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Abstract. The hydraulic efficiency of wetlands for wastewater treatment was investigated as
a function of wetland shape and vegetation density using a 2D depth-averaged numerical
model. First, the numerical model was calibrated and validated against field data and then
was applied to 8 hypothetical wetlands of rectangular and elliptical shape and different aspect
ratio (i.e. 1:1 to 4:1). The vegetation density was varied from 0 to 1000 stems/m?. The effect
of inlet-outlet configuration was analyzed by simulating the hydraulic response of wetlands
with different alignment of the flow inlet and outlet and wetlands with multiple inlets. The
resulting Residence Time Distributions (RTDs) were derived from numerical simulations of
the flow field and the temporal evolution of the outlet concentration of a passive tracer
injected at the inlet. The simulated velocity field demonstrated that wetland shape can have
significant impact on the size of dead zone areas, which is also reflected in the RTD.
Efficiency metrics associated with detention time and degree of mixing improved for an
elliptical shape compared to a rectangular shape. An ellipse shape improved the wetland
performance by reducing the area of dead zones at the corners, and thereby increasing the
effective wetland volume contributing to the treatment process. Configurations in which inlet
and outlet were located at opposite corners of the wetland, and wetlands with multiple inlets
produced smaller dead zones, which reduced the variance of the RTD. The simulation results
also revealed an interesting threshold behavior with regard to stem density. For stem density
above 300 stems/m?, which is typical of treatment wetlands, the model predictions were not
sensitive to the exact value of stem density selected, which simplifies the parameterization of
models. This quantitative analysis of the effect of wetland shape, inlet-outlet configuration
and vegetation density can help engineers to achieve more efficient and cost-effective design
solutions for wastewater treatment wetlands.

Keywords: Constructed wetlands, Shallow water model, Detention time, Dispersion, Vegetation,

Design.

1. Introduction

Free water surface constructed wetlands (FWS CWs) can remove a variety of contaminants
from municipal wastewater (Cameron et al., 2003; Kipasika et al., 2014), storm water
(Carleton et al., 2001; Mangangka et al., 2015), industrial wastewater (Vymazal, 2014; Wu et
al., 2015), agricultural wastewater (Maucieri et al., 2014; Vymazal and Bfezinova, 2015),
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road runoff (Gill et al., 2014), woodwaste leachate (Tao et al., 2006), and landfill leachate
(Yang and Tsai, 2011). The effectiveness of constructed wetlands in removing different
forms of contaminants is well documented (Vymazal, 2013). For example, phosphorus
removal has been documented in over 250 FWS wetlands, for a wide range of inflow
concentrations, from below 20 ug/L to over 100 mg/L (Kadlec and Wallace, 2009). Hsueh et
al. (2014) reported 85% removal of TN (total nitrogen) in a subtropical free water surface
CW in Taiwan with retention time of 3.7 days. Batty and Younger (2002) found that where
dissolved iron concentrations in wetland waters were at or below 1 mg/L, direct uptake of
iron by plants could account for 100% of iron removal. Kaotti et al. (2010) investigated the
performance of five FWS CWs and observed average removal values of 77.5%, 67.9%,
60.4%, 53.9%, 56.0% and 51.7% for BOD, COD, TKN, ammonia (NH4-N), ortho-phosphate
(PO4-P) and total phosphorus (TP), respectively. Although CWs have the potential to
improve water quality significantly, there is a large variability in their hydraulic efficiency
and removal rates (Persson et al., 1999). Wetland characteristics including wetland shape,
inlet-outlet configuration, vegetation coverage and water depths affect the hydraulics of CWs,
which directly influences removal rates. Designing a constructed wetland to achieve a certain

performance level requires optimization of these wetland properties (Marion et al., 2014).

The hydraulic design of a wetland has two main requirements: (1) the resulting hydraulic
residence time (HRT) must be sufficiently long to allow for the natural treatment processes to
remove the contaminants (Thackston et al., 1987); (2) the wetland must provide a condition
close to plug flow, for which dispersion is minimum, so that all water parcels experience a
residence time close to the HRT (Holland et al., 2004; Persson et al., 1999). Hydraulic
retention time (HRT) is the average amount of time a passive solute spends in a wetland
system. A longer retention time provides more time for biochemical reactions to occur in the
wetland, and thus increases pollutant removal (Kadlec and Wallace, 2009). Toet et al. (2005)
evaluated the pollutant removal in a FWS under four hydraulic retention times from 0.3 to 9.3
days and found that increasing HRT led to considerable increase in the removal of total
nitrogen, ammonium, and nitrates. A minimum HRT of 4 days was found to be necessary for
a nitrogen removal efficiency of approximately 45%, corresponding to an annual mass
loading rate of 150 gr m~2 yr*. The hydraulic efficiency of a wetland is characterized in
terms of two non-dimensional parameters. The first is the dimensionless retention time,
defined as e=tw/tn, in Which ty is the observed mean residence time, and t, = V/Q is the

nominal residence time, in which V is the volume of the wetland and Q is the input discharge
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rate (Thackston et al., 1987). The optimum residence time would be achieved when the ratio
approaches unity (tm=tn), which implies that there are no dead zones in the wetland, and the
whole wetland volume actively contributes to the treatment processes. The second design
criterion describes the departure from plug flow due to dispersion processes. Dispersion
arises from inlet and outlet effects, vegetation distribution patterns, bottom topography, wind
effects and shear stresses from sides. Dispersion makes some parcels of water exit before and
after the nominal resistance time (t,). Because the biochemical reactions impacting pollutant
removal are mostly first-order reactions, there is a greater disbenefit to pollutant removal for
parcels of water leaving before t, compared to the benefit for parcels leaving after t,, so that
any dispersion, which creates a greater variance in individual residence times, will diminish

the overall pollutant removal.

Wetland shape can significantly affect both dead zones (Kaotti et al., 2010) and dispersion
(Holland et al., 2004) in wetlands. Thackston (1987) found that distinct dead zones and
mixed zones are present in every wetland, and their size and location varies as a function of
wetland shape and inlet-outlet positions. Persson (1999) studied 13 rectangular ponds of
different aspect ratio (i.e. L:W, length-to-width ratio) and concluded that higher aspect ratios
decrease the dead-zone area by as much as 20 %. Sabokrouhiyeh et al. (2016) showed that a
low aspect ratio in combination with sparse vegetation coverage causes more dispersion and
larger dead zones in rectangular wetlands. Despite the importance of the subject, only a few
studies have investigated the effects of wetland shape on the behavior of inert tracers and on
the performance of ponds and wetlands for pollutant reduction (Kadlec and Wallace, 2009).
Instead, the focus of most published studies has been on the effects on wetlands hydraulics as
a function of aspect ratio (Jenkins and Greenway, 2005; Persson et al., 1999; Su et al., 2009;
Thackston et al., 1987). It has been shown that long, narrow wetlands (high aspect ratios)
give rise to plug-flow conditions and consequently provide higher hydraulic efficiencies than
wider (low aspect ratio) wetlands. However, narrow, long wetlands can produce operational
problems associated with high surface water slopes at high hydraulic loading rates (Koskiaho,
2003). For example, Reed et al. (1995) reported that a FWS wetland constructed with aspect
ratio of 20:1 experienced overflow due to a dramatic head drop. In addition, construction
costs are higher for a narrow wetland, because such a design requires a larger berm length per
wetland area (Kadlec and Wallace, 2009). Therefore, there is a need to further investigate
other wetland geometries, and other factors, such as inlet-outlet geometry, that may positively

impact wetland performance.
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The flow pattern generated by the inlet impacts the distribution of flow within the wetland
(Somes et al., 1999). An appropriate design of inlet-outlet configuration increases HRT and
enhances the flow uniformity (Persson et al., 1999; Su et al., 2009; Suliman et al., 2006). Su
et al. (2009) showed the highest wetland hydraulic performance (greatest pollutant removal)
was obtained with a uniform inlet and an outlet located at mid-width. They also found that
the use of subsurface berms could be an efficient way to improve the wetland performance.
Numerical simulation of a pond with low aspect ratio (L:W = 2:1) indicated that changing a
single inlet to multiple inlets increased wetland effective volume ratio from 60 to 75 % (Su et
al., 2009). For a higher aspect ratio (L:W = 5:1), having the outlet placed close to the inlet
produced an effective volume ratio of just 40 %, compared to nearly 80 % if the outlet was
placed at the opposite end of the pond (Persson et al., 1999). Numerical simulations by
Koskiaho (2003) showed that the number of inlets and their position do not significantly
affect flow patterns in wetlands of high aspect ratio, but did have an impact for aspect ratios
less than 4:1.

The present study analyzed the impact of different wetland design parameters on wetland
efficiency (degree of pollutant removal), considering different wetland shapes, vegetation
densities and inlet-outlet configurations. The analysis used 2-D depth-averaged simulations
of flow hydrodynamics and mass transport. The objective of the study was to provide
quantitative understanding of how different performance metrics are affected by wetland
geometry and vegetation density, which can help engineers to achieve more efficient and

cost-effective design solutions.
2. Theoretical background

2.1. Two-Dimensional numerical wetland model

A 2-dimensional numerical model of a wetland was developed to simulate the velocity field
and the transport of a dissolved tracer under steady conditions. The hydrodynamic model
solved the shallow-water equations and a solute transport model solved the depth-averaged

advection-diffusion equations.

2.1.1. Hydrodynamic model

Under the assumption of hydrostatic pressure, steady flow, and negligible wind and Coriolis
forces, the depth-averaged velocity field and water depth can be described by the following
equations (Wu, 2007).
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Here, Uy and Uy are the velocity components along the x and y directions; h is the water
depth; zs is the water surface elevation; p is the water density; zvx and vy are the bed shear
stresses in x and y directions, respectively; and 7 and 7y represents vegetation drag for the x

and y directions, respectively.

The bed shear stresses can be determined by (Kadlec and Wallace, 2009).

Tpx = PCppUy sz + Uy2 (4)

Tpy = pCppUy, /sz + Uy2 (5)

The corresponding bed-drag coefficient (Cpp) is defined as:

CbD=th;‘jnyz+h% =§e+h—; (6)
in which x is the water dynamic viscosity; M is the Manning friction coefficient; and Re =
puU/h is the depth Reynolds number. The bed drag coefficient consists of two terms. Under
laminar and transitional flow (Re<500), the first term dominates, whereas the second
turbulent term, characterized by the Manning equation, dominates for larger Reynolds
numbers (Re>1250) (Musner et al., 2014).

Vegetation drag is modeled using the following expressions for the drag exerted by the stems,
as described by (Werner and Kadlec, 1996).

Ux /

Tyx = pCvDal7 sz + Uyz (7
U

Tyy = pCypal = /sz +U,* (8)
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where Cyp is the vegetation-drag coefficient (dimensionless), and | is the stem height
(assumed equal to water depth). If the plants are modeled as cylinders, the vegetation density

parameter (a) can be defined as:

a=nyd )]

in which ns is the number of vegetation stems per unit area (1/m?), and d is the stem diameter
(m). From Eqg. 9 a non-dimensional vegetation volume fraction is defined as VF=ad=nsd?,
which represents the volume fractional of the flow domain occupied by plants (Nepf, 1999;
Stoesser et al., 2010).

2.1.2. Solute transport model
Solute transport of a passive tracer through a wetland was simulated with a depth-averaged
solute transport model,

a(hc) | a(huxc) . 9(hUyC)
at T dx T dy

d ac ac d ac ac
= a (hExx a + hExy 5) + 5 (hny a + hEyy 5) (10)

in which C is the depth-averaged solute concentration. Since we cannot assume that the x-
axis is everywhere parallel to the local flow vector, the mixed dispersion coefficients, Eij,
must be retained. They can be written in terms of their longitudinal (EL) and transverse (Er)

components (Arega and Sanders, 2004):

Exy =E,+ (EL—Ep)—=—— U2 +0,7 (11)
UyxU
Exy = ny =Ey + (EL —Ep) U2 _H_J,/ 2 (12)
U 2
Eyy =EL+ (EL—Ep)—5— U740, (13)

An equation to determine transverse diffusion for flow through emergent vegetation was
proposed by Nepf (1999). Total transverse diffusion is expressed as the combination of both

mechanical and turbulent diffusion Eq (14):

I _ g (C ad)§+ﬁ—2ad (14)
de - h vD 2

The first term, turbulent diffusion, is based on the assumption that all the energy extracted
from the mean flow through stem (cylinder) drag appears as turbulent kinetic energy. The
second term accounts for the mechanical diffusion and arises from the dispersal of fluid

particles due to obstruction of flow by vegetation stems. Nepf (1999) compared the

6
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predictions of Eq. (14) with experimental data from laboratory experiments in the range of
stem Reynolds number, Re; = UTd = 400 to 2000 and field experiments in the range

Req=300 to 600 and found a good agreement for scale factors of an=0.81, pf=1. Turbulent
diffusion is not present (an=0) for conditions with Req < 200, for which viscous drag

dominates and dissipates mean flow energy without generating turbulence.

Longitudinal dispersion (EL) reflects the effects of stem-scale longitudinal dispersion
processes and the dispersion induced by vertical velocity gradients, which, for emergent
vegetation, are associated with vertical variation in plant morphology. Lightbody and Nepf
(2006) used tracer studies and velocity measurements in a marsh with emergent vegetation
and for depth-averaged velocity in the range 0.1 and 0.24 cm st (Req = 2-360) to determine
longitudinal dispersion coefficient EL. The non-dimensional form of the longitudinal
dispersion coefficient is written as a combination of the stem-scale and the depth-scale

dispersion process as:

2= 2(Cp) + 2T (15)
in which D, = aZ(C,,Dad)gUd is the vertical turbulent diffusion coefficient («,=0.81,
(Lightbody and Nepf, 2006)), and 7" is the non-dimensional velocity shape factor. As noted
by Lightbody and Nepf (2006), the first term of equation (15) is typically smaller than the
second term, and can be neglected. For the range of stem Reynolds numbers investigated in
this study it is reasonable to consider only the first term of equation (14) and only the second

term of equation (15).

2.2. Residence time distribution

Tracer tests are used to evaluate the hydraulic efficiency of a wetland (Bodin et al., 2012;
Holland et al., 2004; Koskiaho, 2003). A non-reactive tracer is introduced at the wetland
inlet, and the outlet concentration is measured as a function of time, C,,;(t), from which the

residence time distribution, r(t), can be found.

Qout(t)cout(t)
t) == 16
T( ) fo Qout(t)Cour(t)dt ( )

with volumetric outflow Q,,.(t). The first moment of the RTD is the mean residence time,

tm, Which is the average time that tracer particles remain in the wetland (Bodin et al., 2012),

tm = [, tr(Ddt (17)
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If the flow passes through the entire volume (i.e. there are no dead-zones), the measured
mean residence time equals the nominal residence time, i.e. tm =ty = V/Q. The second

moment of r(t), i.e. the variance (%), is:

02 = [7(t — tw)?r(Ddt (18)

which describes the range of possible residence times for different individual fluid parcels. A
large variance indicates that there is a large variation in the times spent by individual parcels
of water within the wetland. This variation can be caused by the presence of different flow
paths, e.g. short-circuiting flow paths and recirculation zones, or by a high level of turbulent
mixing. For plug flow, for which there is no mixing and a perfectly uniform flow field, the

variance is equal to zero.

A wetland can be modeled as a number (N) of continuous stirred tank reactors
(CSTRs) in series (Kadlec and Wallace, 2009). In the case of a single tank (N = 1), water is
uniformly and instantly mixed over the entire wetland, and the wetland behaves as a well-
mixed reactor, resulting in an exponential RTD with o = t,. In contrast, a model with a large
number of tanks (large N) produces a system approaching plug flow, with a low degree of
overall mixing and small variance (o). According to Fogler (1992), the number of tanks in

series, N, can be determined from the inverse of the dimensionless variance(og = o/t,):

N =(09) = ()" (19)

The dimensionless variance or the number of CSTRs can be used to compute the dispersion

efficiency of the wetland (Persson et al., 1999):

e, =1—(0y)%=1- (%) (20)

In the ideal limit of plug flow, 6% = 0, resulting in eq = 1. This represents the best treatment

conditions with the lowest exit concentration.

Another metric of wetland efficiency is the volumetric efficiency, ey, (Persson et al., 1999),
representing the effective volume of a wetland system. It is determined as the ratio of the
mean residence time (tm) and the nominal residence time (tn).

m Aeffective
ey = () = (o) (21)

Atotal
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Assuming a uniform depth, this also indicates the ratio of effective flow area (Aeftective) t0 total
pond surface area (Acwtal). Low values of ey (<1) indicate the presence of dead zones (Aeffective
< Avotar). Persson et al. (1999) also defined a hydraulic efficiency index, 4, incorporating

both the effects of retention time and dispersion.

A =ey(1—) (22)

A high value of this index indicates that few dead zones are present (ev = 1) and low levels of

dispersion are present, both of which lead to better wetland performance.

3. Methodology

This numerical model study investigated the effects of wetland shape, inlet-outlet
configuration, and vegetation density on the hydrodynamics and mass removal capabilities of
FWS wetlands. The size of all basins (Fig. 1) was set at 1 hectare, and a range of vegetation
density was assumed, from non-vegetated to 1000 stems/m? (Kadlec and Wallace, 2009;
Serra et al., 2004). The boundary conditions were defined for Egs. (1)— (3), by the inflow at
the inlet, 7.7 L/s, and the water depth at the outlet, 0.5 m, producing a nominal hydraulic
retention time of t, = 7.5 days. The vegetation drag was described by equations (7) and (8) by
assuming that the stem diameter was uniform and equal to d =5 mm, which is a reasonable
assumption for vegetation found in a FWS constructed wetland. In real constructed wetlands
aquatic vegetation may be quite dense (VF up to 0.050), with diameters of 4-15 mm (Serra et
al., 2004). The values of VF in the model are 0 to 0.025.

(a) (b)

Inlet outlet

T e

Fig 1. lllustration of a rectangular wetland with centrally aligned inlet and outlet and uniform vegetation
coverage: (a) plan view, (b) side view.
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3.1. Model calibration and validation

Four parameters; vegetation density, transverse diffusivity, Er, longitudinal dispersion
coefficient, EL, and Manning coefficient (M); were used for model calibration. A sensitivity
analysis was carried out by initially considering parameters that represented average values of
Er and EL determined from Eq. (14) using the scale factors on= 0.1, # = 1, as derived from
the experimental studies (Nepf, 1999) and ov = 0.1 (Eq. 15) (Lightbody and Nepf, 2006;
Tanino and Nepf, 2008). The model output was used to calculate the volumetric efficiency,
ev, which was compared to the following empirical relation derived by Thackston et al.
(1987), based on survey data from a wide variety of vegetated types, sizes, and shapes of

large, shallow wetlands (Fig. 2).

e, = 0.85 <1 — exp (—0.59 (%))) (23)

Applying a best-fit calibration for a vegetation density of 50 stems/m?, the Manning
coefficient that produced the best match between the model and the design curve was found
to be M = 0.02 m™®s. The vegetation density of 50 stems/m? was chosen because the
contribution of bed friction is higher at low density. In the calibration, 60% of the simulations
were used (with L:W aspect ratios of 1:1, 2:1,5:1, 6:1, 8:1, 10:1) whereas the remaining 40%
was applied for model validation. As shown in Figure 2, the numerical model results fit well
with the field data presented by Thackston et al. (1987). The relative errors of rectangular and
ellipse wetlands to the field data were 8% and 11%, respectively (Fig. 2). The numerical
modeling studies by Jenkins and Greenway (2005) and Minsu et al. (2009) have also
calibrated sets of hypothetical wetlands according to the design curve proposed by Thackston
et al. (1987), and both found a good fit between L:W and the simulated detention time.

1.0

0.9 1

0.8 1

0.7 1

0.6 -

0.5 1 2

—— Survey data by Thackston et al. (1987)
0.4 1 ® Simulated rectangular wetland
O  Simulated ellipse wetland

Volumetric efficiency-ey (-)

0.3

0 2 4 6 8 10
Aspect ratio (L:W)

10
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Fig 2. Volumetric efficiency derived from field data (black curve, Thackston et al. 1987) and from the
numerical simulations.

3.2. Model application

Eight hypothetical wetlands, including four rectangular (R) and four elliptical wetlands (E) of
aspect ratios (1:1, 2:1, 3:1, 4:1), were modeled (Table. 1). Elliptical wetlands were considered
because this geometry is likely to increase the detention time by reducing the area of dead
zones at the corners of the wetland, which should reduce the variance and increase the
volumetric efficiency (ev) of the RTD. The flow was modeled for a constant discharge rate
through an inlet of 10 m width and an outlet with 10 m width. Both the inlet and the outlet
were centrally located (Fig. 1). The effect of inlet-outlet configuration was also examined. In
these cases the shape, area and discharge rate were kept constant, and four different inlet-
outlet configurations for a rectangular wetland of aspect ratio 4:1, R4, were considered,
including a single inlet in the right corner and single central outlet (i.e. case R4-a); a single
right corner inlet and the outlet located in left corner (i.e. Case R4-b); a double-inlet wetland
(i.e. R4-i2) and a triple-inlet (i.e. R4-i3). The inlet width of 10 m was used for all the cases.
The aspect ratio 4:1 complies with common design guidelines which recommend aspect
ratios higher than 3:1 (EPA, 2000; Kadlec and Wallace, 2009).

For the solute transport equation, the boundary conditions were given by a instantaneous
tracer injection at the inlet, C = 1 kg/m?, an open boundary condition at the outlet, and a no-
flux condition on the remaining part of the flow boundary. The equations were solved via a
finite element method (FEM) using COMSOL Multiphysics® with quadratic shape functions.
The computational grid was made of approximately 150000 triangular elements, with higher

spatial resolution near the inlet and the outlet, and a maximum element size of 2 m.

4. Results and discussion

The RTDs (Fig.3) and velocity fields (Fig. 4 and 6) were generated for all configurations.

11
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R2: rect. (L/W=2)
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Fig 3. Simulated RTDs of wetlands with different aspect ratio and different shape.

Table. 1 shows the several parameters derived from the RTDs for each of the simulated

wetlands for vegetation coverage 100 stems/m? and inlet width to wetland width ratio of 0.1

(b/W=0.1). The mean residence time was in the range tm = 1.6 to 6.9 days, which was less

than the nominal residence time of 7.5 days. The number of tanks in series, N, for FWS

wetlands are generally in the range 0.3 < N < 10.7 with a mean of N = 4.1+ 0.4 (Holland et

al., 2004; Kadlec and Wallace, 2009). Therefore, the range of NTIS values obtained in this

study, 1.2 < N < 11.1, was representative of FWS wetlands and not unusual for free water

surface wetlands.

Table 1: Summary of configurations and simulated results for a wetland with nominal residence time tn =

7.5 days and a vegetation coverage of 100 stems/m?.

Dimension
Case tm(day) o? e, eq Ay Config.
(mXxm)

R1 (100 x 100) 5.3 0.50 0.71 0.50 0.36 _E_l_.

R2 (141 x 71) 6.1 0.24 0.82 0.76 0.62 E’

R3 (173 x 58) 6.3 0.18 0.84 0.82 0.69 ‘E’

R4 (200 x 50) 6.8 0.16 091 0.84 0.77 'E’

E1 (113 x 113) 6.1 0.34 0.81 0.66 0.53 _@.

E2 (160 x 80) 6.5 0.25 0.86 0.75 0.65 _@

E3 (195 x 65) 6.6 0.16 0.88 0.84 0.74 O

E4 (224 x 56) 7.1 0.09 0.95 0.91 0.86 @
R4-b (200 X 50) 6.6 0.12 0.94 0.88 0.83 E
R4-2i 6.9 0.08 0.93 0.92 0.85

Tz

R4-3i 7.1 0.06 0.94 0.94 0.88 E’ o
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4.1. Wetland Aspect Ratio and Shape

Persson (1999) categorized wetlands into three categories. A wetland with good
performance must have hydraulic efficiencyA; > 0.75, whereas hydraulic efficiencies of
0.50 < 4, < 0.75 correspond to satisfactory performance, and 4, < 0.5 correspond to low
performance. First, for both elliptical and rectangular wetland shapes, increasing the aspect
ratio (L/W) increased both the volumetric efficiency, ey, and dispersion index, eq, indicating
improved treatment performance (Table 1). This was consistent with previous studies for
rectangular wetlands (Jenkins and Greenway, 2005; Persson et al., 1999). For example, for
rectangular wetlands with 100 stems/m? e, and eq increase by 28% and 68%, respectively,
with an increase in aspect ratio from L/W = 1 to L/W = 4 (Table 1). Likewise, for elliptical
wetlands with 100 stems/m? ey and eq increased by 17% and 38%, respectively, between L/W
=1to 4 (Table 1).

Second, for the same area, depth, discharge rate, and aspect ratio elliptical wetlands
consistently had better performance than rectangular ones, i.e. produced higher values of ey,
ed, and An, (Table 1). The better performance arose from the difference in flow pattern, as
shown in Figure 4. Larger dead zones (denoted by black color in Figure 4) occurred in the
corners of rectangular wetlands than in elliptical ones. The presence of dead zones (regions of
zero velocity) meant that some fraction of the wetland was excluded from the main flow path,
and consequently the effective wetland area (Aetfective) Was reduced, reducing ey from 1.
Shifting from a rectangular to an elliptical shape, the dead zones were replaced by regions of
moving fluid, increasing the effective wetland area, which then increased ey. The difference
was largest for the wetlands with the smallest aspect ratio (L/W = 1), for which ey increased
from 0.71 to 0.81 between a rectangular and elliptical shape. Further, at the inlet the elliptical
shape provided a gradual expansion in width, which produced a more uniform cross-sectional
velocity profile. This can be seen in the more uniform color of the velocity maps in Figure 4.
The range of color (black to red) also provided a general picture of the degree of spatial
variation in the velocity field. A smaller spatial variation in the velocity field is associated
with smaller wetland scale dispersion. Consistent with this, the elliptical wetlands produce
higher values of eq (Table 1). Recall from eq (21) that eq = 1 for plug-flow, for which there is
no dispersion. The trends were consistent across all stem densities. Specifically, for the same
aspect ratio, elliptical wetlands consistently produced higher values of both ey and eq (Figure
5).
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Fig 5. The effect of (a), (c) aspect ratio and (b), (d) wetland shape on volumetric and dispersion efficiency
of wetlands with different vegetation density.

The simulation results revealed an interesting threshold behavior with regard to stem
density (Figure 5). A change in wetland vegetation density between zero and 150 stems/m?
was associated with a significant increase in volumetric efficiency, ey (Figure 5a and 5c¢), but
further increasing stem density provided little additional improvement. A similar threshold
was observed for dispersion efficiency, eq, but occurred at a slightly higher stem density, 300
stems/m? (Figure 5b and 5d). The same threshold (300 stems/m?) was also observed in the
overall hydraulic efficiency parameter, An (Figure 6). The presence of this threshold has
important implications for predictive modeling, because it suggests that knowledge of the
exact stem density may not be necessary. As long as the stem density is above 300 stems/m?,
which is typical of treatment wetlands (Serra et al., 2004), predictions will not be sensitive to

the exact value of stem density selected, which simplifies the parameterization of models.
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Fig 6. The effect of (a) aspect ratio and (b) shape variation on hydraulic efficiency of wetlands with
different vegetation density.

4.2. Inlet-outlet configuration and size

Modification of the inlet-outlet position and size affected the flow distribution within the
wetland systems (Figure 7). First, consider the cases for which the inlet width (b) to wetland
width (W) ratio was b/W=0.1. An asymmetric alignment of inlet and outlet, case R4-a (Fig.
7a), produced a larger dead-zone away from the inlet-outlet couple (lower left corner in
Figure 7a), compared to a symmetric inlet-outlet, R4 (Fig. 4). The larger dead-zone reduced
the effective volume of wetland, which resulted in a lower value of volumetric efficiency, e..
Specifically, ey dropped from 0.91 for the symmetric case R4 to 0.82 for the asymmetric case
R4-a (Fig. 8.a, 8.b). On the other hand, moving the inlet and outlet to opposite corners, case
R4-b, improved the volumetric efficiency, relative to the symmetric base case R4. In fact, the
opposite corner configuration produced the highest volumetric efficiency of e,=0.94 (Fig 7.b,
Fig. 8.a). Similarly, the opposite corner configuration (R4-b) also produced the highest value
of e4=0.88, compared to 0.84 for the symmetric base case R4 and e4=0.71 for the asymmetric
case R4-a, indicating that the opposite corner inlet-outlet configuration produced the least
dispersion (Fig. 8.a, 8.b). Consistent with this, the opposite corner configuration also
produced the highest hydraulic efficiency, with A, = 0.83, compared to 0.77 for the
symmetric base case (R4) and just 0.58 for the asymmetric case R4-a. Finally, for each inlet-
outlet configuration the ratio between the inlet width (b) and the wetland width (W) was
varied between 0.1 to 1 (Fig. 8). As b/W increased, cases R4 and R4-a experienced a

consistent increase in ey and eq from 0.82 and 0.98 and 0.71 and 0.97, respectively (Fig. 8).
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However, for the opposite corner case R4-b the variation of the inlet width had little impact

on the efficiency parameters (Fig. 8).

The use of multiple inlets improved all of the efficiency metrics (ey, eq An). The
velocity field showed that the area of dead zone (black areas) was diminished in the both the
double-inlet (case R4-2i, Fig 7.c) and the triple inlet (case R4-3i, Fig. 7d) systems, compared
to the symmetric, single-inlet reference wetland (case R4, Fig. 4). In addition, multiple inlets
(Figure 7c, 7d) produced a more uniform velocity field (more uniform color in Figure 7),

compared to the single inlet case R4(Fig. 4).
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Fig 7: Simulated velocity fields for different inlet and outlet configurations for a rectangular wetland with
100 stems/m? vegetation density and an outlet of 10 m width: (a) Case R4-a, left inlet of 10 m width and
central outlet (b/W=0.1); (b) Case R4-b, a left inlet of 10 m width and right outlet ; (c) Case R4-2i, double
inlet of 5 m width; (d) Case R4-3i, triple inlet of 3.33 m width. Black regions represent dead zones, i.e.
regions of zero velocity.

The presence of multiple inlets significantly changed the values of retention time and RTD
variance (table 1). For b/W = 0.1, the velocity field became more uniform as the number of
inlets increased (see Figure 7), which resulted in lower RTD variance (smaller oy), and thus
high values of the dispersion parameter eq. Specifically, eq, was 0.84 for a single-inlet (Case
R4), 0.92 for a double-inlet (Case R4-2i) and 0.94 for a triple-inlet (Case R4-3i) (Fig. 8.d).
The use of multiple inlets also decreased dead-zone area, which increased the values of
volumetric efficiency, ey, from 0.91 for R4 to 0.93 for R4-2i and changed to 0.94 for R4-3i
(Fig. 8.c).
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The use of a double inlet (R4-2i) also improved the hydraulic efficiency (An) by 8%, relative
to the base case with a single inlet R4 (Figure 9). However, increasing to a third inlet (case
R4-3i), did not produce further improvement (Figure 9). The primary advantage of widening
the inlet or using multiple inlets was to create a more uniform velocity field with smaller
dead-zone area. Therefore, as the inlet width increased (increasing b/W), the added benefit of
multiple inlets diminished, and the efficiency parameters converge to a single value for b/W
=1 (Figure 9).
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Fig 9. Effect of wetland (a) inlet-outlet position and (b) number of inlets on hydraulic efficiency of
rectangular wetlands of aspect ratio 4:1 with 100 stems/m? vegetation density and different inlet width.

5. Conclusion

This study showed that performance of a wetland can be improved by appropriately
designing wetland shape, aspect ratio and inlet-outlet configuration. Ellipse-shaped wetlands
yielded higher detention time (higher e,) and less dispersion (higher eq) compared to
rectangular wetlands with similar characteristics. Unlike a rectangular wetland, in which
prominent dead-zones formed in each corner of the wetland, an elliptical wetland produced a
more uniform velocity distribution with fewer (or no) dead zones, increasing ey, reducing
RTD variance and thus increase the dispersion efficiency eq. The reduction in dead-zone size
and the more uniform velocity field of the elliptical wetland implies performance greater

potential for pollutant removal.

Higher vegetation density was associated with lower variances in the RTD and larger NTIS.
However, above a threshold stem density of about 300 stems/m? the dispersion efficiency
(eq), and volumetric efficiency (e,) remained almost constant, i.e. increasing vegetation
density further did not significantly improve these efficiency metrics. From a design and
management point of view, determining this threshold vegetation density can be useful for a

cost-effective wetland design and operation.

Both parameters related to volumetric retention time and dispersion rate, ey and eq, can also
be improved by adjusting the inlet-outlet configuration. The minimum dead zone area
(greatest effective area) and the lowest dispersion were achieved with the opposite corner-to-
corner inlet-outlet configuration, which produced the maximum values of ey and eq,
respectively (Figure 8). On the other hand, an asymmetric inlet-outlet layout with the inlet at
a corner and a centrally aligned outlet produced the lowest hydraulic efficiency. This is due to
the fact that the flow can pass from the inlet to the outlet without entering the opposite side of
the wetland volume, such that a large fraction of the wetland volume is excluded from the
circulation. Finally, using multiple inlets and increasing the inlet to wetland width ratio (b/W)
both improved the hydraulic efficiency by reducing dead zone area and producing a more

uniform velocity field within the wetland.
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