems [4,5].

1.2

Chlorine Applications and Decay Processes

To limit biofilm regrowth and to protect against microbial contamination, application of free
chlorine is widely used in the water distribution systems. Loss of chlorine within distribution
system mainly occurs in two processes: a) bulk decay (kb): chlorine reacts with bulk water organic
and inorganic constituents and b) wall decay (kw): chlorine reacts with pipe wall biofilms,
accumulated materials and corrosion scale [6]. Previous research has shown a strong correlation of
bulk decay with initial chlorine concentration, total organic carbon and temperature [7,8] where the
typical values found between 0.024 -17.7 [9]. Typically wall decay is site specific and can only be
determined through a calibration process. Several studies reported that chlorine decay increases
with the rise of Reynold numbers [10,11], although no investigations are examining how the
properties of accumulated material influences the chlorine decay in a real distribution system.

1.3

Discolouration and Microbial Affiliation

Typically discolouration is considered to be an inorganic particulate issue, although substantial
percentage of organic content has indicated microbial affiliation [12]. Recent studies suggested that
biofilm may play a vital role for discolouration process [13] which is considered to hold floating
inorganic-organic particles and creates a robust protected environment for microorganism against
the impact of disinfection [14]. Similar to accumulated material cohesive nature, biofilms have been
identified as a cohesive, three-dimensional polymer structure that can be mobilised with increases in
shear stress [15]. Research indicates that chlorine penetration is limited into the biofilm matrix and
have a reduced efficacy against biofilm microorganisms [16,17]. Therefore by mobilising the top
weak biofilm layer along with cohesive material layer during shear stress events potentially expose
fresh biofilms which is a concern that it could increase the chlorine wall decay due to the new wall
condition. While the flow conditioning has been proven to be good for controlling discolouration
risk, the aim is to explore if it has any impact on chlorine wall decay.
This paper investigates the long-term impact of periodic flow conditioning intervention on chlorine
wall decay. The robustness of the chlorine wall decay coefficient assessment was tested by longterm data monitoring and modelling in multiple similar operational trunk main system.

2

METHODS AND MATERIALS

2.1

Site Details

To investigate the impact of trunk main flow conditioning on chlorine wall decay, a UK-based
operational water distributional network was selected. The network was chosen to have three trunk
mains fed from a single water source and hence the same chlorine residual and bulk water
properties from WTW inlet. Single water source also ensured similar water chemistry existed in the
trunk mains. All three trunk mains had similar hydraulic behaviour and pipe material and as a result
similar discolouration risk prior to the investigation. These conditions also ensured similar decay
processes as chlorine decay is influenced by both hydraulic conditions and pipe material. Table 1
presents the three selected trunk main hydraulic conditions and pipe properties. The source water
was treated with a ferric coagulation based processes. Typical chlorine dosing in the treated water
varied between 1.0-2.0 mg/l. Average treated water turbidity was between 0.05-0.2 NTU. Longterm spot samples results showed that average treated water iron, manganese and aluminium
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concentrations were 23, 6 and 39 mg/l.
Long-term average TOC (total organic
carbon) and pH was 1.7 mg/l and 8.8.
A schematic representation of the selected
network and its associated monitoring
instrumentation is presented in figure 1.
Continuous loggers were strategically
deployed to captures all the essential
information for chlorine decay modelling
assessment.

Figure 1: Network schematics showing instrumentation location
Table 1:Trunk mains hydraulic properties (here CI = Cast iron)
Velocity
[m/s]

Shear stress
[N/m2]

(min,
average,
max)

(min,
average,
max)

Reynold
number [-]
* 104

Trunk
main
System

Mean
Internal
Diameter
[mm]

Pipe
Material

Length
from WTW
outlet to
downstream
logger [km]

TM 1

304.8

Partially
lined CI

6.4

0.4,0.6, 0.8

0.1,1.0,2.5

4,8,15

TM 2

406.8

Unlined CI

5.6

0.1,0.3,0.45

0.1,0.75,1.7

4,8,14

TM 3

304.8

Unlined CI

5.9

0.2,0.4,0.6

0.15,1.0,2.2

5,9,13.5

2.2

(min,
average,
max)

Fieldwork Setup, Monitoring and Data Processing

To investigate the impact of flow conditioning on chlorine decay, three independent strategies were
implemented in the three selected trunk mains. Two cleaning strategies were designed, one with a
40% shear stress increase in addition to the peak shear, termed normal flow conditioning. The
second with a 15% addition to the peak shear, termed passive flow conditioning. Both normal and
passive flow conditioning was implemented quarterly. The third trunk main, acting as a control had
a flow conditioning intervention at time zero and after 12 months. All flow conditioning trials were
operated using similar conditions e.g. same equipment’s and conducted at similar times of the day.
Flow, and therefore shear stress, was increased during flow conditioning intervention and measured
through Langham UK specified hydrant standpipe attached with ABB magflow meter. Flow was
controlled via throttle gate valve. Turbidity response during the interventions was monitored
through ATI Nephnet loggers at 1 Hz frequency. Continuous flow at the inlet of the trunk main was
measured by ABB flowmeter at 15 minutes sampling frequency. Free chlorine residual was
measured with 15 minutes sampling interval at trunk main upstream and downstream using Evoqua
Chloroclams. Continuous chlorine loggers were spot checked and calibrated with Hach handheld
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colorimeter. The handheld logger was calibrated against standard gel for instrument verification.
Regular discrete samples were used to measure the average treated water temperature throughout
the investigated period. A one-off period of downstream pressure monitoring was undertaken for
the three trunk mains using Syrinix Transientminder at 15-minute sampling frequency for hydraulic
calibration purposes. Zero leakage was considered for modelling purpose.

2.3

Chlorine Decay Modelling

Prior to the chlorine residual modelling, hydraulic models were calibrated to determine a unique
solution to headloss and velocity and travel times. The calibration was facilitated by using a 1 mm
roughness (ks) equal to 2 mm effective diameter (D) reduction concept [18]. The unique paired (k s
and D) values were determined from using the PEST [19] calibration model integrated to EPANET
[20] hydraulic model.
Table 2: Investigated trunk mains optimised hydraulic configuration
Trunk main System

Length
[km]

Optimised
Diameter, D [mm]

Optimised
Roughness, ks [mm]

TM- 1

6.4

303.2

8.50

TM-2

5.5

395.8

10.35

TM- 3

5.9

292.3

7.50

The chlorine quality modelling was simulated through standard Epanet software with simplified
first order reaction kinetics for decay analysis. Use was made of the functionality to separate bulk
and wall decay coefficients. Prior to the monitoring, a jar test was conducted from the treatment
works final water at 5(±2)°C water temperature with kb_5 estimated as 1.79 day-1. Unfortunately,
further jar tests were not conducted, so changes in the bulk coefficient over the year were not
measured. However, temperature effects were accounted for. The site and time specific kb_5 value
was used to determine kb_20 value from Arrhenius equation using the E/R value of 7300°C [11].
Bulk decay values were further corrected using equation 1 according to the recorded mean treated
water temperature where necessary. Thus a representative common value for bulk decay that
includes temperature effects was produced and used for all three trunk mains. The wall reaction
coefficient was then adjusted to account for any other effects. Hence, systematic change across all
three could be due to source effects, but the difference between the trunk mains would be due to the
wall effects.
kT = k20 *θ(T-20)

(1)

Where kT = decay at any given temperature (d-1); k20 = decay at 20°C reference temperature (d-1);
= temperature correction factor (unit less).

θ

Pipe wall decay (kw) was estimated through an iterative calibration process in EPANET using the
field measurement and simulated values to maximise the correlation coefficient (R 2). As it was a
single parameter calibration, a manual approach was chosen for the optimisation purposes.

3

RESULTS
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Flow Time Series and Trial Results

Figure 2 presents flow data from the three investigated trunk mains with the designated quarterly
trial period. Over the 12 months monitoring period there were a series of burst events affecting all
three trunk mains, these are also marked in figure 2. All burst events occurred in the downstream
distribution zone, except for the burst in June 2016 directly effecting both TM-2 and TM-3. This
event started in TM-3 main 1.7 km from the treatment outlet, with the flow then rezoned via parallel
TM-2 due to the maintenance work. Significant material was mobilised during these events which is
not presented in this paper.
Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Figure 2: Flow data for the three selected trunk mains and the associated planned-unplanned
event; here green arrow represent flow conditioning event and red arrow bursts event
Figure 3 presents the material release rate amount per unit excess shear stress during the flow
conditioning trial. The material release rate was estimated by integrating the turbidity time series
multiplied with flow data and divided by summed excess shear stress and effective pipe area to
render a single, directly comparable number. It is evident from figure 3 that a sufficient amount of

Figure 3: Material release rate per unit excess shear stress for all flow conditioning trial
material was mobilised from each trial, with the highest amounts recorded from the trunk main
subject to normal flow conditioning. Relatively less material was released and monitored from
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passive flow conditioning main (TM-2) due to the multiple burst events in TM-2 which potentially
affect the trial induced turbidity response. Similar amounts of material were released from the
control main trials at time 0 and after 12 months, although 12 month results could have been
influenced by the burst events that occurred in June and December 2016.

3.2

Long-Term Chlorine Measurement

To investigate the impact of flow conditioning intervention on chlorine wall decay, modelling was
undertaken to simulate the long-term chlorine measured data with an emphasis on understanding the
change in wall decay coefficient.
Trial 2

Trial 3

Trial 4

Trial 5

Figure 4: Time series signals of chlorine and temperature data; top plot showing treated water and
3 supplied downstream trunk mains free chlorine residual and bottom plot showing 3 trunk mains
temperature profile in °C
Figure 4 shows chlorine residual monitoring data from the WTW treated water and the downstream
end of each trunk main. Continuous monitoring was not functional during the first quarter following
trial 1. Also, there were some periods where the instrument did not monitor data due to operational
issues. The difference between WTW outlet and the downstream of all three trunk mains across the
long-term data demonstrates that chlorine dissipates with time due to the reaction with water
compounds and other influencing variables during transit. It is evident from figure 4 that with the
gradual rise of temperature from May 2016, chlorine dosing was increased in the treatment works to
balance the downstream residual limit. Similar dosing was maintained at the WTW outlet from July
to September 2016 as the temperature was steady in that period. A gradual drop in downstream
residual was observed during this period suggesting temperature influence on chlorine demand.
After mid-September temperature started to drop steadily, yet similar upstream dosing was
maintained. An increase in TM-2 chlorine residual trend was observed during this period, however
there was no other trunk main data available from end October to mid-December 2016. WTW
chlorine dosing was lowered slowly from November due to compensate for the low water
temperature. Even with relatively less chlorine dosing, downstream residual was higher indicating a
strong temperature impact on downstream residual.
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Bulk Decay Assessment

Figure 5(a) presents the bulk decay coefficients assessed from using a common bulk wall decay
coefficient across all sites that was adjusted to the trial duration mean treated water temperature.
Therefore, kb values were estimated as a similar pattern to the measured temperature profile, shown
in figure 5(a). Figure 5(b) presents the chlorine decay partial simulation for TM-1 during trial 4 to
demonstrate the how wall decay influences the actual measured response of the system. Results
depict that relatively large differences from downstream measured to simulated data was observed
by simulating site-specific kb value (=4.2 d-1) and assuming no wall effect (kw = 0). This gap in
simulated and measured data was compensated by wall decay coefficient (kw = 0.4) to calibrate the
model response.

Figure 5: Bulk decay assessment a) average treated water temperature and site specific bulk decay
adjusted to the temperature, b) Upstream-downstream measured data with chlorine residual
simulation using only kb (=4.2 d-1)and kb (=4.2 d-1) + kb (=0.4 d-1)

3.4

Wall Decay Assessment

Figure 6 presents the calibrated wall decay for all three trunk mains simulated to the quarterly
chlorine time series data. Trial 1 results were not available due to the lack of continuous chlorine
data during this period. The control main (TM-3) had the highest kw value for trial 2. A drop of kw
was observed in trial 3 for both TM-2 and TM-3, however the same trend was not observed for TM1 suggesting the large burst event in June 2016 impacted the wall decay process. An increase of kw
was seen for TM-1 in trial 3 which is assumed to be influenced by relatively high water temperature
and therefore higher microbial activities. Calibrated kw in trial 4 was found increasing for all three
cases where control main (TM-3) had the highest wall decay rate. Although the overall temperature
was lower during trial 5, so does not
contribute to the difference in results
observed. Noticeably the control main
(TM-3) kw value, remained relatively
static compared to the trunk mains
undergoing flow conditioning. Of
interest is that TM-1 performed best
considering wall decay comparisons.

Figure 6: Calibrated wall decay and mean treated water temperature

4

DISCUSSIONS
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The improvement of the kw value can be explained from the idea that excess shear stress generated
via flow conditioning intervention or burst event mobilised discolouration material from the pipe
wall as well weak biofilm layers, potentially exposing remaining biofilms sections less chlorine
resistant. The available chlorine residual reacts with the reduced biofilm and possibly inactivates
faster compared to the normally developed biofilm and creates the equilibrium conditions quickly.
The results also demonstrated that chlorine decay has an inverse relation to the imposed shear
stress, where higher applied shear could mobilise more biofilm and the remaining reduced biofilm
returned quicker to an equilibrium situation. While this change in wall decay condition was
observed short-term between the trials, it is required to impose shear stress in a regular interval to
manage the reduced wall decay. The implication of the findings here is that, in addition to reducing
discolouration risk, long-term flow conditioning strategies could reduce chemical-operational costs
by permitting lower chlorine dosing through improved maintenance of residual in trunk main
system.
This study conducted with robust monitoring and decay assessment using a simplified modelling
approach show positive impacts of flow conditioning on chlorine wall decay. However, further
understanding is required into the linkage between chlorine demand behaviour and discolouration
material present on the pipe wall such that intervention strategies can be optimised for both benefits.
Further investigation should include integration of temperature into a variation of wall effects and
regular bulk decay measurement.

5

CONCLUSIONS

This study investigated the impact of trunk main shear stress driven flow conditioning strategy on
chlorine wall decay. The findings from this long-term study are:




6

Periodic imposed excess shear stress events e.g. flow conditioning reduced chlorine wall decay.
The higher the applied shear stress, the better the observed chlorine wall decay benefit.
The improvement of chlorine wall decay due to the applied shear stress events was found to
be temporary and hence regular hydraulic interventions are required to maintain the benefit.
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