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A B S T R A C T

The treatment efficiency of constructed wetlands is strongly related to hydraulic conditions. The occurrences of a
dead zone and short-circuiting flow decrease flow uniformity and might decrease hydraulic performance. This
study aims to investigate the relationship between spatial flow characteristics and wetland treatment perfor-
mance. A hydrodynamic and contaminant transport model conducted ten sets of simulations with different water
depths and five sets of simulations with varying numbers of emergent obstructions. Each experiment had a
variant number, dimension, and allocation of obstructions. A metric of flow uniformity was proposed and dis-
cussed. We demonstrated how the dead zone and short-circuiting alter flow conditions and affect the hydraulic
performance and pollutant treatment efficiency by examining the flow characteristics. The order-of-magnitude
of time scales between the advective transport rate and diffusive transport rate was analyzed by calculating the
Peclet number. The first-order model was used to calculate the pollutant removal ratio. The results revealed that
the values of advection were approximately tens to hundreds of times those of diffusion, indicating that the flow
velocity dominated the dispersion behavior. The significant improvement in flow uniformity was found when
emergent obstructions were installed. The index value of the dead zone was 2 to 69 times that of the short-
circuiting flow, which shows that the dead zone significantly affected the uniformity of the flow. In addition, we
discovered that when the coverage ratio of the dead zone was less than 50%, the hydraulic efficiency increased
from 0.55 to 1.00. Nevertheless, the short-circuiting flow was found to have minor effects on the hydraulic
efficiency. The new methodology for distinguishing dead zones and short-circuiting flow areas is useful for
evaluating hydraulic performance directly instead of executing water quality modeling or tracer experiments.

1. Introduction

Free-water surface constructed wetlands (FWSs) are beneficial not
only for the reduction in particulates through sedimentation (Kadlec
et al., 2010) and the removal of organic contaminants through biode-
gradation (Hsu et al., 2011) but also for biodiversity conservation by
providing habitats for plants and animals (Zedler and Kercher, 2005).
Degradation by microorganisms and adsorption by plants are the pri-
mary mechanisms for pollutant removal and degradation (Toet et al.,
2005; Vymazal, 2014). The overall effectiveness of both mechanisms is
dependent on the residence time, which represents how long the water
and pollutants are retained in the wetland (Thackston et al., 1987;
Persson et al., 1999; Su et al., 2009). The treatment efficiency of FWSs
cannot be determined without understanding the flow dynamics of in-
dividual parcels of water through the wetland (Arega, 2013). Un-
satisfactory hydraulic control is one of the causal factors in the poor

performance of FWSs as water pollution control facilities (Reed et al.,
1995). Many studies have indicated that short-circuiting flow, flow
circulation, and dead zones may reduce the treatment efficiency of
wetlands (Holland et al., 2004; Dierberg et al., 2005; Bracho et al.,
2006). Chang et al. (2016) indicated that these synthetic effects may
appear as low flow uniformity and hydraulic efficiency. Wetlands with
emergent obstructions and submerged obstructions with vegetation are
significantly more efficient than non-vegetated wetlands at increasing
hydraulic performance (Shih et al., 2016) and removing pollutants
(Musner et al., 2014). Recent numerical studies have investigated the
efficiency of idealized wetlands as a function of vegetation distribution
and wetland shape (Sabokrouhiyeh et al., 2017; Savickis et al., 2016).
The results indicated that the density and extent of the obstructions and
heterogeneous vegetation were positively correlated with hydraulic
efficiency by reducing the area of dead zones at the wetland corners
(Chang et al., 2016; Sabokrouhiyeh et al., 2020).
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The treatment potential and efficiency of wetlands are usually re-
lated to the residence time of each individual fluid particle of pollutants
within the wetland (Su et al., 2009; Wahl et al., 2010). Numerical
studies which have investigated the efficiency of idealized wetlands as a
function of vegetation distribution and wetland shape. The travel of
fluid particles in an FWS consists of two phenomena in conservative
water quality modeling, including advective and dispersive effects
(Fischer et al., 1979). The traditional method in the past for obtaining
hydraulic performance is through water quality modeling combined
with hydrodynamic modeling to calculate the hydraulic retention time.
We hypothesize that advection effects are dominant rather than dis-
persion effects on treatment efficiency, and the area of the dead zone
(slow-flow velocity area) and short-circuiting flow (high-flow velocity
area) would decrease the flow uniformity and hydraulic performance.
The primary purpose of this study is to distinguish the low-velocity
regions and the high-flow areas from the flow field calculated by a
hydrodynamic model. From calculating the steps of the pollutant and
tracer transport mode, the hydraulic performance of the wetland can be
understood directly by investigating the variant characteristics of var-
iant flow fields. The objective of the study is to provide flow uniformity
metrics to separate these two areas from others and thus may replace
the traditional methods and metrics for evaluating hydraulic perfor-
mance. A reliable horizontal two-dimensional model is employed to
simulate the flow conditions and tracer concentrations from fifty hy-
pothetical cases.

2. Materials and methods

2.1. Hypothetic cases

The FWS was designed as 75 m long and 40 m wide, giving it an
aspect ratio of 1.88 (wetland length over wetland width). The inlet and
outlet are located at the upper-right corner and the lower-left corner of
the wetland, respectively, as shown in Fig. 1a. The upstream boundary
condition was set as the inflow discharge of 0.04 m3 s−1 in RMA2 and
the inflow concentration of 10 mg L−1 in RMA4. The downstream
boundary condition, the outlet water surface elevation, was set ac-
cording to the different scenarios as discussed later. To evaluate the
improvement in the hydraulic efficiency under treatments with dif-
ferent modifications, the empty FWS is conducted as the reference case.

This empty wetland has the layout mentioned above and no obstruc-
tions. The model parameters were set as suggested by Chang et al.
(2016).

There are fifty conditions for evaluation, including five sets of si-
mulations with different numbers of emergent obstructions (EOs) and
ten games of simulations with varying depths of water, respectively.
EOs were utilized as a kind of flow barriers to change the flow condi-
tions of FWSs with the designation of 30 m long and 1 m wide. They
were evenly spaced within the wetland, and their number ranged from
one to four, as shown in Fig. 1a. The numerical grids were removed
from the locations at which the EOs were placed, representing a rigid
boundary around the EOs and no flux exchange through the EOs. They
may mainly be concerning cases that need improved flow uniformity
and hydraulic performance. Moreover, Holland et al. (2004) and Shih
et al. (2013) found that increasing the water depth elicits a decrease in
hydraulic efficiency. For practical purposes, the USEPA (2000) sug-
gested the use of integrated FWSs with both shallow- and deep-water
FWSs to enable various biochemical reactions occurring under aerobic
and anaerobic conditions. In the present study, both shallow-water and
deep-water FWSs were investigated and analyzed. The simulated water
depths varied from 0.7 m to 2.5 m, with an incremental increase in
depth of 0.2 m, as shown in Fig. 1b. Water depths greater than 1.2 m
were classified as deep-water cases.

2.2. Hydrodynamic model

RMA2 is a two-dimensional depth-averaged finite element hydro-
dynamic model for computing the water surface elevations and hor-
izontal velocity components of the subcritical free-surface flow field
(Donnell et al., 2009). The governing equations of RMA2 pertain to
mass and momentum conservation, ignoring the effects of earth's an-
gular rotation and wind shear, as shown in Eqs. (1), (2), and (3). There
are 3002 to 3418 numerical grids in different cases with different
numbers of EOs, and each grid size is 1 × 1 m2. The EOs acted as a kind
of flow barriers and were constructed as an enclosed, rigid boundary
with no flux exchange.
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Fig. 1. Schematic plot for the numerical experiments of the fifty hypothetical cases. Each case has the same dimensions with length 75 m and width 40 m. (a) Five
sets of numbers of emergent obstructions (EOs), and (b) ten water depths are investigated.
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where x and y are the Cartesian coordinates of the horizontal and
longitudinal directions, respectively, in [m]; t is time in [s]; ρ is the
water density in [kg m−3]; h is the water depth in [m]; u and v are the
velocities in the x- and y-directions, respectively, in [m s−1]; zb is the
elevation of the bottom in [m]; Exx, Eyy, Exy, and Eyx are the eddy
viscosities, in [Pascal s], representing the molecular viscosity and the
effects of turbulence from Reynold's stress terms in the governing
equations, and was set as 20 by the suggestion of Donnell et al. (2009);
n is the roughness coefficient of Manning's formula, in [m-1/3 s]. The
Manning's n of the wetland bed was set as 0.035 based on Woody's
roughness coefficient table (Cowan, 1956).

2.3. Contaminant transport model

The node, grid, water depth, and flow velocity are developed and
calculated by the RMA2 model and input as given values for executing
the contaminant transport model, RMA4. RMA4 is a depth-averaged
water quality transport model in which the depth concentration dis-
tribution is assumed to be uniform (Letter and Donnell, 2008) and was
used for simulating the pulse tracer experiments. The governing equa-
tion of RMA4 is the advection and dispersion equation dealing with the
transport and mixing process. The source/sink of the constituent and
the rainfall/evaporation rate were neglected. Since conservative simu-
lations were considered in the study, the governing equation was sim-
plified, as shown in Eq. (4).
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where c is the tracer concentration in [μg L−1]; h is the water depth, in
[m]; u and v are the flow velocity, in [m s-1]; Dx and Dy are the diffusion
coefficients in [m2 s−1]. According to the suggestion of Letter and
Donnell (2008) and Chang et al. (2016) for considering the shallow
water and slow flow in wetlands, the diffusion coefficients, D, was set as
0.0008 m2 s−1.

2.4. Retention time and hydraulic performance metrics

To assess the treatment efficiency and hydraulic performance of the
wetlands, Persson et al. (1999) presented a hydraulic efficiency equa-
tion (Eq. (5)):

= ⎛
⎝
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⎠

λ e
N

1 1
v (5)

where ev is the effective volume ratio and N is the number of con-
tinuously stirred tank reactors in series. The hydraulic efficiency can be
categorized into three levels: (Arega, 2013) good hydraulic efficiency,
λ ≥ 0.75; (Bracho et al., 2006) satisfactory hydraulic efficiency,
0.5 < λ < 0.75; and (Chang et al., 2016) poor hydraulic efficiency,
λ ≤ 0.5.

According to Thackston et al. (1987), ev indicates the utilization of
the effective volume ratio of a detention system, according to Eq. (6):

=e t
tv
m

n (6)

where tn is the mean residence time in [hr], as shown in Eq. (7), and tm

is the nominal retention time in [hr]:

=t V
Qn (7)

where V is the volume of the pond in [m3], and Q is the flow rate in
[m3 s−1]. The tm can be calculated from the first moment of the re-
sponse curve, as shown in Eq. (8):
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where c is the tracer concentration in [μg L−1], t is the time of mea-
surement in [hr], and n represents the last survey of the recorded
concentration and time.

Kadlec and Knight (1996) suggested an alternative formula for
calculating N based on differences in the time of the peak outflow
concentration and the nominal retention time (Eq. (9)):

=
−

N t
t t

n

n p (9)

where tp is the time of the peak concentration in the tracer response
curve measured at the outlet of the pond in [hr].

Chang et al. (2016) substituted Eqs. (6) and (9) into Eq. (5) to obtain
the hydraulic efficiency formula (Eq. (10)), which is used to estimate
the hydraulic efficiency in the present study.

=
×
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n
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2.5. Pollutant treatment efficiency

The first-order model was applied for calculating pollutant removal,
as shown in Eq. 11. The model considers physical, microbial, and bio-
chemical processes for treating wastewater. A number of studies have
indicated different values of the decay constant kt for local purposes
(USEPA, 1988; Hammer, 1989; Cooper et al., 1996). In this study, kt
was set as 0.3 day−1 by the suggestion of Shih et al. (2013).

= − = − −R C
C

e1 1e

i

k tt m
(11)

Where R represents pollutant removal ratio, Ci and Ce represent
influent and effluent concentrations in [mg L−1], kt represents the
decay constant in [day−1], and tm is the nominal retention time in [hr].

2.6. Flow uniformity metric

The flow uniformity metric is proposed by this study for quantifying
the uniformity of a flow velocity field in a constructed wetland. The
flow uniformity metric (Φ) consists of two sub-indices, which are dead-
zone ratio (DZ) and a short-circuiting flow ratio (SC), as described in
Eqs. (12), (13), and (14). The Φ, DZ and SC range from 0 to 1. The
summation of DZ and SC is smaller than 1. The larger the value of Φ, the
more uniform the flow, and the hydraulic performance and treatment
efficiency are supposed to be more significant.

= − +Φ DZ SC1 ( ) (12)

= −DZ
A

A
dead zone

total (13)

= −A
A

SC short circuiting

total (14)

where DZ, SC, and Φ represent the coverage ratio of the dead zone
and short-circuiting flow and the combined effects of flow uniformity,
respectively, ranging from 0 to 1; and Atotal, Adead-zone, and Ashort-circuiting

represent the coverage areas of the whole area, dead-zone area, and
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short-circuiting area of wetlands.

3. Results and discussion

3.1. Dominant advection effects

Contaminant transportation is described as the combined effects of
advection, dispersion, and reaction, as shown in Eq. (4). The advection
term represents the effects of flow velocity, while the dispersion term
represents those of diffusion and shear flow dispersion (Fischer et al.,
1979). The reaction effect represents the nonconserved term induced by
physical and biochemical processes and is influenced by the residence
time in constructed wetlands (Shih et al., 2013). Since conservative
simulations were considered in this study, the reaction term was ne-
glected. The order-of-magnitude methods were sometimes used in a
mixing problem to obtain a very preliminary solution and are depen-
dent on the most critical parameters. Such analyses are based on di-
mensional analysis, with some coefficients investigated from experi-
ments or the previous solutions of differential equations (Fischer et al.,
1979). The analysis of the order-of-magnitude was used to determine
the dominant effects of contaminant transportation. The order-of-
magnitude analyses in calculating the values of the advection term and
dispersion term simulated by the hydrodynamic and contaminant
transport models were obtained in the present study. The values of the
advection and dispersion terms were expressed as time scales and ob-
tained by calculating the grid size divided by the flow velocity and the
square of the grid size divided by the dispersion coefficient. The ratio
between the advective transport rate and the dispersive transport rate
can also be determined by the well-known dimensionless parameter
Peclet number (Persson and Wittgren, 2003). The values of the Peclet
number indicate the advective transport rates of the fifty cases were
tens to hundreds of times those of the dispersive transport rates, as
shown in Table 1. The advection effect was discovered to be much more
significant than the dispersion effect in the present study; this outcome
is supportive of previous studies (Fischer, 1967; Persson and Wittgren,
2003). We thus focus on determining the spatial distribution of flow
velocity representing advection effects in the variant cases to under-
stand the relationship among flow patterns and hydraulic performance
and treatment efficiency. The influences of the separated dead zone and
short-circuiting flow and combined effects were also calculated and
discussed.

We investigated the velocity dynamics at each node in the wetland
by altering the location and number of EOs to reduce the area of the
dead zone. The hydrodynamic model calculated the flow velocity of
each node, and an interval of 1 × 10−3 m s−1 discretized the values.
The velocity probability distribution of the frequency of occurrence in
fifty cases is presented in Fig. 2. The results showed that the pattern of
the velocity probability distribution is significantly related to the water
depth and the number of EOs. In the case of no EOs and one EO, the
velocity probability distribution revealed a right-skewed distribution,
and the deeper the water depth was, the more obvious the right-skewed
phenomenon. In the case of two or more EOs, the probability dis-
tribution of flow velocity was close to the normal distribution, and the
proportion of low-flow areas decreased with the increase in the number
of EOs. The impact on deep-water wetlands was found to be higher than
that on shallow wetlands. Moreover, the increase in water depth slows
down the average flow velocity, and the associated low-flow velocity
regions are more affected, possibly resulting in a decrease in hydraulic
efficiency.

3.2. Identification of dead zone and short-circuiting

In constructed wetlands, the dead zone area and short-circuiting
flow are the critical causes that affect residence time, hydraulic per-
formance and treatment efficiency (Su et al., 2009; Shih et al., 2017).
The study examined several thresholds to define dead zone areas and

short-circuiting flow for calculating the coverage ratio of these two
areas and the related Φ as the following three steps: (Arega, 2013)
normalize the low-velocity areas with different thresholds divided by
1 × 10−3 m s−1, and then draw the relationship between the area ratio
of the low-velocity areas and the hydraulic efficiency; (Bracho et al.,
2006) normalize the high-velocity areas with different thresholds di-
vided by average velocity, and then draw the relationship between the
area ratio of the high-velocity region and the hydraulic efficiency;
(Chang et al., 2016) calculate the correlation between different
thresholds and hydraulic efficiency and determine the thresholds with
the highest correlation coefficient for defining the thresholds of dead
zone and short-circuiting flow.

The correlation coefficient between dead zone area and hydraulic
efficiency is analyzed, ranging from 0.28 to 0.77, as shown in Fig. 3a.
The highest relationship is discovered around the flow velocity of
1 × 10−3 m s−1. The results reveal that when the overall average flow
velocity is less than 1 × 10−3 m s−1, the hydraulic efficiency drops
below 0.7. We therefore define the threshold of the low-velocity region
at 1 × 10−3 m s−1 for classifying whether the areas are dead zones or
not. With the dead-zone threshold, we calculate the dead-zone area in
every case and then plot the hydraulic efficiency against the dead-zone
area in Fig. 3b. The results show that no EOs and one EO have relatively
high dead zone area ratios. When the area ratio of the flow velocity that
is 1 × 10−3 m s−1 is greater than 50%, the hydraulic efficiency also
decreases. The mean ratios of no EOs and one EO are 0.60 and 0.62,
respectively, and vary with water depth. The dead zone occurs at the
corner and behind the obstruction. Especially with one EO, the dead
zone occurs behind the obstruction with a large area. In contrast, two
and four EOs show a relatively low-velocity area ratio. Compared to the
flow field graph, the dead zone is decreased mainly due to the EOs and
the alignment. The dead zone only occurs at the corner, and the area is
much smaller.

Short-circuiting has been recognized as one of the largest obstacles
to the successful design and management of treatment wetlands
(Persson, 2000). The high-velocity area ratio beyond the threshold is
calculated and found to be correlated with hydraulic efficiency. Re-
peating the above procedure, we change the coefficient slightly until we
yield the best short-circuiting flow threshold. However, the short-cir-
cuiting flow seems not to be significant (Fig. 3c). In our cases, the
correlation coefficient is 0.69, and the short-circuiting flow area is re-
latively small (0.01 < SC < 0.05), as shown in Fig. 3d. The sig-
nificant correlation between short-circuiting flow and mixing highlights
the profound effect on hydraulic performance (Liu et al., 2020), in-
dicating the necessity of reducing short-circuiting flow (Guzman et al.,
2018). We used the moment index (MI), Morril index (Mo), and the 5%
normalized time (t5), which were presented by Wahl et al. (2010) and
Farjood et al. (2015), to evaluate the hydraulic performance and the
related short-circuiting. The t5 is the normalized time for 5% of the
added tracer to exit wetlands, while the Mo is defined as t90/t10, where
t10 and t90 are the times for 10% and 90% of the added tracer to exit the
system, respectively (Farjood et al., 2015). Mo−1 is the reciprocal of
Mo. The MI for hydraulic efficiency introduced by Wahl et al. (2010).
Farjood et al. (2015) suggested that MI > 0.75 and t5 > 0.3 recognize
good hydraulic performance. According to their suggestion, we found
that our cases mostly have a t5 index higher than 0.3, indicating that
short-circuiting flow is not significant. We propose that the short-cir-
cuiting flow threshold occurs in the elbow point and reveals the value of
approximately three times the mean velocity, as shown in Fig. 3e.
Please refer to Farjood et al. (2015) for the code details of the variant
baffle configurations. Although increasing the threshold of short-cir-
cuiting leads to a higher correlation, the high-velocity zone is de-
creasing dramatically. We thus choose three times the mean velocity to
be the short-circuiting flow area threshold. On the other hand, short-
circuiting flow mainly occurs at the inlet and outlet of the wetland and
some narrow part in the one EO case. Since short-circuiting flow has a
small area, it seems to have a minor effect. With the above analysis, we
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know that both the dead-zone area and short-circuiting flow zone
contribute to poor hydraulic performance and treatment efficiency, and
this contribution confirms the hypothesis of this study. Although the
critical cause of poor treatment efficiency is the dead zone area in the
present study, it could be short-circuiting flow and even circulation
zone in other cases.

3.3. Hydraulic performance and treatment efficiency

The mean velocity ranges from 0.43 × 10−3 ms−1 to
4.31 × 10−3 ms−1 (Table 1). The greatest and smallest flow velocities
were discovered in cases 41 (four EOs; water depth 0.7 m) and 10 (no
EOs; water depth 2.5 m), respectively. Higher coefficients of variation
(CV) were found in deep-water cases than in shallow-water cases,
suggesting that the increase in water depth would produce a more non-
uniform flow field. Generally, the greater the number of EOs installed,
the higher the CVs obtained, revealing that EO significantly helps
produce a more uniform flow velocity field. The addition of EOs

induced longer flow pathways and less low-flow velocity area, in-
dicating a better hydraulic performance and higher residence time. For
each case, the nominal retention time increase when the water depth
increases. The difference occurs at the peak concentration time. When
the obstructions increase, the peak concentration time was delayed. The
results suggest that the water stays in a constructed wetland for a longer
time and would result in better hydraulic efficiency.

In addition, increased low-flow velocity areas are discovered when
the water depth is increased to decrease the flow uniformity and hy-
draulic performance, as shown in Fig. 4a, b. For the no EOs cases, the
hydraulic efficiency ranges from 0.38 to 0.64, indicating poor to sa-
tisfactory hydraulic performance. This result reveals that the flow path
and velocity filed are not affected by the obstructions and are prone to
short-circuiting flow or dead zone, so the hydraulic performance is
generally poor. With one EO, the obstruction lies in the middle of the
site. Nevertheless, it seems that the disturbance to the water flow is not
strong enough, and the hydraulic efficiency is close to that with no
obstruction. In contrast, two and three EOs yield better hydraulic

Table 1
Several cases with a different number of emergent obstructions and the related flow characteristics, hydraulic performance, flow uniformity, and Peclet number.

No. H (m) V (X10−3 m s−1) tm (hr) ev λ R (%) DZ SC Φ Pe

0 0.7 2.19 ± 3.30 (1.51) 13.55 0.93 0.52 16 0.29 0.04 0.67 232
0 0.9 1.58 ± 2.51 (1.58) 16.97 0.91 0.54 19 0.39 0.04 0.57 168
0 1.1 1.24 ± 2.02 (1.63) 21.09 0.92 0.56 23 0.50 0.04 0.47 132
0 1.3 1.03 ± 1.69 (1.64) 22.87 0.84 0.43 25 0.64 0.03 0.32 110
0 1.5 0.87 ± 1.45 (1.66) 26.09 0.83 0.45 28 0.75 0.03 0.22 93
0 1.7 0.80 ± 1.28 (1.60) 31.24 0.88 0.47 32 0.81 0.03 0.16 85
0 1.9 0.70 ± 1.13 (1.61) 35.51 0.90 0.64 36 0.85 0.03 0.12 75
0 2.1 0.63 ± 1.02 (1.62) 32.41 0.74 0.38 33 0.88 0.03 0.08 67
0 2.3 0.61 ± 0.93 (1.52) 38.06 0.79 0.47 38 0.91 0.03 0.07 65
0 2.5 0.57 ± 0.85 (1.49) 40.00 0.77 0.43 39 0.92 0.02 0.06 60
1 0.7 2.30 ± 3.46 (1.50) 13.29 0.92 0.54 15 0.42 0.03 0.54 244
1 0.9 1.69 ± 2.62 (1.55) 16.64 0.90 0.55 19 0.48 0.04 0.47 179
1 1.1 1.34 ± 2.12 (1.57) 23.08 1.00 0.55 25 0.50 0.04 0.45 143
1 1.3 1.10 ± 1.76 (1.60) 25.84 0.96 0.48 28 0.58 0.04 0.38 117
1 1.5 0.98 ± 1.51 (1.55) 27.03 0.87 0.42 29 0.64 0.04 0.32 104
1 1.7 0.90 ± 1.31 (1.45) 31.16 0.89 0.42 32 0.71 0.03 0.27 96
1 1.9 0.78 ± 1.16 (1.49) 30.67 0.78 0.50 32 0.73 0.02 0.25 83
1 2.1 0.71 ± 1.07 (1.51) 35.54 0.82 0.42 36 0.78 0.03 0.19 75
1 2.3 0.70 ± 0.95 (1.36) 40.04 0.84 0.35 39 0.80 0.02 0.18 74
1 2.5 0.67 ± 0.86 (1.28) 39.62 0.77 0.45 39 0.69 0.01 0.30 94
2 0.7 3.06 ± 3.20 (1.04) 14.99 1.00 0.85 17 0.14 0.02 0.84 325
2 0.9 2.34 ± 2.41 (1.03) 19.13 1.00 0.80 21 0.17 0.01 0.81 248
2 1.1 1.92 ± 1.95 (1.01) 23.36 1.00 0.86 25 0.21 0.01 0.78 204
2 1.3 1.59 ± 1.70 (1.07) 27.47 1.00 0.78 29 0.23 0.01 0.76 185
2 1.5 1.40 ± 1.39 (1.00) 31.45 1.00 0.76 33 0.32 0.01 0.67 148
2 1.7 1.28 ± 1.26 (0.99) 35.36 1.00 0.71 36 0.37 0.01 0.62 136
2 1.9 1.12 ± 1.11 (0.99) 39.81 1.00 0.92 39 0.47 0.01 0.52 119
2 2.1 0.97 ± 0.98 (1.01) 42.88 1.00 0.69 41 0.65 0.01 0.34 103
2 2.3 0.93 ± 0.94 (1.01) 47.04 1.00 0.63 44 0.65 0.01 0.34 99
2 2.5 0.89 ± 0.86 (0.97) 50.68 0.99 0.77 47 0.69 0.01 0.30 94
3 0.7 3.21 ± 3.28 (1.02) 13.32 0.94 0.80 15 0.20 0.01 0.79 341
3 0.9 2.48 ± 2.50 (1.01) 16.79 0.92 0.81 19 0.21 0.01 0.78 263
3 1.1 2.01 ± 2.01 (1.00) 20.43 0.92 0.81 23 0.22 0.01 0.77 213
3 1.3 1.74 ± 1.70 (0.98) 24.23 0.92 0.78 26 0.23 0.01 0.76 185
3 1.5 1.49 ± 1.46 (0.98) 27.67 0.91 0.81 29 0.26 0.01 0.73 159
3 1.7 1.30 ± 1.27 (0.98) 31.10 0.91 0.79 32 0.29 0.01 0.70 138
3 1.9 1.19 ± 1.14 (0.96) 35.85 0.93 0.78 36 0.31 0.01 0.68 126
3 2.1 1.06 ± 1.04 (0.98) 38.90 0.92 0.73 39 0.39 0.01 0.60 113
3 2.3 0.96 ± 0.93 (0.97) 46.47 1.00 0.78 44 0.52 0.01 0.47 102
3 2.5 0.88 ± 0.87 (0.99) 44.71 0.88 0.72 43 0.62 0.01 0.37 94
4 0.7 4.30 ± 2.81 (0.65) 14.94 1.00 1.00 17 0.02 0.01 0.97 457
4 0.9 3.34 ± 2.13 (0.64) 18.96 1.00 1.00 21 0.03 0.01 0.97 354
4 1.1 2.73 ± 1.72 (0.63) 22.99 1.00 1.00 25 0.03 0.01 0.96 290
4 1.3 2.26 ± 1.44 (0.64) 27.01 1.00 1.00 29 0.04 0.01 0.95 241
4 1.5 2.00 ± 1.25 (0.63) 31.02 1.00 1.00 32 0.05 0.01 0.94 212
4 1.7 1.74 ± 1.10 (0.63) 35.04 1.00 1.00 35 0.08 0.01 0.91 185
4 1.9 1.62 ± 1.00 (0.62) 39.05 1.00 0.99 39 0.08 0.01 0.91 172
4 2.1 1.43 ± 0.89 (0.62) 42.92 1.00 0.93 42 0.12 0.01 0.88 152
4 2.3 1.32 ± 0.84 (0.63) 47.09 1.00 0.97 44 0.16 0.01 0.84 140
4 2.5 1.23 ± 0.75 (0.61) 51.10 1.00 0.92 47 0.17 0.01 0.82 131

Note: The values of flow velocity are shown as the mean ± standard deviation, and the values in parentheses represent the coefficient of variation.
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Fig. 2. The probability distribution of flow velocity expressed by the frequency of each interval of flow velocity. The red line indicates the low-velocity zone and
represents the dead zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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efficiency. The flow becomes meandering in the site and takes a longer
time until it flows out, leading to better efficiency. Cases with four
obstructions are the best obstruction alignment, in which the flow
meanders the most and yields the best hydraulic and treatment

efficiencies (Table 1). The reason why the hydraulic efficiency is not
high is that dead zones are prone to occur in wetlands without ob-
structions. The flow velocity in these places is slow, and circulation may
occur, so pollutants may be trapped here for a long time and then

Fig. 3. Investigation of the velocity thresholds for determining the dead zone and short-circuiting flow. (a) The correlation between the low-velocity boundary and
related hydraulic efficiency. The red circle indicates the threshold of the dead zone. (b) A linear negative relationship between hydraulic efficiency and the coverage
ratio of the dead zone. (c) The correlation between the high-velocity boundary and related hydraulic efficiency. The red circle indicates the threshold of short-
circuiting flow. (d) A linear negative relationship between hydraulic efficiency and the coverage ratio of short-circuiting. (e) The comparison of the SC value and
hydraulic efficiency, indicating a minor effect of short-circuiting on affecting the hydraulic performance. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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slowly dissipate. Treatment efficiency (R) was found to be positively
proportional to nominal retention time and negatively correlated in
increasing water depths. The more the number of the EOs, the higher
the nominal retention time and the related treatment efficiency. How-
ever, the treatment efficiency (R), ranging from 15% to 47%, is not
sensitive similar to the hydraulic efficiency (λ), ranging from 0.35 to
1.00, when the flow uniformity (Φ) is altered from 0.06 to 0.97, as
shown in Fig. 4c. Increasing the homogenization of the flow field in-
creases the hydraulic retention time from 13 to 51 h; nevertheless, the
treatment efficiency performs poor to satisfactory. This phenomenon
indicates that the hydraulic retention time still needs to be extended to
optimizing the treatment performance. Several studies proved that
planting emergent vegetation is useful to improve treatment perfor-
mance in constructed wetlands (Musner et al., 2014; Shih et al., 2016;
Sabokrouhiyeh et al., 2020).

3.4. Flow uniformity and hydraulic performance

The spatial flow velocity of the fifty cases is shown in Fig. 5. The red
area in the figure represents the dead zone, which means flow velocity
lower than 1 × 10−3 ms−1. The blue area represents the short-cir-
cuiting zone and shows the flow velocity larger than three times the
mean velocity. Otherwise, the green region represents the flow velocity
between the dead zone and the short-circuiting zone, which is de-
termined as a good performance area. The results showed that the dead
zone increases with increasing water depth. The dead zone has a dra-
matic drop with two and four obstructions, which alter the water flow,
and it becomes more meandering. The meandering channel formed by
the emergent obstructions not only delays the peak arrival time and
reduces the short-circuiting areas but also increases the aspect ratio and
creates a longer flow path (Chang et al., 2016). In contrast, one and
three EOs still have a large ratio of dead zone behind the obstructions.
Preferential flow is defined as a flow that is relatively faster and causes
short-circuiting (Persson et al., 1999; Su et al., 2009; Savickis et al.,
2016). The simulation of EOs mainly reduced flow circulation forma-
tion and avoided few short-circuiting flows, thereby maintaining flow
uniformity.

The value of SC ranges from 0.01 to 0.04 and contributes 1% to 5%
to decreasing flow uniformity, while the DZ ranges from 0.02 to 0.92
and contributes 67% to 99% to that. The dead zone plays a major role in
decreased flow uniformity and hydraulic performance in the present
study. Obstructions were installed to improve the hydraulic perfor-
mance of a deep-water constructed wetland based on the suggestions of
previous studies (Nighman and Harbor, 1997; Su et al., 2009; De
Oliveira et al., 2011; Chang et al., 2016). A large ratio of dead zone
remained in the cases without installing EOs and with one and three
EOs. After the flow passes the obstruction, it separates from the main
flow and circulates or stops at the corner or behind the obstructions.
Two and four EOs were found to be better than other cases because they
alter the water flow, and the area behind the obstructions is smaller.
Chang et al. (2016) suggested that installing obstructions on the same
side of the inlet and outlet is useful for avoiding flow circulation. We
discovered similar results that two and four EOs were satisfied with this
principle, but one and three EOs were not. This is due to the separation
of flow and water circulating or stopping at this location. The water
flows uniformly in those cases and thus yields better hydraulic perfor-
mance.

The values of Φ range from 0.06 to 0.97 with the corresponding
hydraulic efficiency ranging from 0.43 to 1.00 and the effective ratio
ranging from 0.77 to 1.00. High correlations are discovered between
the flow uniformity and hydraulic performance, as shown in Fig. 6 and
Eqs. (15) and (16).

= − =Φ λ R1.21 0.29; 0.772 (15)

= − =Φ e R2.47 1.78; 0.60v
2 (16)

Fig. 4. The hydraulic performance and treatment efficiency in different cases,
including (a) hydraulic efficiencies, (b) effective volume ratio, and (c) removal
ratio with several sets of water depths and the number of emergent obstruc-
tions.
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Fig. 5. Spatial variation in the flow velocity field of the fifty cases with a different number of obstructions and water depths. The red area represents low-velocity
areas, while the blue area represents high-velocity areas; otherwise, the green region represents the relatively uniform flow zones. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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where Φ represents the combined metric of flow uniformity, λ re-
presents the hydraulic efficiency, and ev represents the effective volume
ratio of a wetland. The flow uniformity metric is between 0 and 1, in-
dicating poor to excellent performance in hydraulic conditions.

The major errors of the two regressing equations are found to occur
with the cases of no EOs and one EO. Further research could extend the
Φ value and focus on the circulation zone. By comparing the three
classes of Persson et al. (1999), we propose four classes of Φ values to
represent the quality of the flow velocity distribution: (Arega, 2013)
poor: Φ ≤ 0.30; (Bracho et al., 2006) satisfactory: 0.30 < Φ ≤ 0.60;
(Chang et al., 2016) good: 0.60 < Φ ≤ 0.80; and (Cowan, 1956) ex-
cellent: Φ > 0.80. From this classification, four EOs can construct an
excellent uniform flow velocity in both shallow and deep-water wet-
lands and be suggested to install into the wetlands to improve the hy-
draulic and treatment performances. The four-class method may also be
used in field surveys and flume experiments. We would have the op-
portunity to obtain sufficient and high-accuracy data of flow velocity
with the full field investigation techniques becoming increasingly ac-
tive. The method presented by this study may help evaluate the in-situ
hydraulic and wetland treatment performance.

4. Conclusions

We propose an innovative method to identify dead zones and short-
circuiting flow zones and establish the relationship between these
combined effects and hydraulic efficiency in this study. Fifty hypothesis
cases with variant water depths and obstruction numbers are quantified
and analyzed by using hydrodynamic and water quality simulation
models to evaluate the flow pathway, flow velocity variations, re-
sidence time, effective volume ratio, and hydraulic efficiency. The re-
sults show that the advection effect dominates contaminant transpor-
tation. The dead zone plays a significant role, while the preferential
region plays a minor role in affecting flow uniformity and hydraulic
performance. The dead zone area occurs when the flow velocity is lower
than 1 × 10−3 m s−1. With proper obstruction design, hydraulic effi-
ciency increases by approximately 77%. The pollutant treatment effi-
ciency was found to be negative proportional to water depths but not
sensitive to altered flow uniformity. The advantage of this method is to
investigate the flow field directly and yield hydraulic efficiency. Once
we obtain the flow field, hydraulic performance is easily obtained, and
it could be time-saving. Further study may focus on short-circuiting
flow and circulation areas to achieve a more in-depth understanding of
hydraulic conditions in constructed wetlands.
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