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Abstract 8 

This paper investigates the hydraulic performance and solute transport 9 

processes in waste stabilization ponds (WSPs). A numerical model comprised 10 

of Reynolds-averaged Navier–Stokes (RANS) flow hydrodynamic model 11 

with the standard 𝑘 − 𝜀 turbulence closure coupled with the advection-12 

diffusion solute transport model, is developed in a three-dimensional 13 

Cartesian coordinate system. The proposed numerical model is successfully 14 

validated against laboratory-scale physical modelling measurements of flow 15 

hydrodynamics and solute characteristics across trapezoidal pond geometry. 16 

The developed numerical model is adopted to run series of scenario-based 17 

simulations to investigate the effects of WSP’s geometrical features and 18 

implementation of an island retrofitting on the hydraulic performance and 19 

treatment efficiency of the WSPs . Fifteen pond configurations with varying 20 

side-walls slope and island configurations are simulated. Vertical and 21 
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horizontal structures of flow hydrodynamics across the pond are investigated. 22 

Solute transport processes are studied through determining residence time 23 

distribution (RTDs) curves based on numerical tracer simulations. Two 24 

deflector island configurations (parallel and rotated) are simulated to 25 

investigate their influence on enhancing the hydraulic performance of the 26 

WSP. The analysis of the numerical results indicates an overall positive 27 

impact of deflector island retrofitting on the hydraulic performance of the 28 

WSP. The side-walls slope are shown to play a key role in determining the 29 

overall performance of the WSP. For the cases with side-walls slope of 1:1, 30 

0.5:1 and 0:1, the hydraulic efficiency of the WSP was enhanced by adding 31 

both parallel and rotated islands. However, for the cases with side-walls slope 32 

of 2:1 and 1.5:1, addition of island deflector is shown to have negative 33 

impacts on the hydraulic performance of the waste stabilization pond. 34 

Keywords: RANS; hydrodynamics; waste stabilization pond (WSP); residence 35 

time; pollution transport; mixing 36 

 37 

1. Introduction  38 

The world population growth, anthropogenic activities induced by domestic and 39 

agriculture and industrial developments, increase stress on both quantity and quality of 40 

water resources. Efficient and effective treatment of water and wastewater using 41 

sustainable low-emission methods is one of the key priorities for water resource 42 

management around the world [1-6]. Complying with tightening environmental, energy 43 

efficiency and public health standards is a challenging task for the water industry and of 44 

particular importance for sustainable water resource management [7, 8]. The long-term 45 
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impacts of climate change and the vital necessity to reduce emissions highlights the need 46 

for transitioning towards more sustainable low-emission water and wastewater treatment 47 

technologies. Therefore, there is an ever-increasing demand to enhance the efficiency, 48 

improve the design and operational protocols of water and wastewater treatment 49 

processes to cope with the increasing pressure and demand in terms of water quality and 50 

environmental protection standards [9-11]. 51 

 52 

Large treatment ponds such as waste stabilization ponds (WSPs) are simple to design, 53 

cost-effective and flexible in operation and maintenance processes. One of the most 54 

important benefits of adopting these treatment ponds as a part of the treatment process is 55 

their tolerance towards system shocks and large fluctuations in wastewater 56 

characteristics, including flow rate, biochemical oxygen demand, total suspended solids 57 

and ambient and inflow temperature. The waste stabilization ponds (WSPs) are capable 58 

of providing an appropriate level of treatment for wastewater from urban, agriculture and 59 

food industry [12, 13]. Hydraulic characteristics of WSPs, such as effective volume, 60 

hydraulic retention time and short-circuiting, can heavily influence the interactions of 61 

micro-organism with wastewater, and the consequent pollution removal and treatment 62 

efficiency [14, 15]. A detailed understanding of WSP’s hydraulic performance is essential 63 

to ensure appropriate and efficient design to safeguard public health and the environment. 64 

Plug-flow regime in many physical, chemical and biological treatment processes of water 65 

and wastewater is an ideal hydraulic condition leading to maximum efficiency of the 66 

mixing and treatment process. In plug-flow condition, all the control volume of the water 67 
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entering the pond have the same hydraulic retention time (HRT), which is equal to the 68 

nominal hydraulic retention time (HRTN) described by Eq. 1: 69 

𝐻𝑅𝑇𝑁 =
𝑉

𝑄
 (1) 

 70 

where 𝑉 is volume of the system [m3] and 𝑄 represents the inflow rate [m3.s-1]. In real-71 

life conditions, idealized plug flow regime doesn’t occur and therefore a mismatch 72 

between HRT and HRTN often exits. Climate conditions such as the effects of wind, 73 

thermal stratification, sunlight, and extreme events (e.g., intense precipitations or prolong 74 

drought) can play an important role in altering flow conditions and treatment efficiency 75 

of WSPs. Furthermore, geometrical properties of WSPs including inlet, outlet and baffle 76 

orientations, as well as operational conditions (e.g., sludge accumulation) can adversely 77 

impact the hydraulic efficiency of WSPs by allowing short-circuiting, dead zones, and 78 

reducing the effective volume [16-21]. 79 

 80 

The majority of existing studies on the performance of WSPs have focused on physical 81 

models with tracer tests and drogue tracking technologies to examine the effects of flow 82 

hydrodynamic on the mixing and transport of solute across the ponds. However, tracer 83 

studies and drogue tracking techniques are limited to concentration data at the outlet and 84 

the horizontal two-dimensional velocity profiles inside the pond, respectively [22-28]. 85 

The results from field-based measurements are likely to have uncertainties due to 86 

measurement inaccuracy and challenges associated with the calibration of fluorometric 87 

and velocimetry devices, exacerbated by adverse climatic effects (e.g., wind effects, 88 

thermal stratifications due to sunlight) on the hydrodynamic of the WSPs. 89 
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 90 

Previous studies investigated the optimum hydrodynamic regime in WSPs to allow 91 

maximum retention time and complete mixing for effective treatment of solute within the 92 

pond [29-32]. Reduced-order models including completely mixed flow, ponds-in-series 93 

and dispersion models are amongst the methods proposed for predictions of hydraulics 94 

characteristics in WSPs [29-32]. However, the existing models are not capable of accurate 95 

prediction of the effects of geometrical configurations on hydraulics characteristics and 96 

detailed spatiotemporal varying flow hydrodynamics structures within the WSPs, leading 97 

to large uncertainties in their predictions of WSP’s key performance characteristics 98 

including residence time distribution (RTD), dead zones and short-circuiting.  99 

 100 

Early applications of computational fluid dynamics (CFD) in study of waste stabilization 101 

ponds was conducted by Wood et al. [33, 34]. They investigated the effects of WSP 102 

design configurations on the hydraulic performance of a large rectangular pond and 103 

showed the impacts of the location and geometrical properties of inlet and outlet location 104 

on the flow pattern and hydrodynamics structure across the pond. Presson [17] proposed 105 

a two-dimensional numerical model to examine the effects of geometrical setups for 106 

baffles and inlet/outlet location on the hydraulic behavior of large ponds [17]. The 107 

significance of inlet and outlet configurations on the hydraulic efficiency of ponds is 108 

highlighted in several studies [14, 30, 31, 32]. The hydraulic performance of engineered 109 

treatment ponds with diagonal inlet and outlet locations were reported to be similar to 110 

those with the directly facing inlet/outlet locations [17, 35]. Several studies highlighted 111 

that the hydraulic efficiency of ponds improves by increasing the distance between inlet 112 
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and outlet. This is due to the extended flow path between inlet and outlet boundaries, 113 

facilitating an enhanced mixing and dilution of solute in the treatment pond [17, 36-38]. 114 

Implementation of baffle structures was shown to have significant effects on improving 115 

the hydraulic efficiency in long ponds by increasing the flow transport time across the 116 

pond [16, 39, 40]. Determining an appropriate design and configuration for transverse 117 

and longitudinal baffles can reduce flow short-circuiting, increase the hydraulic retention 118 

time (HRT), and treatment efficiency of the treatment ponds [35, 41-44]. Measurements 119 

from a range of field-based and physical modelling studies show that measures such as 120 

distributed vegetation and floating treatment wetlands can further enhance the hydraulic 121 

performance and treatment efficiencies in WSPs [45-47].  122 

 123 

Retrofitting of deflector islands is an effective measure for improving treatment efficiency 124 

of WSPs. However, the optimum geometry and orientation of deflector islands, and their 125 

role on influencing the hydrodynamics and solute mixing processes within WSPs is not 126 

fully understood. Khan et al. [48] investigated large treatment ponds and reported 127 

detrimental effects of deflector islands on short-circuiting condition within the pond. 128 

They hypothesized that the poor hydraulic efficiency of the pond with deflector island 129 

can be associated with the geometrical configurations of the pond including the side-walls 130 

slope. Given that inappropriate hydraulic conditions in treatment ponds can drastically 131 

reduce the efficiency of the ponds and increases the operational and maintenance costs, 132 

understanding the flow hydrodynamics and the effects of geometrical properties of ponds 133 

on the underlying transport and mixing processes is vital to ensure appropriate design and 134 

operational protocols for more widespread adoption of natural capitals into water and 135 

wastewater treatment strategies.  136 



7 

 

 137 

Flow and solute interactions with WSP’s geometry can generate complex hydrodynamic 138 

processes across the pond which can be influenced by a range of design, operational and 139 

climatic factors. Hence, rigorous multi-component investigations are needed for optimal 140 

hydraulic design of waste stabilization ponds [49]. This paper develops a robust and 141 

computationally affordable numerical modelling framework which incorporates RANS 142 

hydrodynamic model with the standard 𝑘 − 𝜀 turbulence closure and advection-diffusion 143 

solute transport model, to simulate the effects of geometrical properties and retrofitting 144 

solutions on the hydraulic performance and solute mixing in WSPs.   145 

 146 

2. Mathematical modelling  147 

2.1. Flow hydrodynamics model and governing equations  148 

In this study a three-dimensional hydrodynamic model governed by single-phase RANS 149 

equations is developed [50]. The conservation of mass and momentum are defined by 150 

time averaged continuity (Eq.2) and Navier-Stokes (Eq.3) equations:   151 

𝜕�̅�𝑖

𝜕𝑥𝑖
= 0 (2) 

 152 

𝜌
𝜕�̅�𝑖

𝜕𝑡
+ 𝜌

𝜕�̅�𝑖�̅�𝑗

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇

𝜕�̅�𝑖

𝜕𝑥𝑗
− 𝜌𝑣𝑖

′𝑣𝑗
′  )  (3)  

 153 

where 𝜌 denotes density [kg/m3], 𝑣 is velocity [m/s], 𝑡 denotes time [s], 𝑝 is the 154 

hydrodynamic pressure [kg/m.s2], 𝜇 is dynamic viscosity [kg/m.s] and 𝑣𝑖
′𝑣𝑗

′ is Reynolds 155 
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stress tensor. Finite-volume numerical method was adopted for discretizing the governing 156 

equations of fluid motion and solute transport in the WSP [51].  157 

 158 

Flow turbulence and eddy viscosity in RANS equations are computed using the standard 159 

𝑘 − 𝜀  turbulence closure model described by Jones and Launder [52]. The reliability and 160 

numerical stability of the 𝑘 − 𝜀  model used in this paper has been demonstrated in several 161 

related numerical studies [e.g., 20, 33, 49, 53, 54]. Turbulent viscosity 𝜇𝑡 is derived based 162 

on Boussinesq hypothesis as: 163 

𝜈𝑡 = 𝐶𝜇

𝑘2

𝜀
 (4) 

 164 

where the turbulent kinetic energy 𝑘 [m2/s2] and the turbulent energy dissipation rate 𝜀 165 

[m2/s3] are determined using the numerical procedures described by Eq.5 and 6, as follow:  166 

 167 

𝜕𝑘

𝜕𝑡
+ �̅�𝑗

𝜕𝑘

𝜕𝑥𝑗
= 𝜈𝑡 (

𝜕�̅�𝑖 

𝜕𝑥𝑗
+

𝜕�̅�𝑗 

𝜕𝑥𝑖
)

𝜕�̅�𝑖 

𝜕𝑥𝑗
− 𝜀 +

𝜕

𝜕𝑥𝑗
[(𝜈 +

𝜈𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
  ] (5) 

 168 

𝜕𝜀

𝜕𝑡
+ �̅�𝑗

𝜕𝜀

𝜕𝑥𝑗
 =

𝜀

𝑘
𝐶𝜀1𝜈𝑡 (

𝜕�̅�𝑖

𝜕𝑥𝑗
+

𝜕�̅�𝑗

𝜕𝑥𝑖
)

𝜕�̅�𝑖

𝜕𝑥𝑗
− 𝐶𝜀2

𝜀2

𝑘
+

∂

𝜕𝑥𝑗
[(𝜈 +

𝜈𝑡

𝜎𝜀
)

∂𝜀

𝜕𝑥𝑗
 ] (6) 

 169 

where 𝜈𝑡 is kinematic turbulent viscosity [m2/s]. Table 1 summarizes the numerical 170 

constant used in this study for the development of turbulence closure model [50]. The 171 

numerical constants described in Table 1 are adopted to ensure the numerical model can 172 
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replicate appropriate flow characteristics similar to the flow regime in a typical WPS 173 

setting.  174 

 175 

Table 1- Numerical constants for the k-ε turbulence closure model 176 

Numerical constant Value 

𝐶𝜀1 1.44 

𝐶𝜀2 1.92 

𝐶𝜇 0.09 

𝜎𝑘 1 

𝜎𝜀 1.3 

 177 

2.2. Solute Transport Modelling 178 

Ideal flow regime assumption with plug flow and complete mixing is widely used for the 179 

design and operation of water and wastewater treatment ponds [19]. In plug flow regime, 180 

the fluid flows into the domain equally distributed with no longitudinal mixing and similar 181 

flow velocity profiles across the pond domain (e.g., rectangular sedimentation tanks). In 182 

complete mixing condition, the fluid properties can be considered as well-mixed and 183 

homogeneous at any spatial location and time instance (e.g., activated sludge reactor). 184 

Hydraulic efficiency of operating water and wastewater treatment ponds is usually lower 185 

than their designed stage which can lead to treatment inefficiency and consequent 186 

pollution discharge into the environment. Hence, it is essential to maximize the hydraulic 187 

efficiency of treatment ponds by increasing the pollution removal capacity and reduction 188 

in process costs. Understanding flow hydrodynamic and transport patterns under different 189 

design configurations is key for evaluating hydraulic efficiency of WSPs and design 190 

optimization processes. Analysis of residence time distributions (RTD) from tracer data 191 

provides comprehensive insight into pollution transport and mixing patterns in ponds. 192 
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RTD curves are obtained from instantaneous injection of a non-reactive passive scalar at 193 

inlet of the pond and temporal measurement of scalar concentration at the outlet [55]. 194 

 195 

Non-reactive passive scalar tracer transport is simulated in this study by implementing 196 

advection-diffusion equation (Eq.7), resolved in three-dimensional Cartesian coordinates 197 

system. The tracer transport and RANS hydrodynamic models are computed 198 

simultaneously at each numerical time-step [56]. 199 

𝜕�̅�

𝜕𝑡
+ 𝑣𝑖

∂�̅�

𝜕𝑥𝑗
 =

∂

𝜕𝑥𝑖
[(𝐷 + 𝐷𝑡)

𝜕�̅�

𝜕𝑥𝑖
]    (7) 

 200 

where 𝐶 is tracer concentration [unit: mass/m3], 𝐷 and 𝐷𝑡 represent molecular diffusion 201 

coefficient and turbulent molecular diffusion coefficient [m2/s], respectively. The 202 

turbulent Schmidt number is taken as one for all simulation scenarios (𝑆𝑐𝑇  = 1) [non-203 

dimensional] [57]. 204 

 205 

To facilitate comparison and interpretation of retention time distribution (RTD) for 206 

different simulation scenarios, the RTDs are normalized by dividing the numerically 207 

measured concentration (𝐶) at the outlet to the average concentration injected in the inlet 208 

boundary divided by the pond volume (𝐶0). 209 

𝐶(𝜃) =
𝐶

𝐶0
 (8) 

 210 

Normalized time 𝜃, is defined according to Eq. 9:  211 
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𝜃 =
𝑡

𝑇
 (9) 

 212 

where, 𝑇 is theoretical retention time [s]. 213 

 214 

The real hydraulic retention time (𝐻𝑅𝑇𝑅) and hydraulic efficiency (𝜆) of the pond are 215 

determined based on averaged temporal variations of tracer concentration at the outlet [2, 216 

11, 39]: 217 

𝐻𝑅𝑇𝑅 =
∫ 𝑡𝑐(𝑡)𝑑𝑡

∞

0

∫ 𝑐(𝑡)𝑑𝑡
∞

0

 (10) 

 218 

𝜆 =
𝑇𝑝𝑒𝑎𝑘

𝐻𝑅𝑇𝑁
 (11) 

 219 

Effective volume of the pond e, is determined as the ratio of real hydraulic retention to 220 

nominal hydraulic retention time (Eq.12): 221 

 222 

𝑒 =
𝐻𝑅𝑇𝑅

𝐻𝑅𝑇𝑁
 (12) 

 223 

Short-circuit is a condition caused by rapid transport and advection of the solute inside 224 

the pond. Short-circuit usually occurs when the fluid transport from the inlet to the outlet 225 

of the domain in a direct path, without desirable level of mixing and earlier than the 226 

theoretical retention time (T). The short-circuiting index SI is determined in this study 227 

using  228 
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S𝐼 =
𝑡𝑖

𝐻𝑅𝑇𝑅
 (13) 

where 𝑡𝑖 denotes the time duration that tracer reaches the outlet. 229 

 230 

 231 

Figure 1- Geometrical properties of the waste stabilization pond and island orientations 232 

 233 
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2.3. Computational domain  234 

The numerical model described and developed in §2.1. and §2.2. is adopted to simulate 235 

flow hydrodynamics and solute transport processes in a three-dimensional scaled 236 

trapezoidal pond. The pond modelled in this study has dimension of 4.1m (L) × 1.5m 237 

(W) × 0.23m (H) with a bank slope of 2:1 (v:h). The geometrical properties of the pond 238 

are defined following Khan et al. [43] detailed physical modelling study of solute 239 

transport in treatment pond. The inlet boundary is a pipe with 42mm diameter which is 240 

located horizontally at the center of the front wall of the pond and below the water surface. 241 

The outlet boundary is a pipe with a diameter of 105mm located at the center of the 242 

opposite end of the pond (see Figure. 1). 243 

 244 

The hydraulic efficiency of the waste stabilization pond with two commonly used 245 

impermeable island orientations and a range of bank slopes (= 2:1, 1.5:1, 1:1, 0.5:1, and 246 

0:1) was examined using the numerical model described in §2.1 and §2.2. The square 247 

island is located at 1m from the inlet boundary which is equal to one quarter of the pond 248 

length. Two island configurations, with 90- and 45-degrees’ orientations with the pond 249 

walls are tested in this study to quantify the influence of island orientations on the 250 

performance of waste stabilization ponds (WSPs). Figures 1 and 2 illustrate schematic of 251 

the WSP, island configurations and side-walls slope investigated in this study.  252 

 253 

 254 
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0:1 0.5:1 1:1 1.5:1 2:1
 255 

Figure 2 - Schematic of different side-walls slopes 256 

 257 

 258 

Table 2 presents summary of the 15 numerical scenarios and geometrical configurations 259 

investigated in this study. In order to recall each simulation case easily, the simulation 260 

scenarios are named based on of island orientation followed by side-walls slope of the 261 

pond (see ‘case name’ in Table 2). The first two letters of the case name indicate the 262 

island configuration followed by the side-walls slope of the pond. The geometrical and 263 

retrofitting details of the scenarios proposed in Table 2 are considered following the most 264 

common design protocols for WSPs, and to ensure that a comprehensive range of widely-265 

used configurations are analyzed in this study.  266 

 267 

The numerical model developed in this study was implemented using Open-source Field 268 

Operation And Manipulation (OpenFOAM) model. The inlet boundary was modelled 269 

using mapped boundary condition to ensure fully developed flow regime can be reached 270 

at the inlet of the pond and avoid effects of pre-defined turbulence parameters in  𝑘 − 𝜀  271 

model. An average flow rate of 0.001m3/s was introduced at the inlet for all the test cases. 272 

The water elevation is kept constant at 0.23m for the duration of numerical simulations 273 

and across all scenarios.  274 

 275 

 276 
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 277 

 278 

 279 

Table 2 – Summary of simulation scenarios across all the test cases  280 

Case Length (m) Width (m) Depth (m) Island type Bank slope Case name 

1 

4.1  1.5  0.23  

No Island 2:1 NI_2-1 

2 No Island 1.5:1 NI_1.5-1 

3 No Island 1:1 NI_1-1 

4 No Island  0.5:1 NI_0.5-1 

5 No Island 0:1  NI_0-1 

6 Parallel Island 2:1 PI_2-1 

7 Parallel Island 1.5:1 PI_1.5-1 

8 Parallel Island 1:1 PI_1-1 

9 Parallel Island  0.5:1 PI_0.5-1 

10 Parallel Island 0:1  PI_0-1 

11 Rotated Island 2:1 RI_2-1 

12 Rotated Island 1.5:1 RI_1.5-1 

13 Rotated Island 1:1 RI_1-1 

14 Rotated Island  0.5:1 RI_0.5-1 

15 Rotated Island 0:1  RI_0-1 

 281 

 282 

Given the nature of fluid flow in waste stabilization pond, the effects of free-surface 283 

generated turbulence are negligible. Therefore, in order to optimize the computational 284 

costs, free-surface effects are not computed during the simulations and, a symmetry 285 

boundary condition was implemented at the top boundary of the numerical domain to 286 

mimic no shear resistance at the surface of water as well as no water/scalar exchange 287 

through the boundary. Specified pressure and no-slip boundary conditions were set for 288 

outlet and walls, respectively. The boundary conditions were chosen to achieve robust 289 

computational algorithm, high-accuracy results and optimized computational costs. 290 

Further details of the boundary conditions used for this study are given in Table 3. 291 

 292 
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 293 

 294 

Table 3 – Boundary conditions adopted for flow hydrodynamic and solute transport variables 295 

Flow variable 

Boundary conditions 

Inlet Outlet Top 
Side walls and 

bottom 

Velocity mapped inletOutlet symmetryPlane No-slip 

Pressure mapped fixedValue symmetryPlane zeroGradient 

Turbulent kinetic 

energy (k) 
mapped inletOutlet symmetryPlane kqRWallFunction 

Turbulent energy 

dissipation (ε) 
mapped inletOutlet symmetryPlane epsilonWallFunction 

𝛖𝐭 mapped inletOutlet symmetryPlane nutkWallFunction 

Passive scalar uniformFixedValue calculated zeroGradient zeroGradient 

 296 

3. Model verification 297 

The numerical model is validated by comparing the results of numerical tracer 298 

simulations to the data from physical modelling measurements of Khan et al. [48]. Mesh 299 

dependency study and sensitivity analysis were carried out to choose optimum meshing 300 

density to enable both numerical accuracy and minimizing the computational costs. Mesh 301 

independency analysis was conducted with four grids of 0.950, 1.120, 1.275 and 1.346 302 

million elements (Mesh 1, Mesh 2, Mesh 3 and Mesh 4, respectively), using hexahedron 303 

meshing technique. For each meshing configuration, the normalized numerical 304 

concentration profile at the outlet boundaries of the computational domain were 305 

compared to the physical modelling measurements of Khan et al. [48]. 306 

 307 

The model was implemented in three-dimensional Cartesian coordinate system using 308 

structured meshing technique. Accurate calculation of the flow characteristics near the 309 
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walls, where shear stresses are high, is vital and complicated. Therefore, to achieve high 310 

accuracy in simulations near the WSP’s walls, cut-cell method technique with surface 311 

refinement was adopted (Figure 3). 312 

 313 

The residence time distribution (RTD) curves are determined from the numerical 314 

simulations with Mesh 1-4. Figure 4 compares the results of numerical RTD curves with 315 

physical modelling tracer measurements. The physical modelling data used for validation 316 

of the numerical model is only considering the isolated effects of hydraulics parameters 317 

and it must be noted that results from real-life WSPs will deviate from the laboratory-318 

scale tests due to the combined effects of climate, hydrology, and ecological features. The 319 

Figure highlights that numerical model is capable of approximating measurements from 320 

physical model with high precision. Although the overall trend of numerical results is 321 

following the measurements, small deviation from the physical modelling can be 322 

observed within 0.5 < 𝑡/𝑡𝑛 < 0.8.  323 

 324 
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 325 

Figure 3- Numerical mesh refinement of the WSP for Mesh 3 326 

 327 

The sensitivity analysis indicates that Mesh 3 provides the best trades-off between 328 

numerical accuracy and computational costs. Hence, 1.275 million elements (Mesh 3) 329 
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using structured hexahedron mesh were generated to develop numerical domain of the 330 

WSP and conduct numerical investigations for the test cases summarized in Table 2.  331 

 332 

 333 

Figure 4 - Comparison of normalized RTD curves from the numerical simulations (Mesh 1 – 4) 334 
with the physical modelling measurements of Khan et al. [48] 335 

 336 

4. Results and Discussion 337 

Following successful validation and calibration of the numerical model (§3.), the 338 

modelling scenarios described in Table 2 are computed to investigate the effects of island 339 

orientations and side-walls slope on the hydraulic efficiency of the waste stabilization 340 

pond. The hydrodynamic and tracer simulation results for the fifteen configurations tested 341 

in this study are analyzed and elaborated with the view of understanding the impacts of 342 
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impervious obstacle orientation and side-walls slope on the underlying flow transport 343 

patterns and solute mixing in the WSP.  344 

 345 

Flow hydrodynamics is simulated for more than four times of the WSP’s nominal 346 

hydraulic retention time in order to reach steady-state flow condition. The tracer is 347 

injected at the numerical inlet after reaching the steady-state condition. The numerical 348 

RTD curves are determined by computing temporal evolution of tracer concentration at 349 

the outlet boundary. The hydraulic characteristics of the WSPs with different island and 350 

side-walls slope configurations are computed to evaluate performance of the pond under 351 

different design settings.  352 

 353 

Figures 5 – 7 show temporal evolution of normalized RTD profiles determined based on 354 

tracer transport and mixing across the WSP for all the test cases investigated in this paper. 355 

The RTD curves are generated based on the first 2500 seconds of the tracer simulations 356 

to provide a better perspective of when the outflow concentration reaches the background 357 

concentration. The RTD curves illustrate the transport and mixing of the tracer in the 358 

WSP, representing the real time that water resides in the WSP. The real hydraulic 359 

retention time (HRTR) and short-circuiting are the most important parameters for 360 

determining the treatment efficiency of the WSP. The efficiency of the pollutant removal 361 

processes in the WSP will be adversely affected if the fluid volume passes through the 362 

WSP is faster than the designed retention time.  363 

 364 
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Figure 5 highlights the effects of side-walls slopes on mixing and transport of tracer in 365 

absence of island. For the case of NI_2-1 and NI_1.5-1, two sharp peaks in the RTD 366 

curves are observed. The first peak in the RTD curve happens very quickly and 367 

corresponds to the time that the main core of tracer mass leaves the WSP due to short-368 

circuiting. The second concentration peak takes place when the remaining tracer 369 

circulates across the WSP and reach the outlet boundary. The trend of temporal variations 370 

of the concentration profiles for NI_2-1 and NI_1.5-1, demonstrate a rapid increase of 371 

RTD curves immediately after the tracer introduced to the WSP, indicating undesirable 372 

short-circuiting condition (= 0.127 and 0.129, respectively) in the WSP. For NI_2-1 and 373 

NI_1.5-1 cases, concentration of the tracer at the outlet boundary reaches the maximum 374 

level after ~ 2.20 and 3.17 minutes, respectively, and the ratio of the peak time (𝑇𝑝𝑒𝑎𝑘) 375 

to the nominal residence time (𝐻𝑅𝑇𝑁) is determined as 18.2% (NI_2-1) and 22.5% 376 

(NI_1.5-1), indicating inefficiency in the hydraulic performance of the WSP for these 377 

configurations with mild side-walls slope and no island. The comparison of tracer 378 

concentrations in Figure 5 shows that 𝑇𝑝𝑒𝑎𝑘 for cases NI_1-1, NI_0.5-1 and NI_0-1 is 379 

increased, respectively, while the peak of tracer concentration at the outlet is decreased 380 

for these cases. The short-circuiting values determined for the cases NI_1-1, NI_0.5-1 381 

and NI_0-1 are increased, which highlight improvement in WSP’s hydraulic efficiency 382 

(see Table 4).  383 

 384 

The findings for the cases of WSP with no island are in line with the well-established 385 

physical modelling and field-based studies [33, 58]. Further in-depth details of the 386 

hydraulic efficiency indexes are determined and summarized in Table 4. Comparison of 387 

the RTD curves for the cases of WSP with no island shows that hydraulic efficiency and 388 
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short-circuiting condition of the WSP are improved by increase in side-walls slope, while 389 

effective volume is decreased. It was shown that changing side-walls slope from 2-1 to 390 

0-1 increases the volume of the dead zones (i.e. reduction in effective volume) in the 391 

corner of the WSP, which is evidenced by longer tail of RTD curves in Figure 5. 392 

 393 

 394 

Figure 5 - RTD curves for the cases of WSPs without island 395 

 396 

Previous studies show that hydraulic performance of treatment ponds and their retention 397 

time can get enhanced by implementing retrofitting structures such as island and baffle 398 

[17, 59]. This study investigates the combined effects of island configurations and side-399 

walls slope on the hydraulic efficiency of WSPs, using the numerical model developed in 400 

sections §2.1 and §2.2. Figures 6 and 7 show the RTD curves determined from tracer 401 

simulations of WSP with parallel island and rotated island with a range of side-walls 402 

slopes, respectively.  403 
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 404 

For the simulation cases with mild side slopes of 2:1 and 1.5:1, it was found that for both 405 

parallel and rotated island configurations, the 𝑇𝑝𝑒𝑎𝑘 of tracer distribution at the outlet 406 

boundary was reduced indicating a significant reduction in short-circuiting condition 407 

across the WSP in comparison to the no island configurations. The results show that the 408 

implementation of an island in front of the inlet, directs the inflow jet towards the side-409 

walls of the WSP and increases the length of flow path across the WSP from the inlet to 410 

the outlet (Figures 6 and 10). Increase in side-walls slope was shown to have positive 411 

impact on short-circuiting condition across the pond and improved the hydraulic 412 

efficiency for the cases PI_1-1, PI_0.5-1 and PI_0-1. Increase of side-walls slope for 413 

WSPs with parallel island resulted in an increased reside time of tracer in the pond which 414 

is directly associated with the longer stream path across the path from the inlet to the 415 

outlet of the pond (Figures 6 and 10, Table 4). The longer tail of RTD curves as well as 416 

lower concentration peak for cases PI_1-1, PI_0.5-1 and PI_0-1 indicate improvement in 417 

mixing and dilution across the pond.  418 

 419 

The hydraulic efficiency of the WSP was decreased for PI_2-1 and PI_1.5-1 by about 2.9 420 

and 3.2 percent, in comparison with NI_2-1 and NI_1.5-1. However, for the cases of 421 

WSPs with side-walls slope of 1:1, 0.5:1 and 0:1, implementation of parallel island has 422 

improved the hydraulic efficiency of the WSP by 2.5, 3.1 and 4.5 percent, respectively.  423 

 424 
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 425 

Figure 6 - RTD curves for the cases of WSPs with parallel island 426 

 427 

This study also computed and analyzed the effects of implementing a rotated island in 428 

WSPs with a range of different side-walls slopes. The hydraulic efficiency indexes were 429 

computed for all the simulation scenarios with rotated island (see Table 4). The temporal 430 

variation of numerical tracer concentration profiles at the outlet boundary of the WSP 431 

with a rotated island and varying side-walls slope are presented in Figure 7. The sharp 432 

rise in the RTD curves for RI_2-1 and RI_1.5-1, just after the tracer was introduced in the 433 

numerical domain, indicates poor mixing condition in the WSP due to inappropriate flow 434 

conditions and short circuiting, in comparison with the cases with similar side-walls slope 435 

without island and with parallel island. Short circuiting condition is improved with the 436 

increase in the side-walls slope for RI_1-1, RI_0.5-1 and RI_0-1 cases, as the rotated 437 

island hindered inflow jet, although hydraulic efficiency indexes were not further 438 

improved for the rotated island due to reduction in 𝐻𝑅𝑇𝑅.  439 
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 440 

Hydraulic characteristics of all the simulation cases are determined based on temporally 441 

averaged integration of tracer concentration at the outlet of the WSP. Short-circuiting and 442 

hydraulic efficiency of the WSPs were improved by increasing the side-walls slope across 443 

all simulation scenarios. The effective volume of the WSPs was reduced by increasing 444 

the side-walls slope. The reduction in effective volume of the WSP was associated with 445 

the formation of dead zones in the corners of the WSP for cases with side-walls slope of 446 

0.5:1 and 0:1.  447 

 448 

Figure 7 - RTD curves for WSPs with rotated island 449 

 450 

The detailed hydraulic analysis of the simulation results presented in Table 4 highlights 451 

the significance of geometrical design and retrofitting on the performance of the WSPs. 452 

The proposed numerical model can be used to enhance the design of WSPs and provide 453 

detailed analysis of the performance of WSPs under a range of design and operational 454 
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conditions. The numerical algorithm developed in this study will enable modelling-455 

informed optimum design and operation of WSPs for nature-based water and wastewater 456 

treatment processes. Optimized design and operation of WSPs will improve the treatment 457 

efficiency of the pond and reduce the pollutant discharge from WSPs to the environment 458 

enhancing the ecological features within the pond and its immediate surroundings, 459 

facilitating ecosystem restoration. Hence, the scenario modelling and detailed hydraulic 460 

analysis (Table 4) facilitates improving the environmental safety of WSPs as a nature-461 

based solution, protecting, and enhancing the ecosystem within the WSPs as well as their 462 

surrounding environment. 463 

 464 

Table 4 – Hydraulic characteristics of WSP for all the simulation scenarios 465 

Case  HRTR (min) Tpeak (min) HRTN (min) e (%) Short-circuiting 
Hydraulic 

efficiency (%) 

NI_2-1 11.8 2.20 12.1 97 0.127 18.2 

NI_1.5-1 13.51 3.17 14.1 95.8 0.129 22.5 

NI_1-1 14.8 5.57 15.79 93.7 0.141 35.3 

NI_0.5-1 15.99 8.00 17.59 90.9 0.159 45.5 

NI_0-1 16.86 11.00 19.47 86.6 0.173 56.5 

PI_2-1 11.2 1.80 11.8 95 0.067 15.3 

PI_1.5-1 12.7 2.60 13.48 94.2 0.127 19.3 

PI_1-1 14.14 5.75 15.17 93.2 0.159 37.9 

PI_0.5-1 15.56 8.25 16.97 91.7 0.204 48.6 

PI_0-1 16.89 11.50 18.85 89.6 0.239 61 

RI_2-1 10.8 1.20 11.8 92 0.062 10.2 

RI_1.5-1 12.31 2.13 13.48 91.3 0.108 15.8 

RI_1-1 13.71 4.75 15.17 90.4 0.187 31.3 

RI_0.5-1 15.11 7.17 16.97 89.05 0.216 42.2 

RI_0-1 16.41 10.58 18.85 87.05 0.269 56.1 

 466 
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4.1. Hydrodynamics Analysis 467 

Alteration in geometrical properties of WSPs can significantly influence flow 468 

hydrodynamics patterns across the pond, and consequently change the efficiency of 469 

treatment processes. Therefore, detailed understanding of the effects of geometrical 470 

designs and retrofitting structures on flow hydrodynamics and solute transport across the 471 

WSPs is key for optimized design, operations, and maintenance of treatment ponds. 472 

Detailed flow hydrodynamics properties are determined for the simulation cases outlined 473 

in Table 2, to investigate the impacts of geometrical properties on the flow and solute 474 

transport across WSPs and quantify the effectiveness of WSPs. Figure 8 compares the 475 

lateral flow velocity profiles across the width of the WSPs for the simulation scenarios 476 

with parallel and rotated island.  477 

 478 

Understanding the velocity profiles across the WSP is key for improvement of hydraulic 479 

efficiency, sludge management and control of biological treatment processes in treatment 480 

ponds [20, 21, 60]. The averaged lateral numerical velocity profiles are determined in the 481 

middle of the WSP which is of importance for reducing short circuiting conditions. 482 

Analysis of the results shows that retrofitting of island has led to creation of shear velocity 483 

profiles across the width of the WSP. Water inflow from the inlet is divided into two 484 

distinct flow regimes, where near the sides of the WSP flow is advecting towards the 485 

outlet with a positive velocity and as moving from the side-walls, the flow velocity 486 

decrease until it reaches the minimum velocity at the center of the pond. The positive 487 

velocity values in Figure 8 indicate flow direction towards the outlet and the negative 488 

velocities show flow movement towards the inlet.  489 
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 490 

The variation of the lateral flow velocity profiles in WSP for both parallel and rotated 491 

island with the side-walls slope of 2:1 and 1.5:1 is significant, ranging from -0.02 to 492 

0.1(m/s). Analysis of the results presented in Figure 8 show that parallel island performs 493 

better in reducing the inflow jet velocity and improvement of flow short circuiting 494 

condition across the WSP, in comparison to the results obtained for cases with rotated 495 

island. For all the tested configurations, it was shown that the maximum lateral velocities 496 

in both directions are greater for the WSPs with rotated island.  497 
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  498 

The vertical variations of flow velocity profiles are determined for all the simulation 499 

scenarios. Figure 9 illustrates the variation of the velocity profiles over the depth of the 500 

WSPs, determined at the middle of the pond and after the island retrofitting. The negative 501 

velocity values in Figure 9 highlights reverse flow direction (i.e. towards the inlet) and 502 

positive velocities indicate flow direction towards the outlet boundaries. The analysis of 503 
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Figure 8 - Lateral velocity profiles for WSPs of varying wall-slope in presence of parallel and rotated 

island 
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numerical results show that the vertical flow velocity profiles were increased as the side-504 

walls slope was reduced. The vertical velocity profiles for ponds with rotated island were 505 

greater in comparison to those configurations with parallel island.  506 

 507 
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Figure 9 -Vertical velocity profiles for WSPs with parallel and rotated island 
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The effects of island configurations and side-walls slopes are further investigated through 509 

determining the solute tracer flow path and streamlines across the pond. Figures 10 and 510 

11 show flow streamlines computed for all the simulation cases with parallel and rotated 511 

island. Four main circulation zones can be seen in the pond across all the test cases. Two 512 

distinct circulation zones of similar length are evident before the islands for all the cases 513 

presented in Figure 10 and 11. For the cases with milder side-walls slope (e.g., PI 2-1 and 514 

RI 2-1) additional smaller size dead zones are generated in the corners of the WSP near 515 

the inlet. Analysis of solute streamlines across the pond highlights that island 516 

configurations and side-walls slope are playing significant role in forming the circulation 517 

patterns and structure of dead zones after the retrofitting island, which determine the 518 

hydraulic performance of the WSP.  Detailed understanding of flow path across the WSP 519 

and analysis of re-circulation zones facilitated through scenario modelling using the 520 

numerical model developed in this study is important for assessing the performance of 521 

WSP and their impacts on the ecological function of the pond and its surroundings.   522 

  523 
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 524 

Figure 10 – Flow transport path (streamlines) for the cases of WSP with parallel island 525 

 526 

The spatial distribution of flow turbulent kinetic energy across the WSP was determined 527 

for all the simulation scenarios to provide a better understanding of impacts of 528 

geometrical configurations on solute transport and mixing.  Figures 12 and 13 depict the 529 

effects of geometrical properties on the distributions of turbulent kinematic energy (k) 530 

across the WSP with parallel and rotated island retrofitting. The normalized non-531 

dimensional turbulent kinetic energy is defined as the ratio of k/k0. The results indicate 532 
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that island installation, in general, led to abrupt dissipation of inflow kinetic energy and 533 

improved the treatment performance of WSPs.  534 

 535 

 536 

Figure 11 – Flow transport path (streamlines) for the cases of WSP with rotated island 537 

 538 

Reduction of inflow turbulent kinematic energy for the cases with parallel retrofitting 539 

island is more apparent compared to the rotated island, indicating in better dilution and 540 

mixing regime in the WSP with parallel island retrofitting. The turbulent kinetic energy 541 
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values behind the island and near the walls for the cases with rotated island is slightly 542 

larger than the cases with parallel island, which led to reduced hydraulic performance and 543 

short circuiting for simulation scenarios with rotated island retrofitting. Development of 544 

turbulent kinetic energy behind the island for both rotated and parallel cases is increased 545 

as the side-walls slope changed from 0:1 to 2:1. 546 

 547 
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 548 

Figure 12 – Spatial variation of non-dimensionalized turbulent kinetic energy (𝑘/𝑘0) across the 549 
WSPs with parallel island 550 

 551 
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 552 

Figure 13 – Spatial variation of non-dimensionalized turbulent kinetic energy (𝑘/𝑘0) across the 553 
WSPs with rotated island 554 

 555 

Lateral turbulent kinetic energy profiles for the test configurations with parallel and 556 

rotated island are determined and shown in Figure 14. The results show increase of 557 

turbulent kinetic energy near the walls as the island directed water flow towards the sides. 558 
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It can be inferred that parallel island has better performance in reduction of inflow 559 

turbulent kinetic energy. Analysis of the results also show that side-walls slope directly 560 

influences the distribution of turbulent kinetic energy and consequently the solute 561 

residence time in the WSP. Figure 14 shows that the inflow turbulent kinematic energy is 562 

more dampened for the cases with steeper side-walls slope. 563 

 564 

Figure 14 – Lateral turbulent kinematic energy profiles for the cases of WSPs with parallel and 

rotated island 

0

0.05

0.1

0.15

0.2

0 0.25 0.5 0.75 1

k
/k

0
(m

2
/s

2
)

Width (x/x0)

PI_0-1 RI_0-1

0

0.05

0.1

0.15

0.2

0 0.25 0.5 0.75 1
k
/k

0
(m

2
/s

2
)

Width (x/x0)

PI_0.5-1 RI_0.5-1

0

0.05

0.1

0.15

0.2

0 0.25 0.5 0.75 1

k
/k

0
(m

2
/s

2
)

Width (x/x0)

PI_1-1 RI_1-1

0

0.05

0.1

0.15

0.2

0 0.25 0.5 0.75 1

k
/k

0
(m

2
/s

2
)

Width (x/x0)

PI_2-1 RI_2-1

0

0.05

0.1

0.15

0.2

0 0.25 0.5 0.75 1

k
/k

0
(m

2
/s

2
)

Width (x/x0)

PI_1.5-1 RI_1.5-1



38 

 

5. Conclusions 565 

Hydraulics characteristics and solute transport processes in a waste stabilization pond 566 

(WSP) is investigated in this paper. A hydrodynamic model is developed using RANS 567 

equations with k-ε turbulence closure model. Solute transport was simulated by coupling 568 

the advection-diffusion model with the hydrodynamic model. The proposed model was 569 

successfully validated and calibrated against physical modelling measurements of Khan 570 

et al. [48]. Fifteen simulation scenarios were designed to provide a comprehensive 571 

analysis of the effects of waste stabilization pond’s geometrical properties (i.e. side-walls 572 

slope) and island retrofitting configurations on the hydraulic efficiency and pollution 573 

transport across the pond.  574 

 575 

Detailed hydraulics performance indexes including HRTR, Tpeak, HRTN, e, Short-576 

circuiting and Hydraulic efficiency were determined for all simulation cases. The analysis 577 

of the simulation results show that increase in the side-walls slope and implementation of 578 

island enhanced the short circuiting and hydraulic efficiency of the pond. The comparison 579 

of results between parallel and rotated island retrofitting show that parallel island 580 

configurations provide better hydraulic efficiency and improve the short-circuiting 581 

conditions across the pond.  582 

 583 

Vertical and lateral velocity profiles across the ponds were determined to investigate the 584 

effects of side-walls slope and island retrofitting on the hydraulic and treatment efficiency 585 

of the pond. Lateral velocity profiles show presence of strong shear velocity profile due 586 

to island retrofitting which enhanced the mixing and treatment efficiency of the pond. 587 
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Non-reactive passive tracer transport across the waste stabilization pond (WSP) was 588 

determined for all the simulation scenarios, to investigate solute interactions with the 589 

WSP and the effects of geometrical configurations on the formation of dead zones across 590 

the pond. Further analysis was conducted to determine turbulent kinetic energy profiles 591 

for simulation scenarios. It was shown that parallel island retrofitting has better 592 

performance in reducing the flow kinetic energy and increasing the solute residence time 593 

in the WSP, leading to enhanced treatment efficiency.  594 

 595 

The numerical results indicate that even minimal alterations to geometrical properties can 596 

significantly affect the hydraulic performance and treatment efficiency of the WSP. 597 

Hence, careful considerations are needed to investigate the hydraulic characteristics of 598 

treatment ponds for different design and operational conditions. It was shown that the 599 

numerical model developed within this study is capable of robust simulation of 600 

hydrodynamics and solute transport for waste stabilization ponds. Detailed understanding 601 

of flow and tracer transport from the developed model enabled identification and 602 

quantification of key performance indicators of the waste stabilization ponds. Given that 603 

in practical settings multiple connected ponds are adopted, further physical modelling 604 

measurements are required to validate and fine-tune the proposed model for multiple 605 

WSPs system.  606 

The proposed model can help identify appropriate design configurations of treatment 607 

ponds to enhance treatment efficiency and reduce operational costs. Modelling-informed 608 

optimum design and operation of WSPs for nature-based water and wastewater treatment 609 

processes is vital to ensure pollution loading from WSPs to the environment is minimized, 610 
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and the ecological features within the pond and its immediate surroundings are protected. 611 

As such, adoption of the proposed numerical tool for scenario modelling and detailed 612 

hydraulic analysis facilitates improving the environmental safety of WSPs.  613 

 614 
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