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ABSTRACT

The experimental farmland–channel–wetland systems (FCWS) in Guilin, China have been
recently designed based on wetland water recycling systems in Midwest USA. The present arti-
cle develops a methodology for simplifying the prediction of residence time as a function of the
flow rate and physical shape of these contaminant removal systems. A series of two-dimen-
sional simulation studies on surface flow through FCWS wetland of different shapes are per-
formed. Parameters influencing hydraulic characteristics such as empirical values of inlet and
outlet flow conditions, and wetland shapes are utilized as inputs to the study. Roughness coeffi-
cient was assumed to be constant across the different wetland designs discussed in this article.
The mean velocity values within the wetland decreases with increase in ratio of variant inlet
widths and wetland inflow rates. The results from the simulation are used as inputs for per-
forming a multivariate multiparameter regression algorithm. This framework models the resi-
dence time within the wetland independently as a function of shape, mass inflow, and inlet
geometry. This simplified model can be used with ease to evaluate existing as well as new wet-
land system designs for potential improvement in its function of desalting and filtering waters.

Keywords: Constructed wetland; Hydrodynamics; Triangular shapes; Numerical simulation;
Multiparameter; Impact factors

1. Background

Land use for wastewater management and treat-
ment is opted following concerns of pollution of fresh

waterways and resources. The present paper discusses
land application of wastewater in terms of wetlands.
The wetlands offer a low-energy intensive elementary
water treatment as an alternative [1]. Wastewater is
applied to naturally or man-made wetland which act
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as a low-rate filter. Suspended solids are strained out
and organic pollutants are absorbed by the soil sur-
face of these wetlands. These water bodies may serve
different purposes. First, microbial activities in the
wetland soils help to break down organics as well as
nutrients. These soils can be very fertile and can be
extracted for agricultural uses. Secondly, since the
porous soil is saturated with slow moving wastewater
for long duration, this process would help in replen-
ishing ground water [2]. Due to their treatment prop-
erties, some environmentalists refer wetlands as
nature’s kidney [3].

The constructed wetlands are constructed for the
purpose of wastewater management and treatment sys-
tem. Wastewater is produced by domestic, industrial,
mining, commercial, and agricultural sectors [4]. There
are several examples of use of wetland for treatment
purposes. For example, constructed wetland treatment
is used for purification of water produced during the
mining of oil [2,5]. Grismer et al. reported winery efflu-
ent treatment using wetlands [6]. Similarly, constructed
wetland systems are used in agricultural water treat-
ments too. Farmland–channel–wetland system (FCWS)
is an example of this type of system implemented in
China [7]. This new system is suitable for agricultural
open-channel irrigation systems, and is composed by
two parts: farmland and constructed wetlands, which
are linked by open channels. FCWS is an adaptation of
the wetland reservoir subirrigation system which com-
prises a wetland and a water reservoir linked to a farm
having a subsurface drainage system [8].

The FCWS was introduced in Guilin, China for a
rice paddy farmland. The drainage and surface water
from the paddy fields are routed to a constructed wet-
land via a drainage channel, instead of directly to a
drainage ditch. The harvested drainage water once
treated in the wetland is routed to back to the paddy
field through an irrigation channel as shown in Fig. 1.

The wetland connected with the FCWS in Guilin is
the plot number 40 as depicted in Fig. 2(a). The
dimensions of the plot number 40 are shown in Fig. 2
(b). Agricultural farm runoff flows into the wetland,

and after treatment the water is reused for irrigating
the fields. Wei et al. monitored the variability in con-
structed wetland flow dynamics as a function of inlet
width and inflow rate for this wetland. They also
reported that the dynamic pressure and dissipation
rates depended on flow inlet geometry of the wetland
and the wastewater inflow rate. Wei et al. also demon-
strated theoretically that flow rate through this wet-
land is extremely variable and stochastic [7]. Field
observations and flow simulations report short circuit-
ing within plot number 40. Short circuiting is reported
to reduce treatment efficiency and alters the normal
beneficial biological and chemical transformations
which occur within a wetland [10,11]. Nevertheless,
little attention has been paid on the analysis of the
time that water spends within the wetland and its
modeling as a function of wetland shape, inlet geome-
try, and inflow rate.

Design of constructed wetlands requires general
knowledge of hydrology, landscape, soil physics, cli-
mate, aquatic biology, civil engineering, ecological
engineering, and human requirements of recreation
and environment [12,13]. The amount of time that
water spends in a wetland will affect the treatment
[14,15]. Kroger et al. found that if the time increases,
the treatment levels are increased [16]. However, if
the flow is turbulent, small particles may not settle
even though time in the wetland may be considerable
[17]. Another study reported improvement in resi-
dence time during summer due to high evapotranspi-
ration [18]. Persson and Wittgren elaborated the
design aspects characterizing wetlands. These were
vegetation, wetland bottom topography, islands,
berms, depth, length–to-breadth ratio, meandering,
shape, baffles, and inlet–outlet configurations [19–21].
Numerous studies have performed to investigate the
influence of inlet dimensions, shape, vegetation, and
flow rate on residence time separately. However, there
has been no known model to predict the relationship
and enumerate independent influences of each of
these variables on residence time.

The purpose of this study is to describe the
variation in the flow due to the proposed change in
wetland shape. The shapes have been altered keeping
the total wetland perimeter in contact with water
constant. The shapes were altered to reduce short
circuiting and increase recirculation. Inevitable inten-
sive computational flow simulations have been per-
formed and are discussed in the sections below.
Although this approach is quite time consuming but
provided excellent results. Further, the results
gathered from these simulations are incorporated as
inputs into a novel stochastic regression modeling
framework. This framework will predict residenceFig. 1. The FCWS introduced in Guilin [7].

X. Wei et al. / Desalination and Water Treatment 51 (2013) 1494–1502 1495



time as a function of inlet dimensions, shape, and
flow rate, respectively.

1.1. Current wetland design

The experimental wetland under study at Guilin,
China is illustrated in Fig. 3. A detailed report on the

functioning of the wetland was performed and docu-
mented by the authors elsewhere [9]. For convenience,
this experimental wetland is represented in this article
with symbol S1. Plants or reed beds within the
wetlands help to treat and filter agricultural wastewa-
ter. A resistance to flow is also provided by these
plants. This resistance is expressed in terms of rough-
ness coefficients. Roughness coefficients imposed in

Fig. 2. (a) Depicts Guilin City in Guangxi, China where the FCWS system has been implemented; (b) Illustrates a map
showing connected plots of farm lands (colored in yellow) through which water is diverted and finally sent to FCWS
wetland in plot No. 40; (c) Depicts the dimensions of the wetland (in meters), the green color in (c) represents islands
within the wetland (plot No. 40) [9].

Fig. 3. The original figuration and the simulated grid of wetland S1.
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the wetland wall by different plant species were stud-
ied by Chow [22]. For the present study, a specific
roughness coefficient value of 0.30 was assumed. The
wetland S1 has an inlet dimension of 0.5m. The mesh
in Fig. 3 enumerates the dimensions and geometrical
features of the wetland.

For in-depth study, the influences of variable inlet
width and inflow rate were analyzed and documented
in an earlier study [9]. The authors studied flow char-
acteristics of the wetland S1 in Guilin is 2, 20, and
200 kg/s, respectively. A total of 36 cases were studied
and simulated flow conditions of drought to flood
conditions.

Wei et al. reported variation of velocity within the
Guilin wetland (Wetland S1) [7]. Fig. 4 illustrates the
velocity profiles of flow within the wetland with
inflow rates of 2 kg/s and 200 kg/s, respectively. This
flow analysis was performed with varying inlet
widths and is enumerated in Fig. 5.

Considering the flow fields in Wetlands S1, maxi-
mum velocities exist at the inflow and outflow
regions. When inflow rate increases to 200 kg/s (flood
condition), the high flow velocities exist at the wet-
land banks and island boundaries [9]. The mean flow
velocities at the triangular zone within the wetland
are negligible. Existing maximum velocities within the

Fig. 4. Comparison of velocity contours with change in inlet width (0.5, 0.7, and 1.0m) and inflow rate (2, 20, and 200 l/s)
of wetland S1.
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wetland are directly proportional to the inlet width of
the wetland. With increase in inlet width, there is a
dip in inflow velocity. Fig. 5 plots a linear curve
between normalized velocities in the wetland S1 and
normalized inlet width. Wei et al. also found that
short circuiting was a prominent feature of Guilin

wetland, which did not change with variance in inlet
width [7]. The short circuiting is deleterious in the
functioning as well as structure of the wetlands [23].

The major drawback of wetland S1 is short
circuiting of flow. This may impair the wetland of its
treatment characteristics such as residence time. Short
circuiting also decreases the energy dissipating charac-
teristics of wetlands. In order to stop short circuiting
and improve the dissipation characteristics of wet-
lands, a shape change of the wetland is proposed. For
present study, shape is varied to maximize residence
time as well as to increase the re-circulation zones in
the wetlands. This article proposes meandering or zig-
zag pathways for the wetland in Guilin, China.

1.2. Constructed wetland proposed designs

The new transformations are figuratively repre-
sented in Fig. 6. Newly transformed wetland is differ-
ent from S1. The two construction islands within S1
are removed and a semiellipsoid of the same surface
area is introduced at the circular boundary. This
newly transformed wetland is named S2. Similarly,
another wetland shape was simulated removing the
constructed islands and introducing a zigzag-shaped

Fig. 6. Transformed wetland designs S2 and S3 based on the original shape of wetland in Guilin, China.
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Fig. 5. Relationship among the maximum flow rate, inlet
width, and inflow rate of wetland S1.
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pattern of the same surface area as the wetland S1,
which is named S3. These two new transformations
are shown in Fig. 6.

1.3. Methodology introduction

In order to study the flow dynamics within the
two wetlands, knowledge of the geometry is required.
Fig. 6 also illustrates the dimensions and shape of the
newly transformed wetlands. This figure also enumer-
ates the use of a tetragonal grid mesh to project the
two-dimensional flow cases under study. Wetlands S1,
S2, and S3 are simulated and analyzed. The inlet
width (0.5m) of the wetland was not changed for the
new transformations S2 and S3. Inflow rates from 2 to
200 kg/s was assumed. A roughness coefficient of 0.03
was imposed for the flow studies on the three differ-
ent shapes wetlands.

The flow dynamics within the wetland basin are
simulated using Conservation of Mass and Reynolds-
averaged Navier–Stokes equations (RANS). The k�x
model is used to simulate flow [24]. This model is a
two-equation, eddy-viscosity model, which is used as
a low-Reynolds number turbulence model without
any extra damping functions. The k�x model inte-
grates the viscous sublayer flow, and performs well in
cases with adverse pressure gradients [25]. Governing
equations were solved using FluentTM [26].

2. Two-dimensional simulated results and analysis

Flow velocity contours for wetlands S1, S2, and S3
are plotted in Fig. 7. It is visible from Fig. 7 that short
circuiting in S2 and S3 has reduced and traveling path
of the water packets is long compared to wetland S1.
The maximum velocity values of wetlands S2 and S3
are equal to 0.414m/s, while 0.547m/s for wetland
S1; the maximum velocity in these wetlands only hap-
pened at inlet. The Fig. 7 also enumerates that peak
flow velocities within S2 and S3 are lower than in
wetland S1.

Table 1 tabulates the area of the inverse (recircula-
tion) flow zones for the wetland and its new transfor-
mations S2 and S3. Excessive recirculation within the
wetland will be beneficial to the objective of elongat-
ing the stay of particles within the wetland. A typical
estimate of the percent recirculation volumes com-
pared to the total volume within the wetland with an
area of 400m2 is presented in Table 1. The estimate
was completed by plotting the streamlines on a fine
graph paper and counting the number of small
squares encircled by the recirculation bubbles. From
these results, it is noticed that while the recirculation
volume is a maximum for S3, it is more than that for
S2 and experimental Guilin wetland.

3. Multiparameter analysis

3.1. Nonlinear theoretical development

A nonlinear behavior of average velocity and resi-
dence time (Y) is assumed with variation in inflow
rate and width of the inlet. A lognormal stochastic
multiparameter model has been proposed in this
research to model the average velocity, Y, in the wet-
lands.

The parameters X1,X2,… ,Xk are manifestations of
flow properties as well as geometrical variations.
Therefore, Y can be expressed mathematically as
follows:

Fig. 7. Velocity magnitude contours.

Table 1
Inverse flow area in the Guilin wetland S1 and its new
transformations of wetland S2 and S3

Different wetland
constructions

Percent inverse
flow volume

S1 20.9

S2 39.3

S3 43.1
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Yi=Yi�1 ¼ Xbi
i for i ¼ 1; 2; 3; . . . ; k ð1Þ

where bi is a constant coefficient for each superposing
predictors Xi, for i=1, 2,… , k. With step-by-step injec-
tion of k multiple predictor variables, the Y value at
i= k can be written as,

Y ¼ Yn ¼ Yn�1X
bn
n ¼ aXb1

1 X
b2
2 . . .Xn

n ¼ a
Yn¼k

i¼1

Xbi
i

for n ¼ 1; 2; . . . ; k

ð2Þ

Since the predictor random variables have different
dimensions, Eq. (2) can be mathematically reformu-
lated as

Y ¼ Y0

Yk
i�1

ðXi=Xi0Þbi ð3Þ

a ¼ Y0

Yk
i�1

Xbi
i

( )�1

ð4Þ

where Xi0 is any reference constant with the same
units as Xi [27].

The initial value of Y0 is represented by an alpha-
bet “a” for simplicity in Eq. (4). Eq. (2) can be linear-
ized and expressed in the form:

y ¼ yi ¼ lnY ¼ ln aþ
Xk

i¼1

bi lnXi ð5Þ

3.2. Velocity as a function of the ratio of wetland inlet
width to Inflow rate

Additional simulations were performed on the
wetland and its transformations S2 and S3 under the
conditions of different shapes (S1, S2, and S3), inlet
widths (0.5–1.0m), and inflow rates (200–1200 kg/s).
Fig. 8 shows the average wetland velocity plotted
against a ratio of variant inlet widths and wetland
inflow rates. The average velocity values within the
wetland decreases with increase in the ratio of variant
inlet widths and wetland inflow rates. At any specific
ratio of inlet width to the inflow rate, the average
velocity values vary:

vS1[vS2[vS3

Fig. 8 also depicts a multiplicative relationship
between the average velocity, inlet width w, and
inflow rate Q as derived theoretically in the earlier
section. The nonlinear relationships between average

velocity and inlet width/inflow rate are having a high
coefficient of determination as illustrated by the R2

values.

3.3. Time as a function of wetland inlet width and Inflow
rate

Fluid packets travel from inlet to outlet. This trans-
port time is dependent on several factors and is a ran-
dom variable. In this article, this transport time is
predicted with random variables of the inlet width
“w” and inflow rate “Q”. For the convenience of the
notation used, w is referred with X1 while Q is
referred with X2. This prediction equation can be
expressed in the form of Eq. (2) and Eq. (5). The sum-
mary of coefficients of this prediction of the average
time of transport and the improvement in prediction
is illustrated in Table 2.

3.4. Travel time as a function of wetland inlet width Inflow
rate and wetland shape

In order to include the wetland shape into the
model, we introduce a third variable X3 and define it
the shape impact factor. Following the multiplicative
relationships found in Fig. 8 and Table 2, the new pre-
diction model including the shape impact factor will
be expressed as:

y ¼ fðx1; x2; x3Þ ð6Þ

And

x3 ¼ a ¼ ln a ð7Þ

Fig. 8. Relationship among average velocity, inlet width,
and inflow rate.
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The value of variable x3 is derived from Table 2.
This is possible since a is a term which imbibes in
itself all the properties of the system is defines [28].
For the validity of linear regression model, all the pre-
dictor variables must be independent. The predictor
variables X1, X2, and X3 are not correlated to each
other, confirming the independence requirement for
regression. Table 3 illustrates the summary of the
regression carried out and enumerates the improve-
ment in prediction with addition of the predictor
variables.

The multiplicative stochastic relationship among
wetland design parameters (X1 is the wetland inlet
width, X2 is the inflow rate, and X3 is the wetland
shape impact factor) and average time Y from inlet to
outlet is expressed as:

Y ¼ 12:305 X1:10
1 X�1

2 X0:238
3 ð8Þ

Inlet width is found to me the most influencing param-
eter controlling the variation of residence time of fluid
packets within any wetland. Inflow rate applies a nega-
tive effect on the average transport time of fluid pack-
ets from the inlet to the outlet.

4. Conclusions

Based on the wetland in Guilin, k–e model in the
numerical simulation under different study cases is
applied, the flow characteristics in the wetland are
analyzed, and also indicated the disadvantage of cur-
rent wetland design. The improved designs are given
subsequently. The wetland flows characteristics under

the different designs are compared connecting with
multiparameter nonlinear model are evaluated. The
conclusions are shown as the following:

(1) The current wetland design should be
improved, because of the short circuiting; the
improved design should have optimal inverse
flow volume to improve residence time.

(2) The impact from the ratio of inlet width to
inflow rate on the average velocity of wetland
S3 is lowest, while highest of wetland S1;

(3) The average time flowing from inlet to outlet is
higher impacted by inlet width than from
inflow rate;

(4) The nonlinear relationship among the wetland
design parameters (inlet width, inflow rate, and
shape) and the average time flow from inlet to
outlet is also given in the paper.

(5) A novel stochastic multiparameter regression
model for wetland residence time prediction
has been developed. It should be noted that
vegetation density is assumed to be a constant
in this study. The effect of roughness due to
presence of vegetation should be studied in
future and included to extend the model
derived in this article.
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