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Excessive accumulation of particulate material and biofilms on the inner walls of drinking water pipes
increases the risk of water discoloration events, known to be the major cause of customer complaints
worldwide. As a result, water utilities use pipe flushing operations to mobilize material deposits from ‘dirty
sections’ of their pipe networks. Nevertheless, the development of preventative strategies is still limited by
the lack of knowledge about the material accumulation process and the behaviour of resuspended
particles during flushing. The goal of this paper is to investigate the behaviour of insoluble iron oxide
particles during controlled accumulation and flushing processes in PVC drinking water pipes. A set of four
experiments was completed where water with a known concentration of iron oxide particles was
introduced into a full-scale pipe loop laboratory system under steady flow conditions producing the
accumulation of particles along half the pipe length. The system was then flushed using two sequential
velocities (0.7 and 1.2 m s™) and the direction of flush was changed between each independent flushing
stage. During the flushing operations, it was found that a small number of mobilized particles can reattach
to downstream sections pipes, and resist mobilization to elevated wall shear stresses of 1.2 Pa.
Furthermore, even after successive flushes in one direction, a subsequent flush of equal velocity in the
opposite direction was able to mobilize new particles from the pipe wall surface. These findings revealed a
new mechanism of particle resistance to mobilization that is independent of the WSS. These results may
assist water utilities in improving flushing strategies for DWDSs and managing accumulated material in their
networks.
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This paper investigates the behavior of particulate material during flushing operations in a full-scale laboratory drinking water distribution system.
Resuspended particles were found to reattach to pipes during flushing, and their resistance to mobilization was also impacted by the flow direction. Results
aim to assist water utilities to improve flushing strategies and manage particle accumulation in their systems.

1.0 Introduction magnitude is dependent on the fluid velocity and absolute
roughness of the pipe, and can be calculated using the

The accumulation and mobilization of sediment and biofilms Darcy-Weisbach equation (eqn (1)):

in drinking water distribution systems (DWDSs) are caused
by several factors that include high flow events, pipe breaks,
and pump trips. For example, in the case of a fire, first
responders typically draw water from the DWDS at a high
flow rate through a hydrant connection. This in turn

o= S (1)

where 7 is the WSS (Pa); fp is the Darcy-Weisbach friction
factor; p is the water density (kg m™); and V is the average

increases the fluid velocities and wall shear stresses (WSSs)
in the local distribution pipes and can cause material
mobilization.” The WSS is a tangential force produced by
water flow over the pipe wall that pulls materials adhered to
the pipe wall surface into the flow direction. Its average
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fluid velocity in the pipe (m s™).

The material shear strength (MSS) in contrast is a measure
of the adhesion and cohesion forces of accumulated material
on pipe walls. When WSS exceeds MSS, the mobilization of
accumulated material occurs.>® Material released during
discolouration events is often of differing size and density
and it can originate from processes within the DWDS such as
corrosion, salt and metal precipitation, and biofouling.*
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Discolouration events tend to be dominated by metals such
as iron and manganese.” Although iron and manganese often
cause aesthetic issues,”” manganese has been associated
with harmful neurological impacts,®® and drinking water
regulations and guidelines have reflected the need to manage
manganese from a health perspective.'™" Because
discolouration is highly visible to consumers, it is the leading
cause of complaint among customers to their water utility
companies.® The obligation to meet new regulations and
address customer complaints means that discolouration
events can also have financial implications for water utility
companies. These factors have spurred water utilities to
develop techniques to reduce the buildup of material
deposits within DWDSs.

Currently, pipe flushing is one of the most powerful tools
that water utilities use to address issues with material
accumulation in DWDSs. Conventional flushing consists of
opening hydrants in specific areas of a DWDS until preselected
water quality targets are achieved. These targets could include
detectable disinfectant residual, reduction/elimination of
discoloured water, and a reduction in turbidity. Since valves are
not closed to isolate segments of pipes in conventional
flushing, water flows from multiple mains to the hydrant and
this seldom maximizes fluid velocities.">"® This lowers the
cleaning efficiency of the procedure. Despite this, conventional
flushing remains popular because it is effective at restoring
disinfectant residuals by refreshing old water in the pipes, and
being easy to perform compared to other flushing
techniques.'>"?

Alternatively, unidirectional flushing (UDF) is a technique
originally proposed by Oberoi'* that has gained popularity
among water utilities and discolouration research.'”**>'®
UDF involves isolating a pipe section or loop through valve
closures to flush a pipe segment in a single direction.'® The
fluid velocities used in UDF must provide sufficient scouring
action on the surface of the distribution pipes to remove
sediments, biofilms, and loose deposits. The velocity most
associated with UDF is approximately 1-2 m s™* within each
pipe segment.'® An ideal UDF procedure calls for a
sequential deployment that begins at the treatment plant or
source and progresses to the periphery of the DWDS with
flushed water expelled from the system. In practice this is
seldom accomplished due to the resources required to flush
an entire DWDS and some water utilities have chosen to
flush a select number of neighbourhoods (3-10) per year."
Specific factors such as fluid velocity and flush duration
needed to effectively clean distribution pipes have proven to
be site specific and dependent on accumulation period,
treated water characteristics, and pipe material.>"* Although
UDF is recognized to be an effective method of maintaining
water quality in DWDSs, UDF operations are considered
expensive, use large amounts of water, and require the
isolation of pipe sections which can lead to temporary
discontinuance of service to consumers. These shortcomings
have encouraged researchers to better understand pipe wall
material dynamics in DWDSs and utilize network simulation
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to design more efficient and effective cleaning
protocols.*®*”

Despite noticeable short-term improvements after

flushing, the positive effects on water quality have been
shown to be short lived. Research has shown that the
benefits of traditional flushing may only last for
approximately 14 days after flushing and the accumulated
material loads were similar only one year after flushing.'®
The complicated behaviour of material mobilization due to
flushing in DWDSs leaves many unanswered questions
regarding the effectiveness of flushing to improve long-term
water quality. Clearly, flushing protocols induce the
mobilization of loose and built-up material from the internal
surface of pipes, but the fate of the mobilized material and
how it behaves in suspension is not well understood. These
questions motivate the need for the present controlled lab
experiment to monitor particles before, during, and after
flushing protocols in a full-scale pipe system. It is theorized
that, even under flushing flow conditions, the reattachment
of mobilized particles occurs more quickly and at higher
rates than previously understood."’

A key and potentially overlooked aspect of UDF
application is the direction of flushing flow. It has been
suggested that the spatial arrangement of iron particles on
the wall of PVC pipes devoid of any biofilm depends in part
on the conditioning flow field in the pipe, and the size of the
particles moving through the pipe relative to the roughness
elements of the pipe to which they eventually become
adhered.”® Along these lines, whether a particle will be
mobilized by higher flows and WSS when a pipe is flushed
depends in part on how well a roughness “valley” can protect
the particle that is seated in it against the WSS induced by
the flow in the pipe. Furthermore, areas such as the inner
radius of curved sections can create water recirculation zones
with low WSS where material can easily accumulate.
Switching the flushing direction can shift the location of
recirculation zones, exposing the accumulated material to
higher WSS. Additionally, DWDS features such as dead ends
and pipe fittings can create dead zones in a network where
particles can accumulate and become protected from one
flow direction. Material accumulated in these dead zones
could be susceptible to mobilization if the flushing direction
is changed. These factors suggest that flushing in the
opposite direction to the operational flow of a DWDS may
mobilize material that was otherwise protected in the
operational direction.

In this context, this paper aims to examine the behaviour
of particle mobilization and reattachment in PVC pipes
during controlled flushing experiments after the deposition
of iron oxide via the circulation of a concentrated particle
plug in a full-scale PVC pipe loop system. Specifically, the
objectives of the experiments were to (1) investigate the
behaviour of iron oxide deposition using a particle plug and
the total mass of iron oxide deposited on certain sections of
the PVC pipe loop; (2) investigate the dynamics of particle
mobilization during flushing using a reverse flow direction;
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and (3) determine the extent to which direction alone is a
factor at mobilizing seated particles from the surface of PVC

pipes.

2.0 Materials and methods

The experimental program was performed in the Drinking
Water Distribution Laboratory (DWDL) at Queen's University
- a unique research facility capable of partially replicating
hydraulic conditions of operational DWDSs. A full-scale pipe
loop system with 193 m of 108 mm internal diameter IPEX
Blue Brute pipes was used for the experiments in an open-
end configuration (Fig. 1): (i) local drinking water is supplied
to a 3800 L tank, (ii) centrifugal pumps draw water from the
tank and pump it into the pipe-loop entrance, and (iii) after
flowing through the pipes, the water is discarded into a
drain. The entire pipe loop system is in a temperature-
controlled chamber with online sensors that monitor the
tank level, pipe flow rate, pressure, temperature, and
turbidity. Fig. 1 shows the pipe loop system with the
longitudinal locations of the turbidimeters, sample ports,
and the injection point (discussed below) in both plan and
profile views.

A set of four experiments (A, B, C, and D) were performed,
each divided into two phases: loading and flushing.
Experiments A and B are classified as high loading flow
experiments while experiments C and D are low loading flow
experiments (Table 1). In the experiments, inert and
insoluble synthetic ferric oxide (Fe,03) were injected into the
middle of the pipe loop to promote their accumulation on
only the second half of the pipe loop length. These particles
are commonly produced from corrosion of cast iron pipes,*
and were selected for focus the experiment investigation on

Turbidimeter
(T1)

(a) Plan View:
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the impact of system hydrodynamics on particulate material.®
Precise control over particle injection was achieved using a
diaphragm pump that drew water from a large mixing tank
with a known particle concentration. This setup allowed the
production of finite ‘particle plugs’ traveling through the
pipe-loop, which were designed to a length of 240 m and
concentration of 20 mg L. The loading phase of each
experiment consisted of the passage of a total of two particle
plugs to allow a higher quantity of particles to be deposited
at the pipe wall. After the exit of the particle plugs from the
pipe loop the steady flow was maintained until an additional
volume of 1.5 pipe loops was passed through the system.

Following the loading phase in each experiment, the
pipe-loop was flushed using a sequence of four flushing
stages (F1-F4) in different combinations of flow directions
and flow rates to examine the effectiveness of changing the
flow direction in mobilizing material from the pipe wall. F1
and F2 were executed at a velocity of 0.7 m s™', while F3
and F4 were performed at a flow rate of 1.2 m s™*. Table 1
shows the hydraulic parameters during all stages of the
experiments. The flushing sequence of experiments A and C
started with a forward flush step (FFS1), which was then
alternated to a reverse flush step (RFS1), and then this
sequence of direction was repeated at a higher flushing
magnitude (FFS2 and RFS2). Meanwhile, the flushing
sequence of experiments B and D was inverted, starting
with RFS1, followed by FFS1, RFS2 and FFS2. Fig. 2
illustrates the flushing sequence for all 4 experiments. In
each flushing step, a total of three pipe-loop volumes were
used to flush the pipes, followed by an additional two
repetitions of the full flushing step with the exact same
conditions. This guaranteed that all mobilized material was
flushed out the system before the next step.

Sampling Injection
Port (SP1) Point
Forward Inlet ¢{ 6 T2 (R) b ,L 6 T2(F) T3 é Reverse Inlet
Reverse Outlet Q SP2(R) (P T (P SP2(F) SP3 Q Forward Outlet
Longitudinal Position (m): 0 2 82 99 117 190 193
(b) Profile Reverse Inlet I3
View: Forward Outlet I:>:8§SP‘3 ~ 2 Loop #11
o = ) Loop #10
o ) Loop #9
- O.T2(F). j Loop #8
_ O SP2 (F) Injection Point __=> Loop #7
- O.12(R).. el ~ > Loop #6
_ OSP2(R) __/ > Loop#5
/ ~ > Loop#a

o Loop #3
) ) Loop #2

Forward Inle}
Reverse Outlet

/ ~ > Loop#1

SP1

S

f DP }
—J
Diaphragm
Pump

Concentrated Solution
With Iron Oxide Particles

Fig. 1

(a) Plan view schematic of the pipe loop with the location of turbidimeters, sample ports, and injection point. (b) Profile view schematic of

the pipe loop with the locations of turbidimeters, sample ports, injection point, tank mixer, and diaphragm pump.
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Table 1 Hydraulic parameters of the PVC pipe loop for the different stages of the experiments

Flow rate Velocity Wall shear stress Reynolds Total duration
Experiment stage (Ls™ (ms™) (Pa) number (minutes)
Loading phase, high loading flow experiments (A, B) 0.90 0.10 0.04 10 600 210
Loading phase, low loading flow experiments (C, D) 0.60 0.07 0.02 7000 300
Flushing phase, flushing steps F1 and F2 6.50 0.70 1.20 76 600 42
Flushing phase, flushing steps F3 and F4 11.0 1.20 3.09 13000 24
Experiment A: High Loading Flow, Forward First Flush
F1 F2 F3 F4
loadingPhase 3B = L Y. .

[v=0.10 m/s, tw=0.04 Pa]

Experiment B: High Loading Flow, Reverse First Flush

v=0.70 m/s, w=1.2Pa

v=1.2m/s,w=3.0 Pa

F1 F2 F3 F4
Loading Phase Rt JNNEESTIND Rz RS2
[v=0.10 m/s, tw=0.04 Pa]
Experiment C: Low Loading Flow, Forward First Flush
F1 F2 F3 F4

Loading Phase — b §

RFS1

RFS2

[v=0.07 m/s, tw=0.02 Pa]

Experiment D: Low Loading Flow, Reverse First Flush

F1

v=0.70 m/s, ww=1.2 Pa

v=1.2m/s,w=3.0 Pa

F2 F3 F4

Loading Phase

[v=0.07 m/s, tw=0.02 Pa]

RFS1

Fig. 2 Description and order of stages for experiments A, B, C, and D.

Continuous high-resolution turbidity measurements (1
Hz) were collected with three Hach TU5300sc turbidimeters
T1, T2, and T3, located at the entrance, middle, and exit of
the pipe-loop. Here, T2 is located 18 m from the injection
point which means that it is 20% of the distance between the
injection point and the exit of the pipe loop at T3 of 91 m.
The filtered drinking water used to refresh the system had a
baseline turbidity of 0.040 NTU. In addition, several bulk
water samples were collected throughout the experiments to
assess the suspended sediment concentration (SSC) and
particle size distribution (PSD).

Bulk water samples were taken from the centerline of the
pipes at three sample ports SP1, SP2, and SP3 at locations
mirroring the turbidimeters at the entrance, middle, and exit
of the pipe-loop as indicated in Fig. 1. The SSC was measured
through a traditional gravimetric method using glass-fiber
filter membranes with a pore size of 0.7 um.

The particle size distribution (PSD) of bulk water
samples was analyzed using a Malvern Mastersizer 3000
which uses laser diffraction to measure particle size
distributions from 10 nm to 3.5 mm. Refined turbidity
data and SSC measurements were combined to determine
the mass of iron oxide particles deposited and mobilized
during all phases of the experiments using the method
developed by Braga and Filion.>® Distinct calibration

This journal is © The Royal Society of Chemistry 2025

RFS2

coefficients were calculated based on the real time
turbidity data corresponding to the SSC samples. The four
experiments were separated into two groups, the high
loading flow and low loading flow experiments, based on
the loading phase hydraulic conditions. Separate
coefficients were created to represent the SSC samples
taken from sample port 2 (SP2) and sample port 3 (SP3).
A total of four coefficients were used in the loading phase
analysis. In comparison, only one coefficient was
calculated for all the flushing phases due to the higher
variability of PSD and concentration. In this case, SSC
and turbidity measurements were taken from the furthest
downstream sampling point for each flushing step. The
concentration of each SSC sample was combined with the
average turbidity over the duration of the sample. The
result yielded the coefficient as a concentration in relation
to turbidity as shown in eqn (2):

SSC (mg L™")/Turb,y, (NTU) = o (mg L™ NTU ™) (2)
By combining the coefficients with the real-time flow and
turbidity data, a mass flux (M) of suspended particulate

material was estimated using eqn (3):

M;(mg s") = a(mg L™ NTU ") x Turb (NTU) x Q (Ls™") (3)
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The integration of the mass flux curves, as shown in eqn (4),
yielded mass values at each phase of the experiment (Mry)
that were used to interpret the quantity of material added to
the system during the loading phase and the amount
removed during flushing. The material removed from
flushing for each experiment was analysed and the results of
the forward and reverse tests were compared to see the role
that direction plays in mobilizing iron oxide particles from
the pipe wall surface.

My = JTMfdt (4)

here, ¢ = time (seconds) and T = period over which suspended
materials are deposited or mobilized from the pipe wall
(seconds).

The mass of particles injected into the pipe loop was
calculated by using SSC samples from the mixing tank and
the measured volume of the concentrated particle water
mixture pumped into the pipe loop for each experiment. The
differences between the calculated mass injected into the
system and the calculated mass that passed through T2 and
T3 were used to determine the mass of material deposited
between the injection point and T2, and the mass of material
deposited between T2 and T3.

3.0 Results

The first objective of this paper was to investigate the
behaviour of iron oxide deposition using a particle plug and
determine the total mass of iron oxide deposited on certain
sections of the PVC pipe loop. The real-time turbidity data
and the corresponding SSC samples taken for each particle
plug were analyzed from the loading phase. The results of
the iron oxide particle deposition during the loading phase
are summarized in Table 2. Overall, an average of 70% of the
total material mass injected into the loop was deposited
along the pipes of the loop across all experiments during the
loading phase; the remaining material exited the pipe loop.
An average of 62% of the total material deposited in the
pipes was accumulated in the first 20% of the pipe loop
length (between the injection point and T2), indicating a
faster deposition rate of particles right after their injection in
the system.?

View Article Online
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The second objective was to investigate the dynamics of
particle mobilization during flushing using a reversed flow
direction. Mass flux curves were examined for the respective
flushing phases of each experiment and used to characterize
particle behaviour. Fig. 3 shows the mass flux profiles of
flushing stage 1 (F1) for all experiments. Curves in Fig. 3
showed a rise to a peak mass flux followed by a decline that
indicates the arrival of the freshwater front at the exit of the
pipe loop. A more gradual increase and a sharper decrease in
mass flux were observed for the forward first stage
experiments (experiments A and C in Fig. 3) with peaks at
approximately 0.5 pipe loop turnovers. A pipe loop volume
turnover describes the portion of the total pipe loop volume
(not including the tank reservoir) that has passed through
the outlet of the system. Therefore 0.5 pipe loop turnovers
correspond to the water located in the center of the pipe loop
near the injection point. A sharper increase in mass flux and
more gradual decrease was observed in the reverse first stage
experiments (experiments B and D in Fig. 3), including a
small increase around 1.0 pipe loop volume turnovers. The
low loading flow experiments showed higher peaks in mass
flux than the high loading flow experiments; this indicates a
higher rate of particle deposition in the low loading flow
experiments. However, the similarities in the shape of the
turbidity curves between forward first stage and reverse first
stage experiments show that the behavior of particle
mobilization was consistent across experiments with the
same flushing order. Fig. 4 shows the mass flux profiles from
flushing stage 2 (F2), where the pipes were flushed at the
same flow rate as in F1 but in the opposite flow direction.
The mass flux rate had substantially smaller magnitudes, but
consistent mobilization of particles from the pipe walls was
still observed. For example, when the direction is changed,
the forward first stage (A and C) and reverse first stage (B
and D) experiments correspond to RFS1 and FFS1
respectively. Mass flux plots in Fig. 4 show two distinct peaks
in mass flux at pipe loop volume turnovers of 0.5 and 1.0.
Surprisingly, the increase in mass flux in flushing stage 2
occurred earlier in experiments B and D (Fig. 4), which were
flushed in the reverse direction in flushing stage 1.
Meanwhile for experiments A and C (Fig. 4), the increase of
mass flux rate occurred at the expected mark of 0.5 pipe loop
turnovers - the same position where particles were initially

Table 2 Accumulated mass of iron oxide particles during the loading phase based on the online turbidity data transformed to SSC

Experiment A B C D
Loading phase flow rate 09Ls™" 09Ls™" 0.6 Ls™" 0.6 Ls™"
First flush direction Forward Reverse Forward Reverse
Mass injected from the tank into the system (g) [U] 56.6 56.6 56.5 56.5

Mass detected passing through T2 (g) [V] 35.2 (62%)" 34.7 (61%) 29.5 (52%) 29.7 (53%)
Mass detected passing through T3 (g) [W] 22.2 (39%) 23.4 (41%) 20.4 (36%) 20.3 (36%)
Acc. mass between the injection point and T2 (g) (18 m) [X = U - V] 21.4 (38%) 21.9 (39%) 27.0 (48%) 26.8 (47%)
Acc. mass between T2 and T3 (g) (73 m) [Y=V - W] 13.0 (23%) 11.3 (20%) 9.1 (16%) 9.3 (17%)
Total acc. mass between the injection point and T3 (g) (91 m) [Z =X + Y] 34.4 (61%) 33.2 (59%) 36.1 (64%) 36.2 (64%)

“ Percentages calculated based on the mass injected into the pipe loop [U].
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Fig. 3 Flushing stage 1 mass flux profiles measured at the outlet for exp. A - FFS1 (T3), exp. B - RFS1 (T1), exp. C - FFS1 (T3), and exp. D - RFS1
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injected in the pipe loop. These results strongly indicate that
the first flushing stage in the reverse direction (experiments
B and D) caused a redistribution of particles along the clean
sections of the pipe loop. This also means that a fraction of
the particles that were mobilized in the first flushing stage
were reattached to the clean pipe sections at a high flow rate
of 6.5 L s™" and WSS of 1.2 Pa. This is shown in Fig. 5 where
the first 50% of the pipe loop remains devoid of particles
after flushing stage 1 for experiments A and C while the
reverse flush in flushing stage 1 in experiments B and D
caused reattachment in the first 50% of the pipe loop length.
This reattached material is depicted in the first 0.5 pipe loop
turnovers as shown in Fig. 4 in experiments B and D. Fig. 5

This journal is © The Royal Society of Chemistry 2025

also illustrates that, after flushing stage 2, particles are
mobilized and redistributed throughout the entire pipe loop
once it has been flushed in both the forward and reverse
directions.

The turbidity and SSC data were used to ascertain how
much material was removed from the system during
flushing. Table 3 presents the total mass of iron oxide
particles that was mobilized during each of the 4 flushing
stages. A clear trend was observed across all experiments
showing that an average of 94% of the total mobilized
material across all flushing stages occurred in F1 followed by
averages of 2%, 4% and 1% in F2, F3, and F4, respectively.
This again corresponds with the findings of Braga and
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Illustration of the longitudinal distribution of particles after flushing stage 1 (F1) and flushing stage 2 (F2). Dashed lines and corresponding

red lettering depict the longitudinal position in terms of percentage of total pipe loop length. Here, 50% corresponds to the position of the
injection point. Colour gradients represent the amount of accumulated material where the darker colour shows a higher distribution near the

injection point and less towards the peripheries of the pipe loop.

Table 3 Mobilized mass of iron oxide particles during the flushing phase based on the online turbidity data transformed to SSC. Blue (shaded) cells
represent a flush in the forward direction and orange (light) cells represent a flush in the reverse direction

Experiment A
Loading phase flow rate 09Ls!
First flush direction Forward

Mobilized mass for F1 (g)
Mobilized mass for F2 (g)
Mobilized mass for F3 (g)
Mobilized mass for F4 (g)

0.8 (3%)
1.1 (4%)
0.3 (1%)

XERCED AN 284 (94%) ERRCEONN 33.5 (94%)

B C D
09Ls™! 06Ls™! 06Ls™!
Reverse Forward Reverse

0.5 (2%)
1.0 (3%)
0.3 (1%)

0.6 (2%)
1.2 (4%)
0.4 (1%)

0.7 (2%)

1.4 (4%)
0.1 (0%)

Total mobilized mass (g) 30.7

30.1 32.3 35.6

¢ Percentages calculated as the mobilized mass per flushing stage per the total mobilized mass.

Filion*® who found that the majority of accumulated iron
particles were removed during the first flushing stage (F1).

After all flushing steps, the overall mobilization efficiency
(percentage of mobilized material versus accumulated
material) averaged 92%, ranging between 89 and 98% across
the 4 experiments. In comparison, by considering only F1,
the same metric is reduced to an average of 86%. This
indicates that the combined effects of changing the flow
direction and increasing the flow velocities improved the
flushing efficiency by approximately 6%.

The results indicated in Table 3 also answer the third
research objective, which was to assess whether there is an
enhanced mobilization of particles when the flushing
direction is changed. The impact of reversing the flushing
direction from F1 to F2 results in an average mobilization of
2% of additional material in the pipe loop. Similarly, the
impact of reversing the flushing direction from F3 to F4
results in an average mobilization of 1% of additional
material in the pipe loop. Results also show that starting the

720 | Environ. Sci.. Water Res. Technol., 2025, 11, 714-724

flushing phase in the reverse direction (experiments B and C)
did not yield a higher mobilization efficiency. This may
indicate that particles mobilized in the second flushing stage
in response to the reversal of flow direction could be the
same particles that are able to reattach to the pipes during
the first flushing stage. Meanwhile the increase of WSS in the
third flushing stage triggers the mobilization of new
particles.'>*?

Lastly, Fig. 6 indicates the PSD results for different phases
of the experiments, including the i) loading tank, ii) loading
phase, and iii) flushing peak. In Fig. 6, the D80 of a PSD
corresponds to the particle size that sums 80% of the PSD
accumulated distribution. Samples collected during the
loading phase showed a high variability of PSD; Fig. 6 shows
their average (solid line) and their minimum and maximum
values (dashed lines). In addition, during the flushing phase
only the samples collected during the passage of the turbidity
peak by the sample port achieved sufficient SSC to perform
PSD measurements. The loading tank samples had a

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Particle size distribution (PSD) of bulk water samples collected during the experiments. The primary vertical axis (left-hand side) denotes
the accumulated PSD that corresponds to the particle volume which is below a corresponding particle size (horizontal axis), while D80 highlights
the particle size where the cumulative curve adds to 80% of all particle volume. Loading tank samples were collected from the high concentrate
solution that was injected in the pipes. Loading phase samples (solid line) is the average of multiple samples collected during the passage of the
suspended particle plume in the pipes, including their minimum and maximum values (dashed lines). Flushing peak samples show the average of
samples collected during the passage of the turbidity peak by the sample port.

distribution of particles ranging from 1 um to over 100 um
with the D80 being around 15 um.

The loading phase samples have more fine particles with
little to no particles exceeding 10 um and a D80 of 6 um. In
comparison, the samples collected during the peak of the
flushing operations were composed of larger particles than
that of the tank and loading phase samples, with a D80 of 40
pm. This demonstrates that the larger and heavier particles
had settled on the pipes shortly after their injection in the
system. This confirms the theory that iron oxide particles
with sizes as small as 50 um are able to settle in smooth PVC
pipes even under turbulent flow conditions (Re = 10 610, WSS
= 0.018 Pa), and are easily mobilized with flushing flow
rates.”® Furthermore, the lack of larger particles in the
loading phase sample proves that larger particles have not
reached SP2 and SP3 where the loading phase samples were
taken, and were accumulated in the first 20% of the pipe
loop length.

4.0 Discussion

During the loading phase of the experiments, the fluid
velocity was found to affect the deposition rate of particles.
In experiments A and B, with the higher loading velocity,
60% of particle mass injected into the loop was deposited
onto the pipe wall; in experiments C and D with the lower
loading velocity, 64% of particle mass injected into the loop
was deposited onto the pipe wall. Despite the low number of
trials realized here, it is hypothesised that extra particles are
held in suspension in the higher velocity experiments, which

This journal is © The Royal Society of Chemistry 2025

also aligns with previous findings from similar experiments
reported by Braga and Filion.>* This suggests that increasing
the fluid velocity increases the particle size threshold that
divides suspended and pipe-wall-attached particles.

Particles attached to the pipe wall surface can be classified
according to their resistance to mobilization - a metric that
is traditionally based on the WSS that is required for
mobilization, also known as material shear strength (MSS).?
Loose particles, commonly caused by gravitational settling,
have low MSS and are the first ones to be mobilized during
flushing upon a small increase of the WSS. Meanwhile,
particles with higher MSS and can persist even after
instances of high WSS. Particles can also become conditioned
by the WSS caused by the flow of water in the pipe and
therefore become more adhered.>**> These experiments
demonstrated that a large fraction of the injected particles
rapidly settled to the invert of the pipes and had low MSS
since they were easily mobilized by the first flushing step
(F1). However, the additional mobilization detected at the
second flushing step (F2) demonstrated that a particle's
resistance to mobilization also has a directional dependence
that was independent of the WSS, since new particles were
mobilized without an increase of WSS in comparison to F1. It
is hypothesised here that the 44x elbows and more than 200x
smooth pipe joints of the pipe-loop may act as enhanced
particle accumulation locations, where small zones of low
wall shear stress are produced due to velocity profile
transitions in these parts. This hypothesis is supported by
the detection of particles from the whole length of the pipe
loop during the flushing step F2 (Fig. 4). The enhanced
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particle accumulation locations may also scale with the
number of fittings and looped pipes in operational DWDSs,
but further studies are required to confirm their real impact
in comparison to material accumulation on straight pipe
sections.

The mass flux profiles from flushing stage 1 for all
experiments (Fig. 3) showed that during the passage of the
particle plugs the highest loads of particles were deposited
near the injection point (immediately after their injection
into the pipes), but that substantial longitudinal deposition
also occurred along the remainder of the pipe loop. These
particle deposition patterns observed in Fig. 3 highlight how
experiments C and D, with lower velocities during the
loading phase, resulted in higher mass flux peaks in
comparison to experiments A and B. This suggests that the
settling rate of particles after injection was a function of the
fluid velocity, where lower velocities promoted higher settling
rates and increased the load of particles next to the injection
point. This trend matches the particle deposition pattern
found by Braga and Filion" in their experiments using the
same laboratory conditions.

In the case of the second flushing stage, when the flow
direction was reversed, the mass flux profiles shown in Fig. 4
highlighted a distribution of particles along the whole length
of the pipes for experiments B and D, which was not
observed in experiments A and C. The latter, which were
previously flushed in the forward direction during the first
stage, used a reverse flushing direction for the second stage
and no particles were found in the first half of the pipe loop,
since deposition occurred only in the second half of the loop.
But for experiments B and D, which were flushed in the
reverse direction in the first stage and then flushed in the
forward direction during the second stage, a steady and high
rate of material flux was observed at the half volume; a
second peak was produced at the full-loop volume before
decaying to background levels with the fresh waterfront
(Fig. 4). This suggests that there was material adhered to the
pipe loop section between the entrance and injection point
that must have been redistributed from the reverse flush of
flushing stage 1 as illustrated in Fig. 5. Despite the
substantially smaller magnitude, these new distributions
observed in Fig. 4 were unexpected, and they highlight the
existence of a concurrent process of particle deposition
during the mobilization of particles in the flushing stage 1. A
phenomenon was previously hypothesized by Braga and
Filion'® through the direct observation of particle attachment
at pipe wall samples which unexpectedly increased after
flushing operations.

In addition, the mass flux curves from flushing stage 2
(Fig. 4) also revealed a second peak at one complete pipe loop
turnover, which corresponds to the exit of the pipe loop
length relative to the flushing direction. Such peaks suggest
that additional particles were mobilized from the furthest
upstream locations of the pipe loop, while the same positions
were previously the furthest downstream locations for the
opposite direction during flushing stage 1 (Fig. 3). Such
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locations, at the extremities of the pipe loop, match with wye-
fittings that are used to route the water to the drain during
flushing operations. In the forward direction, the water inlet
occurs in the straight section of the upstream wye-fitting and
its outlet occurs at the angle section of the downstream wye-
fitting, these are reversed when the direction of the flow is
reversed. For flushing in both directions, a length of
approximately 0.5 m between the straight side of the
downstream wye-fitting and its nearest valve forms a dead-
end water volume at the end of the pipe loop. Given the
increase of the mass flux rate that matches the wye-fitting
position observed in the second flush stage (Fig. 4), it is
hypothesized that in both the loading phase and in flushing
stage 1, an additional accumulation of particles occurred in
the downstream dead-ends formed by the wyes. Such
material was further mobilized in the sequential flushing
operation; this explains the peak that occurs at the full pipe
loop volume turnover. This can be observed in the curves
from experiments B and D in Fig. 3, which have a consistent
distinct curvature around 1.0 pipe loop volume turnover; and
in all curves from flushing stage 2 in Fig. 4, where particles
from the previous flushing step were accumulated in its
corresponding downstream wye-fittings. Dead ends have long
been known as areas of poor water quality'>'® and research
has shown that dead end flushes are particularly effective at
lowering turbidity and total iron.'® The results of these
experiments highlights that the passage of high concentrated
particle suspensions around pipe fittings and intersections
can also produce unexpected particle accumulation that can
be diffused or advected to dead-end zones.

The redistribution of particles mobilized during
unidirectional  flushing could also have important
implications for water utilities that use regular flushing to
maintain water quality. Firstly, flushed pockets of
accumulated material can be redistributed and contaminate
other areas of a DWDS. This means that the amount of
material mobilized during flushing is greater than the
amount of material removed from the system. Loose
particles that become mobilized during flushing may have
the opportunity to become conditioned or more adhered to
another downstream section of the pipes. Furthermore,
inorganic particles are known to support biofilm growth,*
and the deposition of these inorganic materials on pipe
walls can aid in cell attachment and biofilm formation.
Therefore, redistributed particles could encourage biofilm
formation in other areas of the DWDS. The phenomenon of
particle redistribution during unidirectional flushing could
be an important reason why flushing operations typically
only yield short term benefits in water quality.”'®** New
pipe sections could be susceptible to contamination from
redistributed particles during flushing. Particles that are
redistributed to new pipe sections could accelerate the
material accumulation process in these sections. In other
words, flushing may actually increase the material
accumulation rate in new pipe sections and diminish long
term water quality in those areas.

This journal is © The Royal Society of Chemistry 2025
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The mobilized mass of material from the flushing
stages elucidates the effectiveness of reverse flushing as a
method of mobilizing material from the pipe walls.
Although small in comparison to F1, the amounts of mass
mobilized in F2 and F4 are important because they
represent particles that otherwise could not be mobilized
by flushes in the previous direction. In other words,
reversing the direction of flushing produces different
phenomena than increasing the flow rate and shear stress
and therefore the material being removed from one
operation may be independent of the other. In addition,
the material removed from the reverse direction flush was
more adhered since the loose particles were likely
removed in F1. In operational DWDS, the proportion of
attached materials with higher MSS may be substantially
higher than loose particulate materials. Therefore, it is
important to develop strategies like a reverse direction
flush that can remove adhered particles with high MSS.

Furthermore, the addition of biofilms could have large
implications on the effectiveness of flushing in certain
directions, because these living structures are highly
adaptable to their environment and can develop a
predominant resistance to the common flow direction.>”
Moreover, it is also hypothesized that particles can become
embedded in biofilms, protecting them from shear forces at
the pipe walls.>*® Thus, a flush in the opposite direction to
the operational flow could have an outsized impact on
material mobilization in pipes with biofilms.

Conclusions

A set of four experiments was conducted to evaluate the
impact of reversing the flushing flow direction on the
mobilization of iron oxide particles in a full-scale PVC pipe
loop. Results showed that the first flushing operation was
responsible for mobilizing most of the accumulated particles.
However, during this operation, and under high wall shear
stresses of 1.2 Pa, a small fraction of the resuspended
particles was able to reattach to the pipe wall, forming new
accumulation spots in previously clean pipe sections. A
second flushing operation with the same magnitude but
opposite flow direction triggered the mobilization of
additional particles from the pipes. This finding points to the
existence of under looked mechanisms of particle resistance
to mobilization that are independent of the wall shear
stresses. It is hypothesized that such mechanisms may arise
from velocity profile transitions in system appurtenances that
can create locations for enhanced particle accumulation.
Further studies are required to verify the impact of both
particle reattachment during flushing and enhanced
accumulation on individual fittings in operational DWDSs.
Overall, this work has helped improve our knowledge of the
physical behaviour of accumulated particles in drinking
water distribution systems and it can help water utilities
improve flushing strategies to manage accumulated material
in their systems.

This journal is © The Royal Society of Chemistry 2025
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