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Hydraulic investigation of the impact of retrofitting
floating treatment wetlands in retention ponds
Sher Khan, Muhammad Shoaib, Mudasser Muneer Khan,

Bruce W. Melville and Asaad Y. Shamseldin

ABSTRACT

This paper describes the laboratory experimental investigations undertaken to analyse the influence
of floating treatment wetlands (FTWSs) on the hydraulic performance of a stormwater retention pond.
Two experimental series were conducted, each focussed on investigating the influence of placing an
FTW in a pond with firstly the inflow entering the retention pond from an inlet positioned 0.25 m
offset from the longitudinal axis of the pond, and secondly the inlet positioned at the longitudinal axis
of the pond. For both series of experiments, tests were undertaken at 11/s and 1.5 I/s, and with and
without an artificial FTW installed. This study is the first to investigate the hydraulic impact of FTWs
and their root systems on the performance of stormwater retention ponds. The results presented in
this study suggest that FTWs are a viable method to minimise hydraulic inefficiencies, thereby
increasing retention time and optimising hydraulic performance of stormwater retention ponds.
The results highlight the importance of plant root characteristics. The optimal arrangement of root
length is Lg/Dp = 0.5, where Lg = root length and Dp = pond depth. The results also indicate that the
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spatial variability of vegetation has a significant impact on the hydraulic performance of the pond.
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INTRODUCTION

Urbanisation carries with it the associated challenge of storm-
water management. It is imperative that strategies and
technologies are implemented in urban areas to improve
the quality of stormwater discharges to protect the integrity
of receiving environments, and to avoid the adverse impacts
associated with sediment deposition and the accumulation of
other pollutants. Floating treatment wetlands (FTWs) can be
an effective way to mitigate these impacts.

FTWs are a novel and innovative variant of convention-
al surface-flow wetlands with sediment-rooted plants, which
have been applied for water quality treatment with appli-
cations in stormwater (Kerr-Upal et al. 2000), wastewater
(Knowles et al. 2010) and acid mine drainage (Sheoran &
Sheoran 2006).

In contrast to surface-flow wetlands, FTWs grow on a
mat floating on the surface of a water body while their
roots are submerged in the water. A typical FTW arrange-
ment is shown in Figure 1. While there are a number of
complex chemical and biological processes occurring in an
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FTW, the main pathway of pollutant removal and immobil-
isation is the capture of fine particulates and their adsorbed
pollutants in the roots of the floating mat (Headley &
Tanner 2006).

Because they float on the surface of the water, the plants
comprising FTWs are not affected by the water depth and
the turbidity of water unlike those in conventional wetlands,
which are effective for approximately 0.5 m depth of inunda-
tion (Wu ef al. (2015). Hence, longer retention times can be
achieved in FTWs over the same surface area due to the
greater depths of the pond, which can enhance the settling
process.

Although many researchers have investigated the effec-
tiveness of FTWs in improving water quality (Keizer-Vlek
et al. 2014; Wang et al. 2014; Borne et al. 2015; Ladislas
et al. 2015; Lynch et al. 2015; Zhang et al. 2015), the hydraulic
impacts that FTWs have on the pond system in which they
are retrofitted have received very limited attention. Hydrau-
lic performance is a wider concept that covers various
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Figure 1 | Schematic functioning of FTWs (Headley et al. 2006).

aspects of the flow conditions (e.g. short-circuiting, effective
volume and residence time distribution (RTD)) (Persson
2000). Khan et al. (2013) were the first to investigate the
hydraulic performance of FTWs retrofitted in stormwater
retention ponds. They investigated the hydraulic perform-
ance of FTWs for different placing arrangements, sizes and
orientation of floating vegetated mats.

The aim of this study was to investigate the impact of the
root characteristics of an FTW on the hydraulic perform-
ance of stormwater retention ponds, which is important
because hydraulic performance heavily influences pollutant
removal efficiency and sedimentation in ponds.

The study is based on measurements using a laboratory
replica of a field retention pond in New Zealand (Figure 2).

METHODOLOGY

The model pond represents a field stormwater retention pond
in New Zealand with a simple rectilinear shape. It’s a scale
model of Alpurt B2 stormwater retention pond situated in
North of Auckland. The prototype pond has top dimensions
of 41mx15m (length L,xwidth W,) and depth D, of
2.3 m. The inlet and outlet pipe diameters are 450 mm and
1,050 mm respectively. The field pond was designed for a
peak inflow rate of 500 I/sec. However, during the operation
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of the field pond, it was observed that the inflow rate was
approximately 300 1/sec (ARC 2008).

The model pond shown in Figure 3(a) is a 1/10th scale
model. It has top dimensions of 4.1 mx 1.5 m (length L, x
width W,,;) and depth D, of 0.23 m with sloping sides
(2H:1V).

The inlet and outlet diameters are 45 mm and 105 mm
respectively and are positioned on opposite ends of the
pond. Both the inlet and outlet are aligned horizontally.

To calculate model flow rates and residence times, the
scaling relationship between model and prototype was
derived using the Froude number (Fr) scaling criterion as fol-
lows, where the subscripts ‘m’ and ‘p’ represent model and
prototype respectively.

For the Fr similarity criterion:

Fry, = Fry
Hence,

Fry Vi V8Lp -1

F_rp_ VP \/ng B

Vi VL

Vo Vi
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Figure 2 | View of the Alpurt B2 field pond.

ie.

Vr: \/L—T)

Vin . . .
where 7’" is velocity scale ratio, V,, between model and
p

prototype. ;
Also, Q, = L2, where Q, is flow rate scale factor accord-

ing to Fr similitude. Hence, Q,,=11/s represents Q,=
316 1/s, which in turn is representative of field inflow values.

During testing, the pond was filled at Q =11/s until a
steady state was achieved. Volume and residence time
were estimated using flow depth.

The model FTW has dimensions of length Lg,, = 0.77 m,
width Wg, =1.14 m and thickness Tgy, =0.03 m with the
length of the roots varying from 5 to 15 cm, which represents
common plant species in the real system (Tanner & Headley
20m) (Figure 3(b)). The roots were tightly sealed in the floating
mat to avoid any losses of dye due to absorption during the
experiments. During testing, it was ensured that at least
90% of dye was recovered, as shown in Table 1.

A total of eight arrangements were investigated, with
each arrangement being run with Q=11/s (details are
given in Table 1). The FTW was positioned centrally
across the width of the pond in all cases and at a distance
of 0.5 m (5 m in field pond) away from the inlet end of the
pond (Figure 3(a)). This position of the FTW gives optimal
hydraulic performance (Khan et al. 2013).
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The root characteristics; that is, root length, densities
and spatial variability, were investigated for the optimised
location of the FTW in the pond. Three root lengths were
tested to optimise the design of the FTW in terms of root
length to pond depth, i.e. Lg/Dp=0.25, 0.5 and 0.71,
where Ly =root length and Dp=pond depth (Cases 8-10,
details are given in Table 2). For the optimised root length,
three root densities (720, 360 and 180 root sets/m?) and
two arrangements of spatial variability for root density of
360 root sets/m? were tested as detailed in Table 2.

Similar to earlier work (Jones & Jung 1990; Shilton
2001), the present study used Rhodamine W T as an inert
tracer to avoid any chemical reactions with water and to
facilitate recovery of the maximum mass at the pond
outlet (Holland et al. 2004). A 10 ml amount of 1 g/l sol-
ution of Rhodamine W T was injected into the inlet pipe
as a pulse (within 1 second) at a distance of 720 mm
upstream of the inlet end of the pond to allow complete
mixing of the dye solution with the inflow (location of
dye injection is shown in Figure 3(a)). The dye concen-
trations were measured at the outlet at a rate of 100
samples per second using a Seapoint Rhodamine fluorom-
eter. Further details on fluorometer measurements are
given in Khan et al. (2011).

From tracer experiments, RTD curves were derived,
which are graphical representations of the tracer concen-
trations measured at the outlet against the time after the
dye injection (pulse) at the inlet. These curves represent the



1479  S.Khan et al. | Hydraulic investigation of a floating treatment wetland

Water Science & Technology | 80.8 | 2019

Figure 3 | (a) Physical model of stormwater retention pond with FTW installed. (b) Side view of FTW model and synthetic root system.

tracer distribution and its movement through the pond and
indicate the time that every water particle resides in the
pond. A typical RTD curve is shown in Figure 4, where t;=
time at which the first parcel of the tracer reaches the
outlet, and t,; and tp, =times at which the first and second
tracer concentration peaks reach the outlet. The first peak
of the RTD curve represents the time that the tracer in the
core of the flow needs to pass from inlet to outlet. The
second and subsequent peaks represent the time that the
tracer takes to reach the outlet after recirculation.
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The hydraulic performance is normally measured in
terms of quantities derived from the RTD curves, termed
‘hydraulic parameters’ herein. Similar to previous studies,
the hydraulic parameters used in this study are short-circuit-
ing, effective volume ratio, hydraulic efficiency and moment
index.

The short-circuiting factor (S) is the ratio of t6 to t,,
where tj is the time when the 16th percentile of the
tracer added at the inlet has passed the outlet and t,, is the
nominal residence time calculated as pond volume divided



1480 S. Khan et al. | Hydraulic investigation of a floating treatment wetland

Water Science & Technology | 80.8 | 2019 ‘

Table 1 | Hydraulic parameters

Dye recovery

X/Lm Cases Q (I/S)  tmean (MiN) ti6 (Min) ts5o (Min)  tp, (Min) t, (min) E Sc A M, (%)

Side-inlet 1 NoFTW 1.0 9.76 127 7.91 0.62 1212 081 090 0.05 0.61 97

0.125 2 FIW 1.0 12.31 5.98 1026  6.71 1194 1.00 050 0.56 0.79 95
Improvement in performance (%) 24% —44% 1,000% 30%

1 NoFTW 15 6.64 0.76 5.30 0.49 8.37 0.79 091 0.06 0.59 96

0.125 2 FIW 1.5 8.27 3.12 6.32 3.26 8.26 1.00 0.62 040 0.72 93
Improvement in performance (%) 26% —32% 570%  22%

Centre-inlet 3 NoFTW 1.0 11.77 3.94 9.36 2.17 1212 097 067 0.18 0.71 94

0.125 4 FIW 1.0 11.37 5.83 9.97 5.94 1194 098 052 048 0.77 92
Improvement in performance (%) 0%  —24% 178% 10%

3 NoFTW 15 8.11 2.76 6.71 2.15 8.37 097 0.67 0.26 0.72 95

0.125 4 FIW 1.5 8.62 5.27 7.82 5.86 8.26 1.00 036 071 085 94
Improvement in performance (%) 3%  —46% 173% 18%

025 5 1.0 11.88 6.87 10.61  8.36 1194 1.00 042 0.70 0.82 92

0.5 6 1.0 11.69 4.88 9.81 525 1194 098 059 044 0.74 91

075 7 1.0 12.12 4.82 9.97 5.20 1194 1.0 060 044 0.75 95

by inlet flow rate (Persson 2000). A value of S greater than
0.4 is considered good, indicating an efficient pond, while
a value of S less than 0.3 indicates short-circuiting (S.)
(Thackston ef al. 1987). The short-circuiting S, is calculated
as (1-S). The maximum value for this parameter (S) is
unity which would indicate no short-circuiting in the
pond. The effective volume ratio (e) is the ratio of mean resi-
dence time (tmean) to the nominal residence time (t,)
(Persson 2000). The maximum value of e = 1 indicates com-
pletely mixed flow or plug flow; however, it does not provide
information on the mixing process which is better described
by the hydraulic efficiency parameter. Further, this par-
ameter is highly susceptible to influence from the tail
effects of the RTD curve and cannot detect variations

Table 2 | Hydraulic parameters

among RTDs having a common centroid. tye., (average
time that a tracer particle spends in the pond) can be calcu-
lated using:

Jo_ tCadt
Jo_ Cat

tmean -

where C =tracer concentration measured at the outlet, at
time t. Hydraulic efficiency (1) is defined as the ratio of t;;
to t, where t,; is the time when the first higher peak of
the RTD curve occurs. A value of hydraulic efficiency
above 0.5 is considered satisfactory (Persson et al. 1999).
The 2 factor is made up of two equally weighted com-
ponents, the effective volume ratio, e, and the degree of

tmean  tie tso th1 tn Dye recovery
Root length, Ly Lg/Dp Case Q(lI/s) (min) (min) (min) (min)  (min) e Sc A M, (%)
0 3 NoFTW 1.0 11.77 394 936 217 1212 097 0.67 0.18 0.71 97
5cm 0.25 8 FIW 1.0 1128 463 924 45 1194 094 061 038 0.72 95
10 cm 0.50 9 FIW 1.0 11.88 6.87 10.61 836 1194 1.00 042 0.70 0.82 98
15cm 0.71 10 FITW 1.0 12.48 6.42 11 7 1194 0.96 046 0.59 0.81 98
tmean ti tso tp1 tn Dye recovery
Root length, L,  Roots/m? case Q(l/s) (min) (min) (min) (min) (min) e Sc A M (%)
10 cm 360 Uniformly distributed 11 FTW 1.0 11.85 6.70 1090 7.40 1194 099 044 062 0.82 95
10 cm 360 A? 12 FTW 1.0 12.35 820 1192 870 1194 1.00 0.31 0.73 0.89 90
10 cm 180 13 FITW 1.0 11.70 5 10 3.7 12 097 0.58 031 0.72 97
15cm 360 Uniformly distributed 14 FTW 1.0 11.19 6.32 1093 521 1194 094 047 044 081 92

n Case 12 roots are distributed such that the distance between root sets in transverse direction is half of that in longitudinal direction.
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Figure 4 | A typical RTD curve.

mixing (1 — 1/N) as follows:

1 t

r=ell-=]=2

e( N) b
where N = number of stirred tanks. The higher the value of
N, the more plug-flow-like the flow is. It is calculated as:

t2

N=-—1
o2
where o is the variance of the RTD. This parameter pro-
vides a balance in accessing the hydraulic performance of
ponds and wetlands against the uniformity of flow and effec-
tive volume ratio and accounts for the mixing characteristics
in the pond. Further details are given in (Persson ef al. 1999).

Moment index (M) is derived from the first moment of
the normalized RTD curve (M), i.e. M;=1— M; and M is

calculated at t' = ti =1 as:
n

1
M = j (1-t)Cdt
0
where t'. =the normalized distance on the time-axis from
the origin to the centroid of the area under the normalized
RTD curve between t' = 0 and t' = 1, as shown in Figure 5

(Wahl et al. 2010) and C' = CE = normalized concentration,
(o)

where C, is the amount of dye added to the pond divided by
the pond volume. The method assumes that residence times

Centroid of area

v

0o ) 1
t B+

Figure 5 | Normalized tracer RTD curve.
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of a completely efficient basin meet or exceed the nominal
residence time and considers hydraulic efficiency relative to

. . t
the fraction of tracer exiting prematurely before t' = o= 1.
n

An advantage of using M; is that it is independent of the
effects of the long tail of the RTD curve. The maximum
value of My =1 indicates plug flow.

RESULTS AND DISCUSSION

Normalized RTD curves resulting from the tracer studies of
Cases 1 to 4 are shown in Figures 6 and 7. The actual con-
centration (C) is normalized using the concentration (C,).
The first peak of the RTD curve represents the time that
the tracer in the core of the inlet jet needs to pass from
inlet to outlet. The second and subsequent peaks represent
the time that the tracer takes to reach the outlet after com-
pleting additional circuits of circulation cells in the pond.

Analysis of these curves gives the concentrations of the
dye leaving the pond, the occurrence of the tracer peak con-
centration at the outlet and the time at which it occurs,
directly indicating the residence times for each case. The
hydraulic parameters calculated from these RTD curves
are related back to the hydraulic performance of the pond
as presented in Tables 1 and 2. The RTD curves presented
in Figures 6 and 7 were obtained from the average data of
three replicate tracer experiments for each case. A corre-
lation analysis was also performed on each set of data.
Intercorrelation between tracer tests for each set-up was
above 0.97, confirming the similarity of tests. Correlations
were statistically significant at 0.01 significance level.

The normalized RTD curves for Case 1 and Case 2 are
given in Figure 6 for Q =11/s and 1.5 1/s, respectively. The
results are similar for both flow rates except for a delayed
peak for the lower flow rate for Case 2.

For Case 1, the dye arrived at the outlet very quickly, i.e.
ty=19 and 16 seconds for Q =11/s and 1.5 I/s, respectively.
The rapid appearance of the tracer at the outlet indicates the
existence of preferential flow paths. The RTD curves feature
two peaks for both flow rates; namely, a very high, narrow
initial peak and a second much smaller peak. This indicates
that a large percentage of the dye travelled directly to the
outlet as a single slug while a small fraction of the dye dis-
persed or re-circulated, subsequently leaving the system at
a slower rate. This resulted in a long tail for both flow
rates suggesting the existence of dead zones in the pond.

The first peaks for Case 1 (without FTW) occurred at t,; =
37 seconds and 29 seconds for flow rates of 11/s and 1.51/s,
respectively, demonstrating poor performance in terms of
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Figure 6 | Tracer response curves with and without an FTW for the side-inlet tests at a flow rate of 11/s and 1.5 I/s.

short-circuiting, effective volume and hydraulic efficiency. The
hydraulic efficiency and effective volume were 5-6% and 79—
81%, respectively, with short-circuiting of 90-91% for the
range of flow rates tested. This indicates that short-circuiting
was significant within the pond and the design capacity of
the pond was reduced, rendering it inefficient.

In contrast to Case 1, Case 2 (with FTW) showed a vastly
different tracer response (Figure 6). The t; values were higher
and the peaks were lower compared to those for Case 1 at
both flow rates. Also, the peaks occurred later, indicating
reduced or no re-circulation. These factors indicate reduced
short-circuiting and increased effective volume and hydraulic
efficiency. The hydraulic efficiency increased by 1,000% and
570% for 11/s and 1.5 I/s, respectively, with 100% reduction
in stagnant volume. Similarly, the moment index improved by
30% and 22% and short-circuiting was reduced by 44% and
32% at Q=11/s and 1.5 1/s, respectively.

The centre-inlet tests (Cases 3 and 4) also showed signifi-
cant improvement in hydraulic performance for the tests
conducted with an FTW, refer Figure 7. Compared to Case
3 (without FTW), the hydraulic efficiency of Case 4 (with
FTW) was improved by 173-178% with a decrease in
short-circuiting between 24 and 46% for the range of flow
rates tested. Similarly the moment index was also improved
significantly between 10 and 18%.
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The performance parameters are summarized in
Table 1. The presence of an FTW in the pond significantly
reduces the prevalence of short-circuiting. The FTW induces
uniform distribution of the inlet flow, which reduces the
fraction of stagnant pond volume, increasing the retention
time of the system. Overall, the hydraulic performance of
the retention pond was significantly improved with an
FTW installed.

The results also show that the pond hydraulic perform-
ance reduces at the higher flow rate for the side-inlet tests.
This is attributed to high velocities at the inlet. For the side-
inlet, the increased flow rate may have caused the flow circu-
lation to be stretched towards the walls, causing an increased
dead volume in the centre of the pond (Table 1, Figure 6).

Once it was found that the presence of the FTW in a
retention pond increase its hydraulic performance, further
testing was carried out to optimise the location of the
FTW in the pond as shown in Figure A.1 in Appendix A
(available online).

Comparison of Cases 3-7 in terms of hydraulic par-
ameters shows the importance of FTW location in the
pond. The values for 4, S; M; and e are given in Table 1,
which show that the optimum position for the FTW is
x/Ly, = 0.25, where x =distance of the model FTW from
the inlet end of the model pond.
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Figure 7 | Tracer response curves with and without an FTW for the centre-inlet tests at a flow rate of (a) 11/s, (b) 1.51/s.

Further investigations of root characteristics were carried
out for FTW at x/L;, = 0.25. The results for Cases 8-10 are
shown in Figure A.2 in Appendix A, which highlights the
importance of plant root characteristics in terms of root
length. The optimal arrangement of root length is Lg/Dp=
0.5; that is, the roots extend to half of the depth of the pond.
For the optimal root length (Lr/Dp=0.5), the effect of root
density and spatial variability was investigated. It was found
that reducing the root density from 720 roots/m? (Case 9) to
360 roots/m? (Case 11), where plant roots are uniformly
distributed, did not significantly affect the pond hydraulic per-
formance. However, when the roots (density = 360 roots/m?)
were distributed such that the distance between root sets in
the transverse direction was half of that in the longitudinal
direction (Case 12), the hydraulic efficiency was improved by
18% and the short circuiting was reduced by 30%, compared
to Case 11 where the roots were uniformly distributed. This
case of optimal root densities and spatial variability (Case
12, Table 2) is 400% more hydraulically efficient compared
to the case with no FTW installed (Case 3, Table 2). Reducing

Downloaded from http://iwaponline.com/wst/article-pdf/80/8/1476/641601/wst080081476.pdf
bv auest

the root density below 360 roots/m? gives less improvement
in the hydraulic performance compared to Case 3 with no
FTW (Figure A.3 in Appendix A, Case 13 in Table 2). The
results indicate that the spatial variability of vegetation does
have a significant effect on the hydraulic performance of
the pond, this finding being consistent with previous research
(Jenkins & Greenway 2005; Keefe et al. 2010).

CONCLUSIONS

Laboratory experiments were conducted using a physical
model of a field stormwater retention pond. Measurements
revealed that installing an FTW in a stormwater retention
pond significantly improves the pond hydraulic perform-
ance. The presence of an FTW disrupts short-circuiting
pathways within the pond, reduces the stagnant volume of
the pond and significantly improves hydraulic efficiency.
Such increases in efficiency are characterised by a delay in
the time to peak of the RTD curves and uniform distribution

of inflow in the pond.
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The optimum position for the FTW is at a location 25%
of the longitudinal length of the pond for centred inlet cases.

The optimal arrangement of root length is for the roots
to extend to half of the depth of the pond. It was also
found that the optimal root density is 360 roots/m? where
each root contains 65 sub roots and their spatial distribution
is such that the distance between the roots in the longitudi-
nal direction is half of that in the transverse direction.
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