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Abstract: Wastewater infrastructure is expensive to build and maintain, and there is a need to focus
on improving and modernising existing infrastructure before large capital investments are made
to service future population needs. Waste stabilisation ponds (WSPs) are used worldwide for the
treatment of wastewater, but their performance is significantly affected by poor hydraulic control.
Hydraulic reconfiguration of ponds is a possible solution to this problem, whereby the flow is
controlled and short-circuiting is reduced. There is evidence to suggest that this approach has the
potential to increase treatment performance, however in the absence of full-scale validation it is
difficult to generalise this to a wide range of sites. For example, there is no consensus on the best
baffle configuration to optimise hydraulic performance. The main objective of this study was to
conduct a full-scale experiment of baffles in a WSP, and to investigate their impact on hydraulic
performance. To achieve this objective, the approach combined high-resolution pond bathymetry
and 2D hydrodynamic modelling, assessed with hydraulic indices, to determine the optimal baffle
configuration for the site; it was shown that three baffles perpendicular to the inflow provided the
greatest increase (up to 24%) in mean residence time. This configuration was then implemented in a
working WSP. The effects of the baffles on the pond were then assessed using a combination of field
tracer testing, revealing an increase in mean residence time of at least 20%, and further hydrodynamic
modelling. Through the addition of wind data into the hydrodynamic model, it is shown that baffles
not only improve the flow, but also attenuate the effect of wind on pond hydraulics. While the
conclusions of this study are site-specific, the implementation of site-specific solutions is important
for progress towards optimal pond design. The approach developed here is easily transferrable for
use on other sites, and will enhance our ability to plan, design and operate WSP systems in the future.
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1. Introduction

As the world’s population increases, water resources are being placed under ever increasing
stress [1,2]. It is anticipated that by 2025, up to two-thirds of the world population could be living
under water-stressed conditions as demand for safe water will exceed availability in many regions [3,4].
In addition to supply, the biggest challenges in water resource management are the lack of adequate
infrastructure in some parts of the world, and the aging of existing networks [5]. While water services
are essential for socioeconomic development and increased societal productivity, they remain severely
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underfunded on a global scale, with a large portion of the gap in the investment attributed to delays in
infrastructure and inadequate maintenance [5]. In Australia, water assets in metropolitan areas are
well maintained, however in regional areas there has been a large underspend on asset maintenance [6],
and in the future this regional underspend will cost water utilities. In addition, it has been predicted
that future liability in the water sector in Australia will occur due to population growth, urban sprawl,
aging infrastructure, and climate change and variability [6,7].

More than 50% of the investment in the urban water industry in Australia is dedicated to
wastewater services [8], and as stress on our freshwater resources increases, so will the stress on
our existing wastewater infrastructure, not only in terms of volume of treatment, but also in terms
of providing a higher level of treatment to increase re-use opportunities. The short-term challenge
is to meet these higher expectations for wastewater treatment with infrastructure that has been
designed, built and used in the past century, while the long-term challenge is to provide wastewater
treatment across the world by engineering or re-engineering sustainable, appropriate and affordable
infrastructure [2,7,9]. By 2025 it is anticipated that close to a trillion dollars will be spent on water
in OECD countries, Russia, China, India and Brazil; more than triple of the amounts required for
investment in the key sectors of electricity and transport [5,10]. Considering the significant investment
required to make water infrastructure meet future demand worldwide, there will be increased focus
on improving and/or modernising existing infrastructure and operations before any new major capital
investments are made.

Waste stabilisation ponds (WSPs), the biggest wastewater treatment asset globally, are low-cost,
robust systems widely used for decentralised wastewater treatment [11–14]. Waste removal efficiencies
in these systems are highly dependent on hydraulic performance [15], and unsatisfactory hydraulic
control is one of the main factors contributing to poor pond performance, especially after years
of operation [16]. WSPs are notoriously hydraulically inefficient, and pond hydraulics are further
compromised by sludge accumulation and distribution over time [17].

One of the possible solutions proposed is the hydraulic reconfiguration of these systems, through
the installation of structures such as baffles: solid partitions installed in the pond to confine or
direct flow. There are numerous studies that have investigated the link between baffled ponds
and treatment efficiency, mainly through the use of hydrodynamic and/or laboratory physical
models e.g., [18–21]. In general, previous hydrodynamic modelling has suggested that baffles will
significantly improve pond hydraulics, and some of these models have been validated with lab-scale
models or prototypes [22–28]. However, despite the value provided through model validation using
small-scale controlled environments, there has been a lack of studies that demonstrate and validate the
effectiveness of baffles at the operational pond-scale.

Furthermore, while modelling has shown that baffles improve pond hydraulics, there is a
lack of consensus in recommending the best configuration for flow improvement e.g., [18,22,24,25].
Here we define flow optimisation as maximising pond residence time through a decrease in
short-circuiting. For example, two baffles perpendicular to the inflow gave the optimum treatment
performance (e.g., residence time, coliform removal, biological oxygen demand (BOD) removal)
in some cases [24,25], while another suggested two or four baffles perpendicular to the inlet [18].
Another study found a single subsurface baffle or island baffle placed in front of the inlet was the best
design option [22]. The lack of consensus on the assessment method of designs for the most effective
performance/hydraulic control makes it difficult to generalise the results of these studies, and make
consistent recommendations for optimal site-specific solutions.

Our ability to assess and determine the most optimal baffle configurations for WSPs will not only
provide invaluable information for cost-effective hydraulic reconfiguration, but also allow for design
to site-specific performance goals; these could vary between sites, regions, and climates, as well as
due to operational considerations. Using this information in an integrated way will help to delay
expensive upgrades, and could result in significant savings in capital investment, while improving
overall treatment goals.
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The overall objective of this study is to develop a framework for the assessment, planning and
design of hydraulic reconfiguration in WSPs. Detailed hydrodynamic modelling, combined with tracer
studies and a full-scale validation trial, will be used to demonstrate this framework; it is expected that
the installation of baffles will improve pond hydraulics by significantly increasing mean residence
time and decreasing flow velocity, which will, in turn, influence pond treatment efficiency. Specifically,
the aims of this study are to: (1) determine the optimal baffle configuration for a particular WSP
using a 2D hydrodynamic model that incorporates detailed bathymetry, (2) install baffles (in the
optimal configuration) in that pond as part of a long-term full-scale trial, and (3) through a tracer study,
determine the change in hydraulic efficiency generated by the baffles.

2. Materials and Methods

2.1. Study Site

The study site is located in a town 86 km south of Perth, Western Australia, and experiences a
Mediterranean climate with yearly average temperatures ranging between 10–30 ◦C, and an average
rainfall of 690 mm [29]. The site was selected specifically to have two parallel primary facultative
ponds, referred to as Pond 1 (used as the reference system; Figure 1A) and Pond 2 (the trial system;
Figure 1C). These ponds evenly share a total inflow of up to 770 kL·day−1. Each pond has dimensions
120 m × 60 m × 1.3 m, with two inlets, and one outlet (Figure 1). The total treatment capacity/volume
of each pond without any sludge accumulation is 9360 m3, and under average flow conditions the
nominal residence time (tn) in each pond is 28 days.
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Figure 1. Aerial view of the study site, and the sludge profiles in each pond in 2015. (A) Pond 1
and (B) its sludge profile (45% infill), and (C) Pond 2 with (D) its sludge profile (29% infill). Sludge
accumulation in these ponds is mostly around the edges, along with a bench in front of the inlets;
the inlets and outlets indicated by red arrows (A, C). For tracer testing, the dye was added at into the
northern inlet only.

2.2. Bathymetry Mapping

Coggins et al. [17] developed a system dedicated to the acquisition of high-resolution bathymetric
data in ponds with a remotely operated vehicle (ROV); this high-resolution data is critical for the
accurate modelling of the hydrodynamics of these pond systems.

Bathymetric data was collected using a remote-control boat fitted with sonar. The sonar unit has
in-built GPS, and logs water depth information and GPS location simultaneously onto a memory card.
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While collecting data, the ROV is maintained at a constant 2–4 km·h−1, allowing for the collection
of thousands of data points per transect. The data collected using the ROV has significantly higher
spatial resolution than that collected with traditional pond profiling techniques; for more detail about
ROV sludge profiling refer to Coggins et al. [17]. Collected data was processed by removing outliers,
converting from water depth to sludge height, and gridded; this processing was completed though
a software package, SludgePro©, developed by Coggins et al. [17]. The high-resolution data (1 m
resolution) collected using the ROV is suitable for input into hydrodynamic models, and is vital
for model accuracy and reliability. The bathymetry of these ponds was first measured in July 2013,
and profiling of the study site ponds was carried out regularly throughout the study period 2013–2015.
The sludge profiles for Ponds 1 and 2 in 2015 are shown in Figures 1B and 1D, respectively.

2.3. Hydrodynamic Modelling

Two-dimensional (2D) modelling of ponds was the preferred option over 3D, for its simplicity,
computational economy, and accessibility. 2D modelling was conducted with MIKE21 (Release 2012,
DHI, Hørsholm, Denmark), using the hydrodynamics (HD) and advection-dispersion (AD) modules
of the software. The model used in this study was set-up, calibrated, and validated for our previous
investigation on sludge accumulation and distribution in WSPs [17]; the following briefly describes
the process of model set-up, calibration and validation.

The post processed data water depth data set from SludgePro© (V1, The University of Western
Australia, Perth, WA, Australia) was used to create the bathymetry files for the WSPs; bathymetry
files were created using bilinear interpolation, resulting in a rectangular grid area with 1 m × 1 m
cells. The water depth/sludge height in each cell is constant, and pond walls were defined as having
no perpendicular flux. Inlets and outlet were defined as sources and sink (Figure 1), respectively,
with constant inflow/outflow rates. The model was calibrated using values for Manning’s roughness
and dispersion, and then validated by comparing the calibrated model results to the results of two
field tracer tests. A Manning’s roughness value of 0.01 s·m−1/3 was determined to be the best fit for
WSPs, and is a reasonable assumption for a consolidated sludge layer. Dispersion coefficients were
defined according to the following:

D = K× ∆x× u (1)

where D is the dispersion coefficient, K is a constant value, ∆x is the constant grid spacing (1 m), and u
is the local current velocity component [30,31]. The value of K is not prescribed directly, rather it is part
of the MIKE21 model algorithm, and is defined by setting upper and lower boundaries for dispersion;
values in the range 3.5 × 10−5 and 1.0 × 10−4 m2·s−1 achieved the best results. Finally, the Courant
number was everywhere << 1, as required in hydrodynamic models.

The agreement between signals of concentration at the pond outlet from the calibrated model and
field tracer testing is strong across two sites (Figure 2). All models were set-up to run for 91.5 days
with a 1 s time step, including a 5 days warm-up period to reach steady state and 86.5 days of
tracer simulation.
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Figure 2. Validation of the model through the agreement of the calibrated model output (black) and
field tracer data (grey) for two sites. Tracer data and bathymetries for (A) Site 1 and (B) Site 2, both in
Western Australia, were collected in 2013.

2.4. Tracer Testing

Tracer testing was carried out at the study site on two occasions: Pond 2 only in June–July
2013 and both ponds in July–August 2015. Testing was conducted with Rhodamine WT (Product
code: 703-010-27, Keystone Aniline Corporation, Chicago, IL, USA) containing 20% true dye, and
the fluorescence signal was monitored at the outlet at 15-min intervals over a period of 6 weeks.
This period is equivalent to 1.5–2 nominal residence times in these ponds at the average flow rate.
For all testing, the dye was only released into the northern inlet of each pond (see Figure 1); in 2013,
370 g true dye was released into Pond 2, while 360 g true dye was released into each pond in 2015.

2.5. Modelling Scenarios and Analysis

Three baffle configurations were modelled (Figure 3): parallel baffles (PA), perpendicular baffles
(PE), and an island baffle configuration followed by perpendicular baffles (IPE). The modelled scenarios
were chosen based upon previous studies showing the improvement in pond hydrodynamics provided
by perpendicular e.g., [18,26] and island baffle [22] configurations, as well as a previous study which
used parallel baffles to grow algal biofilm [32]. For each configuration, the number of baffles was
adjusted, with a no baffle scenario run as a control. For PA scenarios, the baffle length was set at
two-thirds of the length of the pond, while for PE it was two-thirds of the width of the pond. IPE
configurations had an island baffle two-thirds the width of the pond, followed by two one-third pond
width baffles, and then two two-third width perpendicular baffles. Three PA scenarios were run with
1–3 baffles (PA1, PA2, PA3), nine PE scenarios with 1–9 baffles (PE1, PE2, PE3, PE4, PE5, PE6, PE7, PE8,
PE9), and three IPE scenarios with an island baffle configuration followed by 1, 3 or 5 perpendicular
baffles (IPE1, IPE3, IPE5). The modelling of all scenarios was completed for three different flow rates
experienced on-site: low (279 kL·day−1), average (332 kL·day−1) and high (385 kL·day−1). The model
tracer mass input was kept constant to allow direct comparison of the effect of baffle configuration on
the residence time distribution. All modelling of baffle configurations were run under the scenario of
21.5% sludge infill in Pond 2, as measured in 2013. Subsequent modelling was carried out with the
sludge profiling data collected in 2015.
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the flow, while IPE3 shows an island baffle configuration followed by three perpendicular baffles.
The ponds at the study site both have twin inlets and one outlet, as shown by red arrows.

To compare the results of each modelling scenario, the mean residence time, moment index, and
short-circuiting index were employed. The mean residence time (tmean) for each scenario was calculated
from the model output according to:

tmean =

∫ ∞
0 tC(t)dt∫ ∞
0 C(t)dt

(2)

where C(t) is the tracer concentration at time t. The mean residence time is defined as the centroid of
the residence time distribution (RTD), and is the average time a tracer particle spends in a system [22].
In reality, not all of the added tracer exits the pond during the duration of the experiment, such that
calculated values of tmean are likely to represent minimum estimates.

Hydraulic indices reliant on mean residence time or variance are heavily influenced by the long
tails of measured RTDs, which can lead to the over prediction of residence time [33]. The moment index,
developed by Wahl et al. [33], overcomes this problem as it is derived from the prenominal portion
(i.e., data collected prior to tn) of the RTD only. The moment index (MI) as defined by Wahl et al. [33] is
as follows:

Moment index = 1−
∫ 1

0
(1− φ)C′(φ)dφ (3)

where C’(φ) is a dimensionless function defined by the following:

C′(φ) = C(φ)V(φ)

M
(4)
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where C(φ) is the outflow concentration and V(φ) the volume, and M is the total mass, at a given
flow-weighted time, and where the dimensionless flow-weighted variable (φ) is defined as:

φ =
∫ t

t0

Q(t′)
V(t′) dt′ (5)

where t’ is a dummy variable of integration, Q(t’) the variable outflow rate, and V(t’) represents volume
changes due to unsteady flow. This hydraulic index assumes that perfect pond efficiency (i.e., MI = 1)
is indicated by the actual residence time (tmean) being equal to the nominal residence time (tn).

The short-circuiting index (S) is a measure of the skewness of the residence time distribution, and
as defined by Persson [22] is:

S =
t16
tn

(6)

where t16 is the time taken for 16% of the injected tracer to reach the outlet. The value of S is inversely
proportional to the strength of short-circuiting, and a positive change indicates a decrease in the
strength of short-circuiting and thus an increase in hydraulic performance, i.e., S = 1 represents no
short-circuiting/ideal plug flow.

These three indices were chosen to assess hydraulic efficiency in ponds, as each describes different
features of the hydraulics, and no one of these parameters alone can be used to fully describe the flow
or treatment performance.

2.6. Baffle Design

Rather than traditional non-porous media, a geotextile material was selected for the baffles as it
has the ability to act as a barrier to train flow, as well as promote the growth of biofilm or attached
growth. Geotextile sample strips were tested in-pond for 2 months to determine the material that would
result in the highest amount of growth. The chosen non-woven polypropylene geotextile (TerraTex
D1 PP, Polyfabrics Australia, Kingsgrove, NSW, Australia) was then used to construct baffle curtains
which could be deployed in the pond in the optimal configuration as determined by modelling.

2.7. Wind Measurement

Prior to the 2015 tracer experiments, a weather station was installed between Pond 1 and Pond
2 to collect wind data. Wind speed was collected using an Onset HOBO U30 unit with wind speed
sensor (Onset Computer Corporation, Bourne, MA, USA). 3-hourly wind direction data for the testing
period was sourced from the nearest Bureau of Meteorology (BOM) site. The collected wind speed
data was combined with the direction data sourced from BOM, and used as a forcing for the model to
determine the effect of wind on pond hydrodynamics.

3. Results

3.1. Baffle Configuration Modelling

A summary of the modelling results and analysis is provided in Table 1, and Figure 4 illustrates
the net change in S for all 15 scenarios. Under all flow rates, the mean residence time calculated for
all non-baffled scenarios is 5–10% lower than the nominal residence time (allowing for the volume
occupied by the sludge). The values for MI and S for the non-baffled scenarios indicate superior
hydraulic efficiency at the low flow rate. As the flow rate increases, MI and S both indicate decreasing
hydraulic efficiency and more short-circuiting within the system.
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Table 1. Values for mean residence time (tmean, days), moment index (MI) and short-circuiting index (S)
for all modelled baffle configurations under low (279 kL·day−1), average (332 kL·day−1), and high-flow
conditions (385 kL·day−1). The nominal residence time (tn, days) was calculated for each flow
condition with 21.5% sludge infill (as modelled), and these were then used to calculate MI and S.
Note: PA = parallel, PE = perpendicular, and IPE = island perpendicular.

Configuration Low; tn = 26.3 Days Average; tn = 22.1 Days High; tn = 19.1 Days

tmean MI S tmean MI S tmean MI S

No baffles 23.6 0.86 0.27 20.2 0.81 0.23 18.1 0.79 0.24

PA1 24.5 0.86 0.30 20.2 0.82 0.27 17.7 0.79 0.26
PA2 23.0 0.85 0.28 20.2 0.82 0.28 18.1 0.80 0.27
PA3 23.4 0.85 0.28 20.3 0.82 0.26 16.9 0.78 0.23

PE1 22.4 0.86 0.29 21.2 0.84 0.31 19.2 0.82 0.32
PE2 23.9 0.87 0.33 19.4 0.81 0.24 18.7 0.82 0.33
PE3 27.6 0.91 0.48 23.8 0.89 0.48 20.0 0.87 0.50
PE4 22.5 0.84 0.21 20.9 0.83 0.27 17.4 0.78 0.22
PE5 26.9 0.90 0.42 21.6 0.84 0.36 18.9 0.81 0.31
PE6 24.2 0.86 0.30 20.6 0.83 0.29 17.4 0.80 0.27
PE7 23.8 0.87 0.33 19.7 0.84 0.36 17.4 0.82 0.35
PE8 27.8 0.90 0.44 23.6 0.88 0.43 18.7 0.84 0.41
PE9 27.7 0.90 0.44 24.2 0.89 0.47 20.3 0.85 0.40

IPE1 23.2 0.88 0.41 21.0 0.86 0.39 18.5 0.84 0.41
IPE3 27.0 0.92 0.55 23.0 0.90 0.56 22.4 0.89 0.55
IPE5 26.3 0.88 0.38 22.6 0.86 0.38 20.3 0.86 0.45

Across all flow rates, parallel baffles (PA1, PA2, PA3) exert minimal influence on the flow, with
very little change in tmean and MI for all scenarios; S for each of these scenarios improved slightly,
however the improvement was not consistent across all flow conditions (Figure 4).

In general, the addition of odd numbers of perpendicular baffles (i.e., PE1, PE3, PE5, PE9)
generate superior hydraulic efficiency, as the MI values for these scenarios are higher than those
for even-numbered scenarios. Generally, odd-numbered scenarios (particularly PE3, under all flow
conditions) also show increases in S, indicative of a decrease in short-circuiting intensity. The scenarios
that showed the greatest improvement in MI also showed the greatest improvement in S (Figure 4).
Compared to the parallel baffles, perpendicular baffle configurations more consistently improve the
hydraulics under different flow conditions, and overall, the best improvement across all three flow
scenarios was achieved with the PE3 configuration.

The island baffle configurations (IPE1, IPE3, IPE5) generally provided the best improvement in
hydraulic efficiency, all having the highest net change in MI and S from the baseline no-baffle scenario.
The IPE3 configuration provides the best overall improvement to flow efficiency, with the highest net
change (relative to no baffles) in both MI and S across all 15 modelled scenarios (Figure 4). Here is it
clear that perpendicular baffle configurations significantly improve pond hydraulic efficiency, while
parallel baffles provide little to no improvement.

Overall, by comparing changes in MI and S for all flow and baffle scenarios, the best performing
configurations for this pond are IPE3 and PE3. To illustrate the improvement to the flow provided by
these configurations, the RTDs of no baffles, PA3, PE3 and IPE3 under average flow conditions are
shown in Figure 5. This clearly demonstrates that parallel baffles exert little influence on the shape of
the RTD (and thus flow), while perpendicular and island configurations move the time of peak outlet
concentration closer to the nominal residence time (i.e., increasing the MI and S indices). While the
values of MI for PE3 and IPE3 are not vastly different at 0.89 and 0.90, respectively, PE3 creates a greater
reduction in peak concentration, while IPE3 is more effective at delaying the time of peak concentration.
The delay of the IPE3 peak explains the greater change in S for this scenario (relative to PE3).
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Figure 4. The net change in the short-circuiting index for each baffle configuration modelled under:
(A) low, (B) average, and (C) high flow conditions. The dotted line (0) represents the baseline no-baffle
scenario. For all flow scenarios, except PE4, the net change is positive, indicating that the addition of
baffles decreases short-circuiting in this pond. IPE3 and PE3 configurations consistently provide the
greatest improvement, while all parallel configurations provide little improvement.
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Figure 5. Modelled residence time distribution (RTD) of the non-baffled scenario compared to PA3,
PE3, and IPE3 under average flow conditions, all with a sludge volume of 21.5%. The black dotted line
represents tn for this flow condition. The RTD with parallel baffles (PA3; purple) is not vastly different
from the non-baffled scenario (grey), both with high concentration peaks early on. The addition
of perpendicular baffles (PE3; orange) not only delays the initial peak but also reduces the peak
concentration, while the island baffle configuration (IPE3; green) also delays the initial peak and moves
the RTD closer to that expected in plug flow. The RTDs for the PE3 and IPE3 configurations both show
that short-circuiting in the pond has been reduced.
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3.2. Baffle Installation

The modelling determined that IPE3 and PE3 best optimised the flow in the pond, and both
were considered for installation for the full-scale field trial. Due to the complexity of installing the
IPE3 baffle configuration (see Figure 3), it was deemed inappropriate for this trial. Thus, PE3 was
deemed the most appropriate choice for reasons of flow improvement, practicality of construction and
cost effectiveness.

The baffles were installed in Pond 2, the same one used in the hydrodynamic model, in October
2014. An aerial photo of the baffles a few days after installation is shown in Figure 6A, and a view of
the baffles in pond is shown in Figure 6B. Along with the baffles, a weather station for monitoring
wind speed was also installed (Figure 6C).Water 2018, 10, 2  11 of 18 
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Figure 6. (A) Aerial view of the study site taken shortly after baffles were installed in Pond 2 (P2)
(Image: NearMap). Inlets and outlets for Pond 1 (P1) and P2 are shown by red arrows. (B) A ground
level view of the installed baffles, which had a flotation device at the top and were anchored at the
bottom of the pond with heavy chain, and (C) the weather station used for on-site monitoring of
local conditions.

3.3. Effect of Baffles on Pond Hydrodynamics

In 2015, during the 42-day tracer testing period, Pond 1 had 45% sludge infill with a calculated
tn of 14.0 days, while Pond 2 had 29% sludge infill and a tn of 18.1 days (Table 2). The average flow
rate over the testing period was 372 kL·day−1. The effects of the baffles on residence time distribution
are presented in Figure 7. With Pond 1 acting as a control, we can see that the non-baffled pond
experiences a much higher concentration peak than Pond 2 (Figure 7A), and that this peak also occurs
earlier; this is evidence of a higher level of short-circuiting in this pond. In addition, the data shows
that the fluctuations in concentration in Pond 1 are much more pronounced than in Pond 2. Overall,
the presence of baffles in Pond 2 appears to attenuate the fluctuations in concentration, indicative of
increased small-scale mixing and a more uniform concentration within this pond. Over the testing
period, tmean in Pond 1 was 11.9 days, while in Pond 2 it was 17.0 days, showing that the baffled
pond had smaller discrepancies between tmean and tn (6% in Pond 2, 15% in Pond 1; Table 2). Overall,
the residence time in Pond 2 is 43% higher than in Pond 1.

Table 2. Summary of results of field tracer testing in each pond. In general, the reduction in residence
time is higher the non-baffled ponds, Pond 1 and Pond 2 (2013), while the baffled pond, Pond 2 (2015)
shows a 20% increase in residence time despite increase sludge infill. The % change was calculated
with respect to tn for each scenario.

Site Date Sludge infill % tn (days) tmean (days) % change Mass recovery %

Pond 1 2015 45 14.0 11.9 −15 76
Pond 2 2013 21.5 19.1 14.0 −27 84

2015 29 18.1 17.0 −6 94
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The tracer mass recovery for each pond calculated using weekly-averaged flow rates over the
monitoring period is shown in Figure 7B. Of the Rhodamine WT released into each pond, 76% and
94% was recovered from Ponds 1 and 2, respectively. In Pond 1, it is clear that more tracer exits the
system over the first 26 days compared to Pond 2, a sign of short-circuiting within the system, but this
tapers off as dye becomes trapped in dead zones or re-circulates waiting to be flushed out. In Pond
2, the recovery of tracer is steadily linear, indicative of a decrease in short-circuiting and fewer dead
zones, i.e., the baffles have the desired effect of training the flow and optimising pond hydraulics.Water 2018, 10, 2  12 of 18 
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Figure 7. Residence time distributions (RTD) and mass recovery of the field tracer tests on Ponds 1
and 2 in 2013 and 2015, each over a 42-day period. (A) RTDs in 2015 tracer study. Pond 1 (no baffles;
orange) experiences a much higher concentration peak earlier than in Pond 2 (purple), indicative of a
higher level of short-circuiting. (B) Field tracer mass recoveries of Pond 1 (orange) and Pond 2 (purple)
in 2015, where 76% and 94% of the mass released had been recovered at end of the monitoring period,
respectively. (C) Tracer response in Pond 2, before (2013) and after (2015) baffle installation. Residence
time has increased by at least 20% due to baffle installation. (D) Mass recovery from Pond 2, pre- and
post- baffle installation, where recovery has increased by 10%. Overall, the baffles appear to attenuate
concentration fluctuations, decrease short-circuiting and the presence of dead zones, and increase
residence time.

In 2013, prior to baffle installation, Pond 2 had a sludge infill of 21.5% (as modelled) and, using
the flow rate over the winter period (the “high” flow rate, 385 kL·day−1) a nominal residence time
(tn) of 19.1 days (Table 2). Over the 42-day tracer testing period, tmean was calculated to be 14.0 days,
27% lower than the nominal residence time. The mean residence time in Pond 2 increased by 20% with
the addition of baffles (Figure 7C), despite sludge infill over this time increasing by 7.5%. This is a very
clear indication that baffles have improved the pond hydraulics through decreasing short-circuiting.
Furthermore, mass recovery of tracer increased by 10% (Figure 7D; Table 2), indicating that there are
fewer dead zones in the presence of baffles, and thus more of the effective volume of the pond is being
used for treatment.

To further illustrate the effect that baffles have on the flow in ponds, output of flow patterns
from the hydrodynamic model using the actual bathymetry over the tracer testing period is shown



Water 2018, 10, 109 12 of 18

in Figure 8. As the ponds both have the same inlet configuration, the effect that the baffles in Pond 2
(Figure 8B) have on the flow compared to the Pond 1 is clear (Figure 8A). With the addition of baffles
in Pond 2, flow patterns show that the first baffle slows down incoming flow significantly, and that the
flow is directed around baffles, as expected. Without the presence of baffles in Pond 1, the flow speeds
across the pond are much higher, and more flow recirculation is apparent. Again, this demonstrates
that baffles have the desired effect of training flow and improving pond hydraulics.Water 2018, 10, 2  13 of 18 
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Figure 8. Hydrodynamic model flow output plots for (A) Pond 1 with 45 % sludge infill, and (B) Pond
2 with 29% sludge infill. Installing perpendicular baffles in Pond 2 changed the flow within the
pond significantly, particularly near the inlets, and directed the flow through the entire pond volume.
Grid spacing shown is 10 m in x and 5 m in y.

It is important to note that the concentration peak in Pond 2 before and after the installation of
baffles is similar (Figure 7C), while Pond 1 clearly shows different behaviour (Figure 7A). The differing
behaviour measured with the field tracer in non-baffled conditions may be attributed to unequal
inflow splitting between not only the two ponds as a whole, but also between the twin inlets in each
pond; for all analyses it is assumed that the inflow into each pond and through each inlet is equal.
This indicates that Pond 1 cannot be considered a true control pond, and therefore it is only used a
non-baffled reference.
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3.4. Modelled Effect of Wind on Flow

Sludge bathymetry of both ponds from the tracer testing period was input into the model with
and without wind forcing, and the results for the 42-day period were compared to the tracer results.
The influence of wind in (non-baffled) Pond 1 is shown in Figure 9A. Without the influence of wind
(Figure 9A; purple), the model captures the timing of the initial peak relatively well, however the
length of this peak is over-predicted. After the initial peak, the trend of the model fits that of the field
tracer data quite well. With the addition of wind (Figure 9A; orange), the initial peak occurs earlier
than previously, with a peak concentration higher and earlier than seen in the field. After the peak,
the rest of the RTD agrees well. The values of tmean calculated for both model scenarios (11.2 days) are
very similar to the field tracer, showing that the model is effective at capturing the hydrodynamics of
this pond. These RTD results show that in Pond 1 the addition of wind into the model mostly affects
the peak value and its timing, and less so the mean residence time.

Wind influence on the baffled Pond 2 is shown in Figure 9B. In the no wind scenario (Figure 9B;
purple) the model predicts the peak value of the tracer output relatively well; however, it predicts a
later peak. With the addition of wind into the Pond 2 model (Figure 9B; orange) there is very little
change from the no wind scenario, with no change in the overall shape of the distribution, peak,
nor the timing of the peak. The tmean calculated for no wind and wind scenarios are 14.2 and 14.5 days
respectively. For both scenarios, the model does not appear to capture the same gradual decrease in
tracer concentration as shown in the field measurement. Overall, the results for Pond 2 show that
baffles attenuate any major hydrodynamic influence of wind.
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Figure 9. The modelling results for (A) non-baffled Pond 1 and (B) baffled Pond 2 with and without
the influence of wind, compared to field tracer testing over a 42-day period. In Pond 1 (A) with the
addition of wind to the model (orange), the initial peak is higher and occurs earlier, compared to both
the no wind scenario (purple) and field tracer (grey). Overall, the Pond 1 model RTD with wind is in
better agreement with that of the tracer study; however, this has no influence on the residence time.
Modelling suggests that wind does not appear to greatly influence the flow in Pond 2 (B). Overall,
baffling in Pond 2 appears to attenuate the influence of wind on the RTD, compared to Pond 1 (A).
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4. Discussion

4.1. Determination of Optimal Baffle Configuration

Our ability to capture high-resolution data of pond bathymetry, coupled with a validated 2D
hydrodynamics model of ponds, is very useful for pond managers to assess the performance of their
assets. Furthermore, it can be used as a tool to determine the optimal design of flow control structures
in ponds, such as baffles. In this study, by determining key hydraulic indices from model flows in
ponds with different baffle configurations, the most effective configurations for this particular site
could be readily determined. While the short-circuiting index has been used to assess different pond
layouts previously e.g., [22], the use of the moment index is new in its application to WSPs [34,35],
and provides an index that is not reliant on mixing or short-circuiting, or influenced by the long tails
characteristic of most residence time distributions [33]. In this study, we for the first time used a suite
of three hydraulic indices (tmean, MI and S), all describing different but complementary aspects of
hydraulic efficiency, to better assess the overall behaviour of ponds.

By modelling the pond under low, average and high flow conditions and assessment of the
changes in MI and S (Table 1, Figure 5), it was determined that pond residence time could increase
by up to 24% with the addition of baffles, and two possible configurations were identified as suitable
to consistently improve the flow characteristics in this system. Through this modelling and analysis
exercise, a well-informed decision could then be made about which configuration to adopt. This is
pertinent here as while the IPE3 configuration showed the greatest overall improvement, it was only
slightly better than PE3, and PE3 was significantly easier and cheaper to construct.

While inlet configuration can have a significant influence on flow [24], this study did not consider
the possible improvement that could be provided by altering the inlet/outlet geometry in these ponds.
In this case, the location of the inlets could explain the hydrodynamic model under predicting the
influence of baffles on the flow (Figure 9B). For consistency, tracer was released into the northern
inlet of each pond; doing so in Pond 2 with baffles (see Figure 3) reduced the distance between tracer
release and pond outlet. Therefore, redesign of the inlet configuration with the addition of baffles
could further improve the hydraulic efficiency of this pond.

The results of this modelling exercise are site-specific but, as demonstrated here, all that is required
to apply this methodology is high-resolution bathymetry data for model input: information which can
easily be obtained for other sites with the right tool, such as the ROV used here. Thus, modelling and
the use of informative hydraulic indices can successfully be used to inform re-design and retrofitting
of pond infrastructure, but in the future it could also be used to determine the design of new ponds.

4.2. Flow and Treatment Improvement Provided by Baffles

The results of the tracer testing show that baffles have a clear effect on the characteristics of the
flow in the pond (Figure 7A,C), with daily fluctuations in tracer concentration decreasing in intensity
compared to the non-baffled system. While Pond 1 was not a true control pond, as it had a higher
sludge infill than Pond 2 (45% vs. 29%), the distributions of sludge in Ponds 1 and 2 are similar
(Figure 1B,D), with accumulation mainly occurring around the edges of the pond and slight benches
of sludge near the inlets. Indeed, the overall flow patterns in the ponds are comparable. The changes
induced by the introduction of baffles is made clear in Figure 8B where the first baffle significantly
slows down the incoming flow from the twin inlets. The presence of baffles in Pond 2 explains the
attenuation of concentration fluctuations compared to Pond 1 (Figure 7A), where there is a significant
amount of short-circuiting around the edges of the pond, particularly between the southern inlet and
the outlet.

Overall, through the full-scale implementation of baffles, we show that the increase in residence
time in Pond 2 is at least 20%. This result validates the outputs of our modelling, where results
suggested that residence time could increase by up to 24%. While treatment efficiency is only assessed
in terms of pond hydraulics in this study, the removal efficiencies of constituents of concern are strongly
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dependent on hydraulics [15]. Through increasing residence time in WSPs, it is believed that baffles
can improve the removal of E. coli [26] and BOD [28]; the pollutant removal efficiencies in this system
after the installation of the attached growth baffles will be reported in the future.

It is also important to note the effect of sludge accumulation and distribution over time on the
hydraulic performance of ponds; a previous study by Coggins et al. [17] showed that mean residence
time reduced almost directly proportionally to the amount of sludge infill. The previous study also
showed that the distribution of sludge had an effect on hydrodynamics, with the formation of a
bench of sludge and a preferential flow channel having positive and negative effects, respectively [17].
Considering the sludge infill in Pond 2 increased from 21.5% (2013; pre-baffle) to 29% (2015; post-baffle),
we would have expected a decrease in mean residence time; however, as shown by field tracer results
(Table 2), the mean residence of the baffled pond increased despite the accumulation of sludge.
This improvement, despite an increase in sludge infill, can be attributed to the baffles significantly
reducing short-circuiting within the system. Over time, we would still expect the mean residence time
to decrease with increased sludge infill with the presence of baffles, however the effect will be less
pronounced, and will allow pond managers to delay desludging. In addition, the presence of baffles
create a preferential zone of deposition in front of the first baffle, which will simplify and reduce the
cost of sludge removal.

In general, the assessment of baffles installed in a full-scale WSP has shown that they improve the
flow as suggested by results of modelling with high-resolution bathymetry. The improvement provided
by baffles in ponds is not only better hydraulic performance through reducing short-circuiting and
increasing residence time, but also through the promotion of small-scale mixing and increasing the
pond effective volume for treatment.

4.3. The Impact of Wind on Ponds

The inclusion of wind in hydrodynamics modelling of WSPs is not a recent development, with
several previous studies incorporating wind into WSP models e.g., [36–39], however there is still a
need to better understand the effect that environmental conditions have on the function of WSPs,
including wind [40].

In this study, with the addition of wind data into the model, it is clear that wind has the
most influence on the non-baffled Pond 1 (Figure 9A), with a much greater peak concentration.
By comparison, wind has an insignificant influence on the hydraulics of Pond 2 (Figure 9B). Overall,
the most significant insight provided by modelling the ponds with and without the influence of wind
is that wind affects the overall shape of the RTD for Pond 1, but not the residence time (Figure 9A).
In Pond 2 wind has a negligible effect on the hydraulic behaviour, with no change in the shape
of the RTD, and only a slight change in tmean (Figure 9B). This result suggests that, in addition to
improving pond hydrodynamics, baffles also attenuate the effects of wind on the flow. The prevailing
wind directions throughout the day at the study site are always 45◦ against the inflow, which could
explain this slight difference, as the wind could be acting to slow the flow down in this pond. Our
modelling confirms the earlier observation that the influence of wind on pond hydraulics may have
been overestimated [24]. Overall, our results suggest that the influence of wind on the hydraulics
in these ponds is not significant, and that a hydrodynamic model without the inclusion of wind is a
sufficient approach to assess the hydrodynamic behaviour of ponds, as suggested in Shilton et al. [41].
Nonetheless, wind may still play a role in other systems under different climatic forcings.

5. Conclusions

From this study, we have demonstrated that 2D hydrodynamic modelling of WSPs combined with
moment and short-circuiting indices can be used to determine the baffle configurations that optimise
hydraulic efficiency. This approach determined two optimal configurations for the site, which were
then assessed for practicality and cost-effectiveness to install. The most practical design for this site was
three perpendicular baffles, which were then constructed to allow a full-scale investigation. After the
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installation, tracer testing on site confirmed that the chosen baffle configuration significantly improved
the hydrodynamics. The baffles both decreased short-circuiting and increased mean residence time by
at least 20%, thus improving the hydraulic performance of the pond. The addition of wind data into
the hydrodynamic model did not have a major impact on calculated residence times, but showed that
baffles can also attenuate the effect of wind on pond hydraulics. Overall, based on the results of the
full-scale experiment, the approach developed here to assess optimal baffle configuration is appropriate
to make site-specific recommendations. As demonstrated here, more than one baffle configuration
could lead to significant improvement in hydraulic performance, however it is recommended that the
best design should be decided based upon practicality, feasibility and cost-effectiveness, as well as
site characteristics.
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