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a b s t r a c t

This study aims to provide the optimal design of different free-water-surface constructed wetlands (FWS
CWs) according to hydraulic efficiency index (�). This index is mainly determined by the position and
distribution of the hydraulic retention time (HRT) curve of a wetland. HRT can be defined as the period
during which each portion of fluid remains in the wetland under the influence of flow uniformity. Flow
uniformity of a wetland is primarily affected by the aspect ratio of the wetland (ARw), the inlet and outlet
configuration, and the obstruction designation. The important findings about these three factors in this
study are as follows:

1. When the ARw is greater than 5, the � will reach 0.9 or even higher. If the project site or field area cannot
meet the theoretical standard, the recommended ARw is higher than 1.88 so that the � will be higher
than 0.7.

2. The best configuration of inlet and outlet is uniform–midpoint. Meanwhile, midpoint–midpoint is

preferable to corner–corner.

3. According to the multi-linear regression of numerical experiment results, it is suggested that the
obstruction width-to-wetland width ratio (wob/ww), rather than the amount of obstruction, is the most
significant influential factor in the performance of hydraulic efficiency.
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. Introduction

Wetlands serve as both “nature’s supermarket” and “nature’s
idneys” and are found in all parts of the world (Mitsch and
osselink, 2007). The protection, restoration, and creation of these
ater resources are essential for the sustainable support of nature

nd human culture alike (Mitsch, 2005). Therefore, several hun-
reds of marshes have now been built primarily for the purposes
f water quality improvement (Kadlec, 1995). The research about
sing wetland macrophytes for wastewater treatment and horizon-

al sub-surface flow constructed wetlands (HF CWs) was started
y Käthe Seidel in Germany in the 1960s and by Reinhold Kick-
th in the 1970s (Vymazal, 2009). The CWs are effective natural
ystems for treating polluted water as discovered recently. The
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esign parameters, removal mechanisms and treatment perfor-
ance were cited from the review of Kadlec and Brix (1995) and
ymazal (2005).

Microorganisms-degradation and plants-adsorption are two
ajor mechanisms found in CWs for polluted water treatment (Toet

t al., 2005). Both are dependent on the retention time. Hydraulic
etention time (HRT), which indicates how long the inflow is
etained in the wetland, is a critical parameter for a CW design.
RT means the activity time for treating pollutants. Previous stud-

es indicated that HRT has a significant influence on the pollutant
emoval ratio (Kadlec, 1994, 2003; Dierberg et al., 2005).

In practice, nominal retention time is often used as HRT. The
ominal retention time is the time taken for flow to pass through a
etland uniformly, but this is not an appropriate index since flow
s seldom uniform. Based on the concept of hydrodynamics mech-
nism, such as streamline, boundary layer, and turbulence effect,
e illustrated the FWS CW’s flow condition in general as shown in

ig. 1. Because the inside fluid elements are hard to exchange with
utside ones in low-velocity zone, the volume utilization would

http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
mailto:uptree@tiiwe.org.tw
dx.doi.org/10.1016/j.ecoleng.2009.03.024


T.-M. Su et al. / Ecological Enginee

Nomenclature

CW constructed wetland
HF CWs horizontal sub-surface flow constructed wetlands
FWS CWs free-water-surface constructed wetlands
HRT hydraulic retention time
RTD retention time distribution
ARw aspect ratio of wetland; wetland length/wetland

width
ARob aspect ratio of obstructions
nob number of obstructions
wob obstruction width
ww wetland width
C concentration of pollutant
t time
E(�) normalized concentration
� normalized time
tn nominal retention time
tm mean retention time
ev effective volume ratio
N number of tank-in-series
� hydraulic efficiency index
n Manning’s roughness coefficient
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E eddy viscosity
D dispersion coefficient

ecrease. The existence of low-velocity zone would reduce the
reatment efficiency. Improving the treatment performance can be
chieved by allowing the flow to pass through the wetland uni-
ormly.

Hydrodynamics in a wetland is mainly influenced by the wet-
and’s aspect ratio, the configuration of inlet and outlet, and the
bstruction designation (Persson et al., 1999). The obstruction
esignation includes the determination of aspect ratio (ARw), num-

er, and location about designed obstructions. When there is no
bstruction in a wetland, ARw becomes the major factor affect-
ng the hydraulic efficiency. Many studies have proposed different
pinions about the ARw by experience or data monitoring (Dinges,
978; Stowell et al., 1986; Reed et al., 1995; USEPA, 2000). Neverthe-

ig. 1. Schematic plot of flow condition of a free-water-surface constructed wetland
FWS CW). Due to non-uniform flow, a FWS CW can be divided into preferential
ow zone, mixed zone and low-velocity zone. The circulation occurs in low-velocity
one resulting from flow separation. Since the exchange of inside and outside fluid
lements is minimal in low-velocity zone, hydraulic efficiency in the wetland would
ecrease.
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ess, due to the considerations of land expropriation, construction
ifficulties and landscape, it is often difficult to make a significant
hange on the ARw. Land use is especially heavy and so the land
equired for a CW is scarce in Taiwan (Kuo et al., 2009). Therefore
ow to improve the hydraulic efficiency is critical.

Proper configuration of inlet and outlet structures can improve
he hydraulic efficiency (Koskiaho, 2003). Obstructions, including
errain undulation, baffles, isles or mounds, also could improve
ydraulic efficiency of the CW. This phenomenon has been reported
nd proved (Persson et al., 1999; Koskiaho, 2003; German et al.,
005). Previous studies of hydraulic efficiency of wetland examined
he influential factors in general but did not focus namely on each
f them. This study attempted to conduct the varied hydraulic effi-
iency of FWS CW with different ARw, the configuration of inlet and
utlet and the obstruction designation, respectively. The optimal
esign procedure of a FWS CW was also investigated.

. Materials and methods

.1. Tracer test

Levenspiel (1999) suggested treating the wetland as a great reac-
or, and conducted a pulse experiment at the inlet by adding a tracer
uch as rhodamine, bromide or chloride with a given concentration
ithin a short time. Based on the tracer concentration measure-
ent at the outlet of the wetland, the retention time distribution

RTD) curve was derived. The flow condition inside a wetland would
e revealed by the position and distribution of a RTD curve. Fig. 2
hows the RTD curve of inflow and outflow developed from the
ulse experiment.

The position of the RTD curve can be represented as the mean
etention time (tm). In real situation, determining the ending time
s difficult because there is an inevitable tail in the RTD curve. Sam-
ling time in field is finite; hence there is no availability of complete
TD curve. Incomplete data cannot be used to calculate mean reten-
ion time accurately. As numerical model was used, the tm can be
valuated by the entire RTD curve by applying Eq. (1) (Kadlec, 1994).
hen tm is equal to tn, this indicates that the flow passes uniformly

hrough the wetland. Thackston et al. (1987) defined the ratio of tm

o tn as the effective volume ratio (ev):

m =
∫ ∞

0
tC dt∫ ∞

0
C dt

; eV = tm

tn
(1)

lug flow and mixed flow are two extreme conditions in the dis-
ribution of the RTD curve. Levenspiel (1999) applied the concept
f continuous stirred tank reactor and tank-in-series to describe
hese two conditions simultaneously. Fig. 2 shows the RTD curve

easured at the outlet actually changes with the different number
f tank-in-series (N). The larger the N, the RTD curve concentrates
n tm. This implies that the flow is more uniform, and the tm is
loser to the tn. The N is reciprocal of the variation (�2

�
), which can

e calculated using the E(�)–� curve (Fogler, 2006). Using Eqs. (2)
nd (3), the concentration–time curve can be normalized to E(�)–�
urve (Levenspiel, 1999). The N value is treated as an indicator of
he RTD curve distribution:

∞

0

E(�)
tm

dt = 1 (2)

= t
(3)
tm

ersson et al. (1999) proposed the hydraulic efficiency index to
dentify the RTD curve position and distribution. The � can be calcu-
ated using Eq. (4). The � calculated from the RTD curve can provide
n indication of the uniformity of fluid flow inside a wetland. When
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2.2.2. Cases setup description
This study adopted different setups of the FWS CWs to deter-

mine the influences of different factors on the hydraulic efficiency.
Three factors, ARob, configuration of inlet and outlet and obstruc-
ig. 2. RTD curve diagram of the tracer experiment. Based on the tracer concentrat
xperiment of tracer infuses at inlet of the wetland; (B) the different tracer concen
etland (redrawn from Levenspiel, 1999).

he � is higher, hydraulic design of a wetland would be better and
uid flow is also uniform. Therefore, the � is crucial in determining
he ARw, inlet and outlet configuration, and obstruction designation
or optimal hydraulic design:

= ev

(
1 − 1

N

)
(4)

.2. Numerical experiment

.2.1. Model parameters validation
As the water depth of a wetland is shallow (about 20–50 cm

n general) and variation in the vertical direction can be omitted,
horizontal two-dimensional model, TABS-2, was chosen as the

umerical experiment model. TABS-2, developed by the U.S. Army
orps of Engineers and Waterway Experiment Station, simulates
racer pulse experiment to understand the pollutant transmission
n wetlands using hydrodynamic and water quality models without
onsidering the tracer decay, extrinsic source or adsorption, rainfall
nd evaporation. Operation steps of the model were included in
YU-EMRL (2002).

Three parameters, including Manning’s roughness coefficient
n), eddy viscosity (E) and dispersion coefficient (D), have to be
scertained according to the condition of the wetlands. In this
tudy, Manning’s n of the wetland’s bed is 0.035 because FWS
Ws are mostly created by soil, with irregularity and obstructions
Cowan, 1956). On the other hand, since obstruction is usually a
abitat for plants, the roughness is not only influenced by the wet-

and bed but also by the plant surface (Kadlec, 1990). Therefore,
ased on Woody’s roughness coefficient table (Cowan, 1956), Man-
ing’s coefficient of the obstructions was set as 0.080. Besides,
ddy viscosity was given as 20 N m−2 s considering the shallow
nd slow flow in wetlands (King, 2001a). King (2001b) meanwhile
uggested that dispersion coefficient ranges from 0.0002 m2 s−1 to
.001 m2 s−1. Due to the limitation of numerical simulation, the

ispersion coefficient must be larger than 0.0008 m2 s−1 to avoid

rrational results. According to suggestion of Thackston et al. (1987)
nd sensitivity analysis, the dispersion coefficient was given as
.0008 m2 s−1. The relative errors of D = 0.0008 and 0.0010 are 27%
nd 33%, respectively (Fig. 3). The numerical simulation does not

F
v
e
e
h

easurement at the outlet of the wetland, the RTD curve can be derived. (A) A pulse
n curve is according to the different number of tank-in-series (N) at outlet of the

onsider the influence of evaporation and infiltration, so there is
lmost no loss of tracer. Therefore, the recovery ratio of tracer is
lmost 100%. This is the reason the model results in Fig. 3 are slightly
igher than Thackston’s survey data.

Based on the general solution of one-dimensional convection–
ispersion equation, Lin et al. (2003) suggested that in conducting
field experiment the tracer concentration should be higher than

he environmental concentration by two times standard deviation
hen 95% of the tracer flows out. Though it is not necessary to take

nvironmental concentration into consideration while conduct-
ng the numerical simulation, the dose adopted in the simulation
hould be similar to the field experiment in order to avoid distor-
ion. Since parameters were validating, TABS-2 was employed to
imulate the 1.44 g tracer test for the FWS CWs.
ig. 3. Calibration of model parameters considering aspect ratio and effective
olume ratio (ev). The numerical simulation does not consider the influences of
vaporation and infiltration so there is almost no loss of tracer. Therefore, the recov-
ry ratio of tracer is almost 100%. This is the reason the model results are slightly
igher than Thackston’s survey data.
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Fig. 4. Optimal design procedure and variant numerical cases, i.e. aspect

ion designation, are shown in Fig. 4. The flow chart of optimal
esign procedure is shown in left hand side of Fig. 4 as well. Firstly,
he designer should determine the ARw and the inlet and outlet
onfiguration of the wetland and calculate the �, based on the cur-
ent wetland. If the value is lower than the threshold, modification
f the wetland is required. Persson et al. (1999) suggest a three-
roup classification system for hydraulic efficiency performance:

1) good (� > 0.75); (2) satisfactory (0.5 < � < 0.75); (3) poor (� < 0.5).
he threshold � was given as 0.75 in this study. In the design pro-
ess, the ARw is first adjusted to improve the �. After adjusting the
Rw, the designer should modify the configuration of inlet and out-

et to improve the flow uniformity and to increase the �. If a change
f wetland, configuration of inlet and outlet and obstruction designation.

f inlet and outlet configuration is not able to satisfy the threshold
, the designer should consider installing obstructions in the wet-

and to improve the �. The cases of these three factors are discussed
elow:

1) Aspect ratio variations
This study examines the impact of different ARw by con-
ducting simulation on nine FWS CWs. Shown as case 1 in
Fig. 4, the dimension of these FWS CWs are 30 m × 100 m
(1A), 50 m × 60 m (1B), 60 m × 50 m (1C), 75 m × 40 m (1D),
100 m × 30 m (1E), 125 m × 24 m (1F), 150 m × 20 m (1G),
250 m × 12 m (1H), 300 m × 10 m (1I), and the corresponding
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ig. 5. Relationship between the hydraulic efficiency and the aspect ratio of wet-
ands. The hydraulic efficiency increases with the aspect ratio. On the other hand,
he hydraulic efficiency of the wetlands significantly improves significantly when
he aspect ratio is smaller than 5.

ARw are 0.30, 0.83, 1.20, 1.88, 3.33, 5.21, 7.50, 20.83, 30.00,
respectively. Case 1D was set up as the referred case so as to
compare the hydraulic efficiency performance with other cases.

2) Configurations of inlet and outlet
The influence of the inlet and outlet configuration for

hydraulic efficiency performance is examined in case 2. The
dimension of the CWs was set at 75 m × 40 m and its ARw

was 1.88. Three configuration designations were evaluated, i.e.
midpoint–midpoint, corner–corner and uniform–midpoint.

3) Obstruction designations
Setup of the different obstructions is shown as case 3 in Fig. 4.

Nine scenarios were investigated in this study. Obstructions are
lower than the water surface of FWS CWs by 0.1 m; and bed
elevation is lower by 0.7 m. The ARw of this case is 1.88 with a
corner–corner configuration.

. Results and discussion

.1. Aspect ratio variation

Nine FWS CWs with different ARw were studied and the results
re shown in Table 1. The results show that the ARw is one of the
ain factors which influence the �. The tm approaches to tn while

he ARw increases. This phenomenon implies that the fluid passes
hrough the wetland more uniformly. Further, the ARw increases

onotonically with the effective volume ratio and hydraulic effi-
iency.

Fig. 5 shows the relationship between the ARw and �. As men-
ioned previously the � increases with the ARw but the increasing
ate of the � obviously decreases while the ARw is greater than 5.
he average increasing rate of the � is equal to 0.274 when the ARw

s smaller than 5 and 0.003 when the ARw is larger than 5. The
ncreasing rate of the ARw does not have obvious influence on the �

hen the ARw is higher than 5. Therefore, if the field condition per-
its, we suggest that the ARw should be larger than 5 because the �

an reach 0.9 or even higher. On the contrary, if the field condition
s not conducive, the ARw should still be kept larger than 1.88. By
oing so, the � that can be achieved would still be higher than 0.7.

.2. Configuration of inlet and outlet

Table 2 shows the simulation results of three different

ases of the inlet and outlet configuration. The wetland vol-
me was 2100.0 m3, and the tn was 14.60 h. The results show
hat uniform–midpoint can achieve the best �, 0.88, and the
orner–corner fared the worst one at 0.65. Fig. 6 displays the flow
eld of the three different cases of inlet and outlet. The first figure

s
t
s
fl

ig. 6. Flow conditions with the velocity magnitude and direction for different cases
f the inlet and outlet configuration: midpoint–midpoint (2A); corner–corner (2B);
niform–midpoint (2C).

hows the flow velocity for the midpoint–midpoint case. For this
ase, four small low-velocity zones were found at the four corners.
he second figure shows the flow velocity for the corner–corner
ase. A large low-velocity zone appeared at the opposite corner
hat is neither inlet nor outlet. The third figure shows that the flow
niformly passed through the wetland, and therefore raises the
erformance of the hydraulic efficiency. The hydraulic efficiency
erformance of inlet and outlet configuration can be sorted as:
niform–midpoint, midpoint–midpoint, and corner–corner. With-
ut any obstruction, uniform–midpoint is the best configuration to
mprove the � and to ensure that the fluid runs uniformly.

.3. Obstruction designation

Objects that affect and change the flow direction are known as
bstructions. The obstructions can be baffles, isles or jetties. The
bstruction under the water surface not only provides growing
abitat for emergent aquatic plants, but also allows the creatures
o rest and for forage. In this case, the ARw was set as 1.88, and
he wetland volume was 2100.0 m3. Because the � when configu-
ation of inlet and outlet was midpoint–midpoint or corner–corner
as smaller than the threshold �, the constructed design had to be

mproved. The inlet and outlet configuration of referred case was
et as corner–corner. The height of the obstructions was set to be
.1 m below the water surface (the water depth of wetland is 0.7 m),
nd the volume of the obstructions is about 432 m3.
Table 3shows the simulation results of obstruction and Fig. 7
hows the flow condition with the velocity magnitude and direc-
ion of different cases. For case 3A, which is without obstruction and
et as referred case, there is significant circulation resulting from
ow separation in right bottom corner causing the � to be only
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Table 1
Simulated results of the different aspect ratios of the wetlands.

Case Dimension (m × m) ARw ˝ (m3) tn (h) tm (h) ev ev × ˝ (m3) N � Note

1A (30,100) 0.30 2100.0 14.60 2.15 0.15 310.8 19.00 0.14 Poor
1B (50,60) 0.83 2100.0 14.60 5.82 0.40 837.9 55.36 0.39 Poor
1C (60,50) 1.20 2100.0 14.60 7.92 0.54 1138.2 72.41 0.54 Satisfactory
1D (75,40) 1.88 2100.0 14.60 10.54 0.72 1514.1 85.14 0.71 Satisfactory; referred case
1E (100,30) 3.33 2100.0 14.60 12.50 0.86 1797.6 77.92 0.85 Good
1F (125,24) 5.21 2100.0 14.60 13.38 0.92 1923.6 63.17 0.90 Good
1G (150,20) 7.50 2100.0 14.60 13.84 0.95 1990.8 53.14 0.93 Good
1H (250,12) 20.83 2100.0 14.60 14.35 0.98 2064.3 36.06 0.96 Good
1I (300,10) 30.00 2100.0 14.60 14.60 1.00 2097.9 34.24 0.97 Good

Table 2
Simulated results for different configurations of inlet and outlet.

Case Configuration of inlet and outlet ˝ (m3) tn (h) tm (h) ev ev × ˝ (m3) N � Note

2A Midpoint–midpoint 2100.0 14.60 10.54 0.72 1512.0 85.14 0.71 Satisfactory; referred case
2
2

A
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f
t
l
k
a
(
a
t
o

c
w
w
(
t
c

B Corner–corner 2100.0 14.60 9.57
C Uniform–midpoint 2100.0 14.58 12.97

Rw = 1.88.

.65. Case 3B has obstruction designation, and this increases the �
rom 0.65 to 0.93. Because obstruction improves flow uniformity,
he circulation disappears and the fluid passes through the wet-
and more uniformly and effectively. For case 3C and case 3D, we
ept the obstruction numbers the same (nob = 2), but changed the
spect ratio of obstructions. With the increase of obstruction width

wob), the low-velocity area behind the obstruction will decrease
nd the � can increase to 0.93 or even higher. On the other hand,
he obstruction widths of case 3E and case 3H are the same, but the
bstruction numbers are different (nob = 4 and nob = 6). The flow

o
h
l
t

Fig. 7. Flow condition with the velocity magnitude and directio
0.66 1386.0 98.11 0.65 Satisfactory
0.89 1869.0 71.20 0.88 Good

onditions of case 3B, case 3E and case 3H reveal low-velocity area
ill appear behind the obstruction and preferential flow in the
etland becomes evident with the increase of obstruction number

Fig. 7). Moreover, the streamline, with the decrease of obstruc-
ion width, became short. Therefore, the hydraulic efficiencies of
ase 3E and case 3H are lower than other cases. The � of case 3E

nly increases up to 0.79 and the � of case 3H is 0.71. On the other
and, because case 3D, case 3F, case 3G, case 3I, and case 3J are

onger obstruction width, the hydraulic efficiencies are all larger
han 0.90.

n for different cases of various obstruction designations.
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Table 3
Simulated results for different obstruction designations.

Case nob wob (m) lob (m) ˝ (m3) tn (h) tm (h) ev ev × ˝ (m3) N � Note

3A 0 – – 2100.0 14.60 9.57 0.66 1386.0 98.11 0.65 Satisfactory; referred case
3B 2 10 36 1670.8 11.60 10.92 0.94 1570.6 119.35 0.93 Good
3C 2 20 18 1670.8 11.60 11.14 0.96 1604.0 79.74 0.95 Good
3D 2 30 12 1670.8 11.60 11.07 0.95 1587.3 66.77 0.94 Good
3E 4 10 18 1670.8 11.60 9.29 0.80 1336.6 100.66 0.79 Good
3F 4 20 9 1670.8 11.60 11.06 0.95 1587.3 106.57 0.94 Good
3G 4 30 6 1670.8 11.60 10.98 0.95 1587.3 79.38 0.94 Good
3H 6 10 12 1670.8 11.60 8.27 0.71 1186.3 86.57 0.71 Satisfactory
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3I 6 20 6 1670.8 11.60 10.67
3J 6 30 4 1670.8 11.60 10.76

Rw = 1.88; inlet and outlet configuration = corner–corner.

Although the effective volume ratio and the � increased slightly
fter installing the obstruction, the real effective volume actually
ecreases after deducting the obstruction volume from it. In other
ords, improper obstruction designation may lead to the decrease

f wetland effective volume.

.4. Multivariate regression equation

Flow uniformity is highly dependent on the obstruction num-
er and the ratio of obstruction width to wetland width. Generally
bstruction is helpful in increasing the �. However, too many short
bstructions would have negative impacts on the �. For practi-
al purpose, we stated a multi-linear regression equation of � as
ollows:

= 0.63 − 0.02nob + 0.64
wob

ww
(R2 = 0.85) (5)

q. (5) indicates a clear and strong relationship between nob,
ob/ww, and �. A comparison between the predicted and simulated
is demonstrated in Fig. 8, with the predicted � obtained from Eq.

5). Rather than using tracer test with the numerical model, the �
an be calculated simply by the regression equation. From Eq. (5),
igher wob/ww contributes to higher � whereas higher nob reduces
he �. Compared to nob, wob/ww has a more significant influence on
he �. Besides, the increase wob/ww is an effective way to increase
he �.
As the flow velocity in the preferential zone is so high that
he hydraulic retention time becomes short, the removal ratio will
lso decrease. In addition, the existence of the preferential zone
ay increase the mix gradient which will also reduce the removal

atio of pollutant (Dal Cin and Persson, 2000; Stern et al., 2001).

ig. 8. Comparison of simulated and predicted hydraulic efficiency (�). Rather than
sing tracer testing with the numerical model, the hydraulic efficiency can be cal-
ulated simply by the regression equation. Compared to nob, wob/ww has a more
ignificant influence on the hydraulic efficiency. The outlier comes from case 3B.
he obstructions of case 3B cause meandering preference flow and uniform flow.
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0.92 1537.1 134.95 0.91 Good
0.93 1553.8 88.04 0.92 Good

ierberg et al. (2005) pointed out that 46% of the fluid elements
ent through the preferential zone which only accounted for 8%
ollutant of the wetland. Non-uniform flow will also cause the
ccurrence of preferential zone in the wetland. In conclusion, when
esigning a FWS CW we should aim to improve flow uniformity,
inimize the preferential zone and increase the effective wetland

olume.

. Conclusions

The TABS-2 model has been used to simulate the flow condition
n wetlands in conjunction to a numerical tracer test. The position
nd distribution of the outlet RTD curve is taken into consideration
hen calculating the �. The � was used as an index of flow uni-

ormity and to determine the optimal design of FWS CWs. In this
tudy, three factors including aspect ratio of wetland, configuration
f inlet and outlet, obstruction designation were investigated and
heir influence on the hydraulic efficiency was discussed.

Based on the simulation results of the different FWS CWs, it was
ound that the ARw should be preferably greater than 5. If the field
ondition does not allow significant geometry change, the ARw has
o be at least 1.88 to maintain the uniform flow. In addition, the
est configuration of inlet and outlet is uniform–midpoint, and the
econd option is midpoint–midpoint. Obstruction in the wetland is
equired to increase the � when it does not meet the demand of the
roject. We also developed a regression equation to estimate the �
f obstruction: � = 0.63 − 0.02nob + 0.64(wob/ww), R2 = 0.85. This
quation implies that the use of slender obstructions could be an
fficient way to improve the �.

Hydraulic retention time, the period during which the fluid can
e treated, is the key factor in estimating the effectiveness of water
urification in a FWS CW. By conducting a numerical experiment
f the tracer test, the mean retention time can be measured eas-
ly. Compared to the nominal retention time, the mean retention
ime is closer to the real retention time of the fluid. In other words,
he efficiency of water purification calculated based on the mean
etention time is more likely to reveal the real condition of the
etland.

The outcome of this study in designing an optimal FWS CW can
erve as a reference for designers. These procedures have been also
mplemented in improving the FWS CWs of Guandu Nature Park in
aipei, Taiwan.
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