
Full Paper  11th ISE 2016, Melbourne, Australia 
 

COMPUTATIONAL FLUID DYNAMICS MODELLING OF A VEGETATED 
STORMWATER POND  

 
FRED SONNENWALD 

Department of Civil and Structural Engineering, The University of Sheffield  
Mappin St., Sheffield, S1 3JD, United Kingdom 

 
VIRGINIA STOVIN 

Department of Civil and Structural Engineering, The University of Sheffield  
Mappin St., Sheffield, S1 3JD, United Kingdom 

 
IAN GUYMER 

School of Engineering, University of Warwick  
Coventry CV4 7AL, United Kingdom 

 
Stormwater treatment ponds are common, but there are few tools to evaluate their performance. 
Computational Fluid Dynamics (CFD) is increasingly being used to design and evaluate ponds, but often 
neglects the effects of vegetation. The Residence Time Distribution (RTD) is an established means of evaluating 
treatment capability of a pond. This study uses CFD to model vegetated ponds and obtain RTDs. A pond with 
two different vegetation layouts and also without vegetation is modelled using (i) the Momentum Sink (MS) 
approach and (ii) the King, Tinoco, and Cowen (KTC) k–ε turbulence model to represent the vegetation in 
ANSYS Fluent. All five CFD models predict that the majority of residence times are lower than the nominal 
residence time. Modelling the vegetation has a large impact on the flow field. The MS approach indicates a 
substantial performance difference due to vegetation. The KTC k–ε turbulence, which also includes turbulence 
generated by the vegetation, shows an even greater difference compared with the empty pond. 
 

1 INTRODUCTION 

Stormwater ponds are usually small to medium scale (metres to tens of metres) ponds constructed for detention 
and treatment purposes to protect surface waters. They are placed so that the pond’s volume provides temporary 
storage for surface run-off, e.g. from a road, as well as primary treatment, e.g. to reduce suspended solids. As a 
natural system, stormwater ponds are often planted or become naturally colonised by aquatic vegetation, which 
may provide additional water quality, habitat diversity, and aesthetic benefits [1]. 

The treatment capability of a stormwater pond can be described by its Residence Time Distribution (RTD), 
which shows the amount of time a particle of water may stay in the pond. Ideal treatment is defined as “plug 
flow”, where the RTD is equal to the nominal travel time tn, defined as volume over discharge. In a pond with 
plug flow, every particle of water experiences the same amount of time in the pond and therefore the same level 
of treatment, i.e. the entire pond volume is utilised. Realistically, however, ponds are described by a more 
variable RTD, reflecting the presence of a complex flow field within the pond. Example RTDs are shown in 
Fig. 1. A pond’s flow field can be influenced by several factors, including the position of the inlet/outlet, pond 
bathymetry, vegetation, wind, temperature, etc. [2]. 

To evaluate the treatment capability of a stormwater pond, usually a dye trace is carried out, where a slug 
concentration of a conservative tracer (e.g. Rhodamine dye) is injected at the inlet and the concentration at the 
outlet is recorded. The outlet record is then the RTD, and the closer the RTD is to the plug flow RTD, the better 
the treatment capability of the pond. A steep initial rise occurring well in advance of tn is indicative of “short-
circuiting”, where parts of the pond volume are by-passed and not used for treatment. 

Unfortunately, there are not many methods to evaluate treatment capability of a pond before it is 
constructed. Typical pond design utilises the engineer’s experience, general rules of thumb, or is a fit to the 
available space, and tn is assumed to describe the treatment capability of the pond [1]. In the last decade this has 
started to be challenged, with Computational Fluid Dynamics (CFD) modelling tools being used to simulate 
ponds, e.g. Khan et al. [3]. However, almost all CFD work fails to account for the presence of vegetation, which 
can heavily impact on the flow field by obstructing flow or generating turbulence [4], both of which affect 
mixing within the pond and therefore ultimately the treatment capability. 



To account for the presence of vegetation in a CFD model, Tsavdaris et al. [5] and Hoffmann [6] describe 
methods where vegetation is treated as analogous to a porous media, i.e. a Momentum Sink (MS). Sonnenwald et 
al. [7] however showed that such an approach does not model turbulence generated within the vegetation, and 
therefore is unsuitable to use for modelling vegetated ponds. King et al. [8] proposed the King, Tinoco, and 
Cowen (KTC) k–ε turbulence model to include the effects of vegetation induced mixing when using CFD. The 
purpose of this paper is to provide a preliminary comparison in CFD between the MS modelling approach and 
the KTC model in the context of a vegetated 3D pond, and to evaluate their impact on mixing within the pond by 
estimating the RTD. The KTC model is expected to show more rapid momentum diffusion due to increased 
turbulence, and therefore reduced velocities compared to the MS modelling approach. 

 

 
Figure 1. Example RTDs. 
 

2 METHODOLOGY 

2.1 Computational Fluid Dynamics modelling theory 

In most typical Computational Fluid Dynamics models, the Navier-Stokes equations describing forces acting on 
a body of water are solved in order to determine the flow field. These consist of the continuity equation, 
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where ρ	 is density, ui is instantaneous velocity, p is pressure, τij the stress tensor, Fi any external forces acting on 
the control volume, and i represents the three dimensions x, y, and z in tensor notation. Versteeg & 
Malalasekera [9] present a detailed explanation of how these equations may be solved, but ultimately they cannot 
be solved directly for a large, complex problem, and as a result the effects of turbulence must be modelled.  

The most commonly used turbulence models are the k–ε turbulence models, where two additional 
parameters, the turbulent kinetic energy k and the turbulent energy dissipation rate ε are introduced. Following 
the standard k–ε model of Launder & Spalding [10], two additional transport equations are solved, the turbulent 
kinetic energy transport equation, 
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and the turbulent dissipation rate transport equation, 
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where µ is the viscosity of water and µt is the turbulent viscosity, 
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Gk is the production of turbulent kinetic energy due to shear, 
 
𝐺1 = 𝜇/𝑆8 
 
and S is the mean strain rate tensor. The parameters σk, σε, C1ε, C2ε and Cµ are model constants (given in Table 1) 
and have been well established for a variety of flows by Launder & Spalding [10]. 
 
Table 1. k–ε model constants [10].  
 

σk σε C1ε C2ε Cµ 
1.0 1.3 1.44 1.92 0.09 

 

2.1.1 Momentum Sink modelling 

The most common Momentum Sink approach to modelling vegetation in ponds is to use the ANSYS Fluent 
porous zone model [5, 7, 11]. Like all MS models, it adds a force term to the momentum equation in the form of 
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where 𝑢<  is mean (cell) velocity, α describes viscous losses, and C2 describes inertial losses. These two 
coefficients are derived from the Ergun equation [12] and calculated from 
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where d is stem diameter (normally particle diameter), and λ is porosity, both of which are measured 
characteristics of the vegetation. No other changes are made to the Navier-Stokes equations. 
 

2.1.2 The King, Tinoco, and Cowen k–ε model 

The King, Tinoco, and Cowen k–ε model is the vegetation modelling approach developed by King et al. [8]. 
Similar to the porous zone approach, it also adds a force term to the momentum equation,  
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where CD is the bulk drag coefficient, ϕ is the solid volume fraction (1 − 𝜆 ), and a is the frontal area 
perpendicular to the direction of flow per unit volume. This is almost directly analogous to the porous zone 
model and assuming the viscous losses proposed are very small (i.e. 𝛼 ≫ 1), 
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In the KTC model, ϕ and a may be calculated from vegetation characteristics. In the case of regular cylinders, 
𝜙 = 𝜋/4𝑎𝑑 and 𝑎	 = 	𝑁𝐴𝑉P7, where N is the number of cylinders, A is the frontal area per cylinder, and V is the 
volume of water. CD must typically be measured, but Tinoco & Cowen [13] provide several empirical 
relationships from which it can be estimated. 
 The KTC model specifically addresses the turbulence generated by vegetation and assumes that turbulence 
may be broken down into two components, a shear component ks generated by velocity shear and a stem wake 
component kw generated by eddies, such that 
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The KTC model sits on top of a k–ε model, adding a turbulent kinetic energy quantity for stem wakes. As a 
result, in Eq. (3), k becomes ks and a spectral short-cut W term is subtracted, where 
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The spectral short-cut here represents a direct energy cascade between shear scale and wake scale turbulence. In 
Eq. (4), k also becomes ks, ε becomes εs, and a C5εW term is subtracted. A second transport equation for kw is 
added,  
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where the production of turbulence due to stems wakes Pw is given as 
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and the dissipation of turbulence due to stems is given as 
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µt is redefined to incorporate both shear and wake components,	 
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and βd, βp, C5ε, Cλ, and γ are model constants (given in Table 2). The KTC model has been implemented in 
ANSYS Fluent as a User Defined Function [11].  
 
Table 2. KTC model constants [8].  
 

βd βp C5ε Cλ γ 
1.0 0.2 0.0 0.01 0.8 

 

2.2 Model configuration 

A rectangular pond of dimensions 5 x 8 x 1 m with sides sloping 1:1 (28 m3 volume) has been simulated with 
and without vegetation. Two vegetation layouts have been simulated. The first, an ‘emergent’ vegetation 
scenario, has vegetation all along the perimeter of the pond from the sloped sides to the surface of the pond, with 
no vegetation on the level pond bottom. The second layout, a ‘submerged’ vegetation scenario, has a uniform 
depth of vegetation 0.3 m across both the bottom and the sloped sides of the pond, with the vegetation at the very 
edges of the pond meeting the surface (Fig. 2). 

The flow rate of the model has been chosen as 0.5 ls-1, to correspond to 𝑡[ = 15.56	 ≈ 	16 hours, which 
would in theory ensure approximately 8 hours of daylight (assuming a 12 hour light/dark photoperiod) and is a 
standard residence time for photoreactive processes. The pond inlet and outlet are diagonally opposite each other 
on the 5 m sides of the pond, 1 m away from the long edge, and are 0.25 m wide and extend 0.02 m below the 
surface. This size equates to a representative inlet velocity of 0.1 ms-1 [14].  

In total 5 CFD models have been run, the no vegetation model, and then both vegetation scenarios with (i) 
the porous zone MS model and (ii) the KTC k–ε model to represent the vegetation. The vegetation is described 
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∞. This is representative of the values reported by King et al. [8] for model calibration. 

The model has been meshed with a target 8 cm cell size along the sloped sides using tetrahedral meshing 
and with a target 7 cm cell size using hexahedral meshing in the centre of the pond. The inlet and outlet were 
meshed with a target 5 mm mesh size. Overall the model has 414,000 cells using the advanced size function on 
proximity and curvature [11]. To help ensure model stability, the coupled solver has been used, with second 
order discretisation for the turbulence equations. The momentum equation used the QUICK discretisation 
method. Shear generated turbulence has been modelled with the Realisable k–ε model [15]. The new kw transport 
equation used the same 0.8 relaxation factor as the Realisable k–ε model. The standard wall functions have been 
used with an assumed zero roughness height as wall roughness plays a minimal role on slow moving bodies of 
water [16, 5]. A fixed lid approximation has been used and so the surface of the pond has been modelled with a 
symmetry plane. 

 

 
Figure 2. Pond layout. 

 

2.2.1 Evaluating the pond RTD 

A virtual dye injection has been run in the CFD model using a Discrete Phase Model [11, 17] to evaluate the 
pond RTD. 75,000 particles were released at the pond inlet, and the converged flow field combined with a 
stochastic random walk model used to determine the particles’ potential paths through the pond. Upon reaching 
the outlet, the particle age was recorded and the distribution of ages across all particles becomes the RTD. 
 

3 RESULTS AND DISCUSSION 

Fig. 3 shows contour and vector plots of the pond at the surface, as well as vertical cross-sections of the pond in-
line with the inlet and outlet. In the empty pond (Fig. 3a), the inlet jet gradually expands to fill the volume and a 
large, high velocity clockwise recirculating flow field develops. Small recirculation zones form in the corners 
opposite the inlet/outlet. This type of flow field is realistic and expected for what is essentially a large box. 
 The presence of vegetation greatly influences the flow field. In the emergent vegetation scenario utilising 
the MS model (Fig. 3b), the inlet jet immediately hits the vegetation and diffuses. Due to the fixed lid this results 
in the jet deflecting downwards, where it spreads outwards along the bed of the pond, setting up a vertical 
recirculation pattern. There is little momentum transfer vertically in the centre of the pond given that the flow is 
almost laminar at mms-1 velocities. Instead, the water rises as the flow along the bottom hits the sloped sides. At 
the outlet, flow is withdrawn evenly from all directions.  
 In the emergent vegetation scenario with the KTC model (Fig. 3c), the basic flow pattern is similar to that of 
the emergent MS model although the jet at the inlet diffuses more rapidly (i.e. over a shorter distance) both at the 
surface and the bottom of the pond, resulting in a larger area of slow flow. This improved momentum diffusion 
can be attributed to the turbulence generated by the vegetation in the KTC model. Flow upwards from the bed 
rises closer to the outlet, and a small recirculation zone sets up in the bottom-left corner. Overall, flow in the 
centre of the pond with the KTC model is less uniform than with the MS model, with a more complex flow 
pattern establishing. 
 The submerged vegetation MS model (Fig. 3d) shows a flow pattern similar to the empty pond, except with 
reduced velocities (n.b. the colour scale is different). The jet at the inlet is only partially diffused by the 
vegetation, spreading the jet out vertically, although it never really penetrates down into the vegetation on the 



bed. In this model, the vegetation drag on the flow causes an offset centre to the recirculation pattern. Similar to 
the empty pond, recirculation zones setup in the corners opposite the inlet and outlet, although these are smaller 
with reduced velocity as they also experience drag from the vegetation. There is also the appearance of a 
preferential flow path along the surface between the inlet and outlet. 
 The KTC model when applied to the submerged vegetation scenario (Fig. 3e) shows a flow field similar to 
the corresponding submerged MS model. Furthermore, similar to how the KTC model changed the emergent 
vegetation flow field, the inlet jet in the submerged KTC model also diffuses more rapidly than its MS 
counterpart due to the extra momentum diffusion provided by the vegetation-generated turbulence in the KTC 
model. The deflection of the inlet jet is also more pronounced than in the submerged MS model. The centre of 
the recirculation pattern however returns to the centre of the pond, with much lower velocities in the 
recirculation area. 
 

 
(a) No vegetation (empty pond) 

 

 
(b) Emergent (MS) 

 

 
(c) Emergent (KTC) 

 
(d) Submerged (MS) 

 
(e) Submerged (KTC) 

 
Figure 3. Contours of velocity magnitude with vectors indicating velocity direction for the modelled ponds. 



 In both the emergent and submerged vegetation scenarios, the additional vegetation-generated turbulence of 
the KTC model acts to diffuse the momentum, resulting in lower, more uniform velocities. This indicates more 
favourable pond flow as in plug flow all particles would nominally experience the cross-sectional mean velocity. 
 

3.1 Modelled RTDs 

Fig. 4a shows the modelled RTDs. The empty pond (with neither the MS nor KTC modelled vegetation) has a 
very quick initial rise in RTD, consistent with the short-circuiting indicated in the contour plots. The sinusoidal 
fluctuations show water particles experiencing the visible recirculating flow field. The steep rise in the emergent 
vegetation scenario for both MS and KTC is consistent in this case with the bulk of the diffused jet from the bed 
reaching the outlet nearly simultaneously and is indicative of plug flow. The less steep rise of the submerged 
vegetation scenario for both MS and KTC indicates that the observed surface flow is in this case not true short-
circuiting but is instead a preferential flow path. The main difference between the MS and KTC model RTDs 
appears to be a difference in first arrival time, with there being a much greater difference between the emergent 
and submerged MS models than the two KTC models. This may be explained by the enhanced momentum 
diffusion of the KTC modelled layouts resulting in similar mean velocities and travel times. 
 Fig. 4b shows the modelled CRTDs, plotted on a longer time scale. From this it is apparent that performance 
between the different models and scenarios is more similar than the differences in flow field would suggest as all 
of the CRTDs have long drawn out tails. The MS and KTC submerged vegetation model CRTDs also show a 
small point of inflexion near 0.5tn and tn respectively, indicating a longer duration recirculation pattern. The 
earlier point of inflexion in the MS model corresponds to the higher surface velocities previously presented in 
Fig. 3d (compared to Fig. 3e). 
 

 
(a) RTDs 

 
(b) CRTDs 

 
 
Figure 4. Simulated RTDs and CRTDs for the modelled ponds. 
 

3.2 KTC model performance 

This preliminary comparison demonstrates that the turbulence due to stem wakes within vegetation generated by 
the KTC model clearly impacts overall pond hydrodynamic performance and mixing characteristics. However, in 
this example the dominant effect on pond hydrodynamics is in fact due to the shear generated at the 
vegetation/clear flow interface and the additional turbulence due to vegetation has only a minor effect. In a fully 
vegetated flow however, the additional turbulence taken into account with the KTC model would be critical [7]. 
Without an experimental model validation case, it is difficult to assess how accurate or realistic the KTC model 
results are, but the KTC model can clearly be applied to a 3D pond and produce a flow field sensitive to 
vegetation layout. The KTC model therefore shows the potential to be used to refine pond design. 
 There are several KTC model limitations. King et al. [8] validated the KTC model for 2D flows with the 
primary velocity component in one direction only, while the model here was used in fully 3D flow. Similarly, the 



model constants were calibrated primarily against stem Reynolds numbers in the hundreds, and no detailed 
investigation of the KTC model has been carried out at the transitional flow velocities likely to be present in a 
pond. The KTC model has also ignored any viscous drag effects at low velocities. These limitations suggest that 
additional model validation against experimental and field data in more complex flows is required. 
 

4 CONCLUSIONS 

The KTC k–ε model can be applied to 3D ponds and produces flow fields sensitive to vegetation layout. The 
KTC model results showed that accounting for additional mixing caused by the presence of vegetation impacts 
on the calculated flow field through increased momentum transfer, addressing a fundamental limitation of the 
MS model. Overall the flow fields in the MS and KTC models are very similar, suggesting that using a MS 
model as an approximation may offer useful insights especially when vegetation/clear flow shear effects 
dominate. In fully vegetated flows however, the KTC model is critical for understanding the impact of additional 
turbulence generated by vegetation on a pond’s flow field and RTD. 
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