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Abstract

with the relative errors in the range of 5%-12%.

coefficient

Background: Flexible vegetation is an important part of the riverine ecosystem, which can reduce flow velocity,
change turbulence structure, and affect the processes of solute transport. Compared with the flow with rigid veg-
etation, which has been reported in many previous studies, bending of flexible vegetation increases the complexity
of the flow—-vegetation—solute interactions. In this study, laboratory experiments are carried out to investigate the
influence of flexible vegetation on solute transport, and methods for estimating the lateral and longitudinal diffusion
coefficients in the rigid vegetated flow are examined for their applications to the flow with flexible vegetation.

Results: The experimental observations find that vegetation can significantly reduce flow velocity, and the Manning
coefficient increases with increasing vegetation density and decreases with inflow discharge. Under all the cases, the
vertical peak of the solute concentration moves towards the bottom bed along the flow, and the values of vertical
peak concentration longitudinally decreases from the injection point. The lateral diffusion coefficients D, increase
with vegetation density, while the longitudinal diffusion coefficients D, are opposite. Both D, and D, increase with the
inflow discharge. To estimate the D, and D, in the flow with flexible vegetation, an effective submerged vegetation
height considering vegetation bending is incorporated in the methods proposed for flow with rigid vegetation (Lou
et al. Environ Sci Eur 32:15, 2020). The modified approach can well predict the diffusion coefficients in the experiments

Conclusions: The methods proposed in this study can be used to estimate the lateral and longitudinal diffusion
coefficients in flows through both rigid and flexible vegetations using the effective submerged vegetation height.

Keywords: Flexible vegetation, Flow velocity, Solute transport, Lateral diffusion coefficient, Longitudinal diffusion

Background

Aquatic vegetation, especially flexible vegetation such
as reed and bitter grass, is an important part of the
river ecosystem. Vegetation can reduce flow velocity,
change the turbulence structure, and affect the pro-
cess of solute transport [2, 5, 8, 9]. Interactions between
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flow—vegetation—solute are extremely complicated which
are affected by vegetation features and hydrodynamic
conditions [11]. In flows with flexible vegetation, bending
of vegetation is an important factor affecting flow veloc-
ity and solute transport, which further increases the diffi-
culty of research on solute transport in flows with flexible
vegetation [22].

Solute transport in vegetated flow is affected by the
flow structures as well as the vegetation features (den-
sity, bending, etc.). Previous studies have discussed solute
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transport affected by rigid vegetations without bending
[11, 12, 17, 18, 23]. In order to quantitatively study the
influence of stem-scale turbulence caused by vegetations
on the lateral diffusion of solute transport, Nepf et al. [14]
improved the traditional random walk method and intro-
duced a wake coefficient as a key parameter to establish
the lateral diffusion model of solute transport affected
by emergent vegetation. They proposed a formula for
calculating the lateral diffusion coefficient D, which was
fitted by the stem-Reynolds number (R,;=ud/v, u is the
flow velocity, d is the diameter of vegetation, and v is the
viscosity coefficient) in the range of 200-1800. Consider-
ing the influence of flow velocity on the solute transport,
Nepf [16] further investigated solute diffusion processes
under different hydrodynamic conditions and improved
the formula for estimating D, Based on [14, 16], Serra
[20] proposed a formula for lateral diffusion coefficient
D, affected by vegetation density with solid volume frac-
tion ¢ of 0.1-0.35. Based on laboratory tests, Jamali et al.
[7] proposed a fitting formula (Jamali’s method) for the
lateral diffusion coefficient D, of solute affected by sub-
merged vegetations, which took the Reynolds number
of vegetation R,; as a key parameter. Jamali’s method
was easy to use and had high accuracy. However, it was
only applicable to the flows with submerged rigid vegeta-
tions. Further researches were still needed to determine
whether it was appropriate for flexible vegetation.

Nepf et al. [15] carried out laboratory experiments
using tracer as solute and extrapolated the longitudinal
diffusion coefficient D; of solute transport in flows with
rigid vegetation. Influences of wake vortex, wake veloc-
ity field and turbulent diffusion on solute transport were
investigated by White et al. [26] using theoretical and
experimental analysis methods, and a formula of longi-
tudinal diffusion coefficient D; was proposed for solute
transport in vegetated flow. Both of the above methods
directly described solute transport in rigid vegetated
flow, however, the influence of flexible vegetation features
on solute transport was not investigated. Hui [6] directly
applied the methods of Nepf et al. [14] and Serra [20] to
calculate the longitudinal diffusion coefficient D, affected
by a flexible vegetation, and modified D; formula includ-
ing the influence of vegetation-induced drag force coef-
ficient, which showed the accuracy under the Reynolds
number of vegetation R,; in the range of 8000-35,000.
Based on the experimental tests, Nepf [13] proposed a
formula (Nepf’s method) of the relationship between D,
transport-Reynolds number (R,,) and vegetation density
(i.e., ¢) under a submerged vegetation. Nepf’s method
had certain physical significance and accuracy consider-
ing the effects of vegetation density on D;. However, the
application of Nepf’s method was limited, because it was
proved to be only appropriate for flows affected by rigid
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submerged vegetation [10], and cannot be used directly
to flexible vegetation due to the neglect of vegetation
bending.

As the key coefficients of solute transport, descrip-
tions of lateral and longitudinal diffusion coefficients
considering both the hydrodynamic conditions and flex-
ible vegetation features (i.e., density and bending) are still
lacking, which limits the understanding of solute trans-
port processes with a flexible vegetation canopy. In our
previous paper [10], laboratory experiments were carried
out to analyze the processes of solute transport affected
by rigid vegetations, and modified functions to estimate
the lateral and longitudinal diffusions in vegetated flows
were proposed under both emergent and submerged
vegetation conditions based on previous researches by
Nepf [13] and Jamali et al. [7]. This study will focus on
the mechanism of solute transport under the influence of
a flexible vegetation. In this paper, the effects of a flexible
vegetation on the vertical distributions of flow velocity
and solute concentration will be investigated. Methods
for estimating the lateral and longitudinal diffusion coef-
ficients in the rigid vegetated flow [10] will be examined
for their applications to the flows with flexible vegetation,
and the improved method of the lateral and longitudi-
nal diffusion coefficients considering both the hydrody-
namic conditions and flexible vegetation features will be
proposed.

Materials and methods

Experimental setup

Laboratory experiments were conducted in a 2.0-m-long
and 0.3-m-wide rectangle flume, which was made by
Plexiglas, at Tongji University, China (Fig. 1a). The cur-
rent in the flume was driven by an intelligent circulation
system, consisting of a pump and stabilizer equipment.
Rulers were attached to the side wall of the flume for
measuring the bending height of flexible vegetation.
Three inflow discharges (Q=[0.45, 0.67, 0.9] L/s) were
adopted under the constant water depth of #=0.15 m.
Flow velocities were measured by propeller current
velocity meters at four sections S1-S4 (x= [0, 10, 20, 30]
cm). Each section included 13 vertical monitoring points.
The solute discharge system consisted of a peristaltic
pump and a backpressure valve. The discharge outlet was
placed at the section x=0 with a height of 10 cm. Non-
adsorptive solute dye tracer carmine was discharged at
10.54 mL/s in all tests. Solute concentrations were ana-
lyzed at six sections P1-P6 (x=[0, 5, 10, 15, 20, 25] cm)
based on the image processing technology (Fig. 1b). The
calibrations of solute concentration in image process-
ing technology and the fitting curve between the solute
concentration and image intensity were described by Lou
etal. [10].



Lou et al. Environ Sci Eur (2021) 33:80

Page 3 of 12

Flow Velocity Meter: S1 S2 S3 S4
| | | I
Water level gauge: a < Vegetation zone »b
Perforated plate Pollutant source Camera Tail gate
g Flow direction :l W
— | e T
L sl eteieteteinin st teteieteteir et R
T B s
15cm Image capture zone | \
J/ 10cm i
< ple—pi¢— D>
85cm 10cm 10cm 10cm
[« >ie >l >
60cm x=0 100cm 40cm
(a) Front view
Pollutant monitoring section: P1 P2 P3 P4 P5 P6
85cm 5X5cm
)] 1 Image capture zone
60cm X= 100cm V 40cm
e e > >
Central axis  Flow direction
B
______________
Pollutant source Camera
(b) Left view
Fig. 1 Schematic of the current circulation system

Table 1 Flexible vegetation conditions

Case Density N Solid volume Arrangements
(stems/m?) fraction ¢

AA 316.7 0.016 Rectangular distribution

AB 1584 0.008 Rectangular distribution

AC 1584 0.008 Staggered distribution

The mimic flexible vegetation made by plastic optical
fiber and Plexiglas tube was used in the experiments. The
vegetation was placed in holes drilled in the false bottom of
the flume. The vegetation zone was 1.0 m long and located
in the middle of the flume. The height of vegetation (/,)
was 0.27 m including 0.05 m Plexiglas tube in the bottom,
and the diameter (d) was 0.006 m. Vegetation configura-
tions are shown in Table 1: Case AA, dense vegetation in

a rectangular distribution; Case AB, sparse vegetation in
a rectangular distribution; Case AC, sparse vegetation in
a staggered distribution. The vegetation arrangements are
shown in Fig. 2.

Formulae of the lateral and longitudinal diffusion
coefficients

The double station linear analytical method was commonly
adopted in the tracer experiments to calculate the lateral
and longitudinal diffusion coefficients [24, 29], given in
Egs. (1) and (2):

D) Cq iy”
c(x%y,t) = ——F———=exp | — ,
) hu. /47 Dyx/u P 4Dyx (1)



Lou et al. Environ Sci Eur (2021) 33:80
(a) Case AA (b) Case AB
(c) Case AC (d) Mimic flexcible vegetation
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where x is the longitudinal direction and y is the trans-
verse direction; / is the water depth (cm); # is the average
flow velocity of the section (cm/s); g is the solute inflow
velocity (mL/s); W is the mass of the release solute (mg);
A is the cross-sectional area (cm?); D, and D, are the lat-
eral and longitudinal diffusion coefficients (cm?/s); k is
the first-order reaction rate of the solute (s71); C(x,f) is
the solute concentration (mg/L) at the downstream sta-
tion with distance x (cm) from the injection outlet at time
¢ (min); C (x,y) is the solute concentration (mg/L) at posi-
tion (x,y); and C,, is the initial concentration (mg/L).

In flows with vegetation, the canopy and stem-scale
turbulences induced by vegetation increase the tur-
bulence intensity and the Reynolds stresses, which
enhance the mixing and diffusion of solute [9, 28]. On
the other hand, the flow velocity is reduced because
of the physical obstruction of the vegetation, resulting
in the decreasing of solute diffusion. The solute trans-
port in vegetated flow mainly depends on the combined
effects of these two processes.

c(x, t) =
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Lateral diffusion coefficient of solute transport

in vegetated flow

Based on laboratory investigations, Jamali et al. [7] pro-
posed a fitting equation for the lateral diffusion coeffi-
cient of solute transport in flows with emergent rigid
vegetations using the stem-Reynolds number (Re,) as
the key parameter (Jamali’s method), written as:

D 20—
=at bR, (3)

where a and b are parameters which were determined
to be 0.18 and 2157 when ¢ <0.015, and 0.175 and 1035
when ¢ >0.015, respectively. Jamali’s method was simple
for flows with emergent vegetations, however, it is only
applicable to the condition that rigid vegetation is com-
pletely emergent and its density is vertically uniform.

To estimate the lateral diffusion coefficient in flows
with submerged vegetation, Jamali’s method (Eq. 3) was
improved by Lou et al. [10] based on laboratory obser-
vations, which are shown in Eq. (4). New parameters a’
and b’ were related to the relative water depth (i.e., the
ratio of vegetation height to water depth) (Eqs. 5 and 6):

D
y —2(1—¢)
ﬁ—a’—l—b’Red , (4)
h/ 2 h/
a = —4.95 (hv> —+ 6.75;" +0.2, (5)
h/ 2 h/
b =21375 <h”> — 2737.5ZV + 75, (6)

where / is water depth, %, is the submerged vegetation
height (41,’=h in case with emergent vegetation), and
h,’/h is the relative water depth (the ratio of vegetation
height to water depth).

Longitudinal diffusion coefficient of solute transport
in vegetated flow
Nepf [13] proposed a formula to estimate longitudinal
diffusion coefficient of solute transport in flows with
emergent rigid vegetation which is given in Eq. (7). Her
method related the longitudinal diffusion coefficient
to the transport-Reynolds number (R,,) and vegetation
features (i.e., solid volume fraction, vegetation diam-
eter, and vegetation-induced drag coefficient):
& = CgRet + Coé + yutﬂ,
ud \/ 128 T(l—¢) wd

(7)
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in which R, is the transport-Reynolds number under
the lateral wake spreading, and R,,=ud/(v+v,) is con-
stant across a wide range of Reynolds numbers for tur-
bulent wakes when the turbulent viscosity (v,) is larger
than the molecular viscosity (v); v, is determined as
0.03 cm?/s according to Nepf [13], Cp, is the vegetation-
induced drag coefficient which is calculated by stem-
Reynolds numbers R,,; with Cp,=1+10x R,,;~** [25];
y is a function of stem-Reynolds numbers R,; and the
length scale of the recirculation zone behind the veg-
etation yd [4]; 7 is the resident time of the solute with
7=d?/4D and a diffusion constant D.

Lou et al. [10] improved Nepf’s method (Eq. 7) by
introducing a relative water depth (/,”/4) to describe the
submergence of rigid vegetation, which are given by

Dy ChRet | Cps 49 N\

wd ( 128 T x-o) +Wrnd> * (7) '

(8)

Equations (4) and (8) were proved to be acceptably

accurate for estimation of lateral and longitudinal dif-

fusion coefficients of solute transport in flows with sub-

merged rigid vegetation [10]. The methods can also be

used for solute transport within emergent rigid vegeta-

tions with the relative water depth (/,”/4) as 1.0. How-

ever, in flows with flexible vegetation, flow velocity and

solute transport are affected by the bending of vegeta-

tion, which should be accounted for somehow in the pre-
diction equations.

Results

Vertical distribution of mean velocity affected by flexible
vegetation

Vertical distributions of mean velocities in Case AA,
Case AB and Case AC are shown in Fig. 3. Affected by
flexible vegetation, the mean velocity was reduced signifi-
cantly in the vegetation region. The u in Case AA with a
higher vegetation density was slightly smaller than that
in Cases AB and AC. Similar vertical profiles of mean
velocities were found in Case AB and Case AC, indicat-
ing that vegetation arrangements (rectangular and stag-
gered distributions) had less influence on mean velocities
in the present experiments. Comparing the results in
Cases AA and AB with those affected by rigid vegetation
at x=20 cm (Case E and Case F in [10]), it was found that
the flexible vegetation resulted in smaller mean veloci-
ties than rigid vegetation with the same vegetation den-
sity. The visible bending of flexible vegetation greatly
reduced the flow energy, causing more severe decrease in
velocities.
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Vertically averaged velocities at sections S1-S4 are
compared in Fig. 4 to discuss the longitudinal distribu-
tion of velocities affected by flexible vegetation. It was
indicated that the vertically averaged velocities in Case
AA were much lower (4.3%—-8.5%) than those in Cases
AB and AC under higher inflow discharge conditions
(i.e., Q=0.67 and 0.9 L/s). Under the inflow of 0.9L/s,
reductions of the vertically averaged velocities from
S1 to S4 were 16.7% in Cases AA, and 10% in Cases AB
and AC. In Case AB and Case AC with rectangular and
staggered distributions, respectively, the longitudinal
distributions of the vertically averaged velocities almost
coincided with the difference of only 0.3%-2.2%. The veg-
etation arrangement may change the path of flow, but the
averaged velocities were relatively close due to the similar
vegetation resistance caused by vegetation with the same
density.

To estimate the resistance of flexible vegetation on ﬂowi
the Manning coefficient (1) was calculated by #n = %RE J2
(R: the hydraulic radius; J: hydraulic gradient) [1, 3, 27].
Comparisons of Manning coefficients in Case AA, AB
and AC are shown in Fig. 5. The Manning coefficients in
Case AA with denser vegetation were the highest under
all the inflow discharge conditions comparing with those
in Cases AB and AC, resulting in the lower mean veloci-
ties in Case AA. The Manning coefficients decreased
with the increasing inflow discharge in all cases. In Case
AA, the Manning coefficients were in the range of 0.15—
0.20 under Q=0.45L/s, while they were 0.14—0.18 under
Q=0.67L/s and 0.12-0.15 under Q=0.90L/s. With dif-
ferent vegetation arrangements, the Manning coefficients
were almost the same as found in Cases AB and AC, indi-
cating again that the vegetation density had more influ-
ence on flow velocities than vegetation arrangement.

Distribution of solute concentrations affected by flexible
vegetation

The vertical profiles of the time-averaged solute concen-
trations (C) at sections P1-P6 normalized by the max
concentration at x=0 cm (C,,,,=1000 mg/L) are dis-
played in Fig. 6. The data were obtained from the aver-
age values of 150 frames which were continually collected
5 s after the release of the solute. The vertical peaks of
solute concentrations moved towards the bottom bed
from section P1 (x=0 cm) to P6 (x=25 cm) caused by
the gravity, and the values of vertical peak longitudi-
nally decreased. Comparing the results in Case AA and
AB, the solute concentration was relatively lower in the
case with denser vegetation. In Case AA, denser vegeta-
tion reduced the flow velocity and impeded the diffusion
of solute. Both the positions and values of vertical peaks
were close affected by the rectangular and staggered veg-
etation in Cases AB and AC. The vertical peaks of solute
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concentrations at section of x=20 cm appeared around
z/h=0.4 in the cases affected by rigid vegetation (Case
E and Case F in [10]), which were found to be around
z/h=0.6 with the flexible vegetation. In both two series
of tests with the rigid and flexible vegetation, the solute
discharge outlet was placed at section x=0 with a height
of 10 cm (z/h=0.67), and the locations of vertical solute
concentration peaks moved downward at the section of
x=20 cm due to the diffusion process and the gravity

effect. In flows with flexible vegetation, the movement of
flexible vegetation affected the vertical distributions of
turbulence development and the solute concentration.
The variation coefficient () of solute concentration in
\/ Z;‘q:l (Ci - C)Z/C
(C;: concentration of solute at position (i); C: the average
concentration of solute in the section) [19, 21], was
applied to analyze the vertical distribution of solute con-
centration. The value of § decreased with stronger

the cross-section, calculated by § =
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vertical mixing. The values of § at sections P1-P6 are
shown in Table 2. The values of § at section P6 were much
smaller than those at section P1, indicating the decreas-
ing of § and increasing vertical mixing along the flow
direction within the vegetation zone. The values of § in
Case AA with a dense vegetation canopy were generally
higher than those in Case AB with a sparse vegetation
canopy. The values of § in Case AB and Case AC were
close due to the same vegetation density. Although the
denser vegetation generated higher stem-scale turbu-
lence within the vegetation zone, the vertical distribution
of stem-scale turbulence for emergent vegetation was
quite uniform from the surface to the bottom. The mean
flow velocity was also lower in case with a dense vegeta-
tion than that with a sparse vegetation. The smaller veloc-
ity in Case AA led to weak flow turbulence and vertical
mixing, resulting in higher 6 values.

Lateral and longitudinal diffusion coefficients
by the double station linear analytical method
The lateral (Dy) and longitudinal (D;) diffusion coeffi-
cients were calculated using Egs. (1) and (2). Vegetation

density had an opposite impact on D) and D;. The values
of D, in Case AA were relatively larger than those in Case
AB, indicating that higher vegetation density enhanced
the lateral diffusion of solute. The dense vegetation in
Case AA produced strong stem-scale turbulence which
increased the vertical mixing of solute. Conversely, the
values of D, in Cases AA were smaller than those in Case
AB. Due to the higher vegetation resistance, flow veloc-
ity affected by a denser vegetation in Case AA was lower
than that in Case AB, which decreased the longitudinal
diffusion of solute. According to the present results, the
lateral diffusion of solute was mainly determined by the
turbulence intensity, while the longitudinal diffusion
depended on the flow velocity in the vegetated flow. D,
and D; in Cases AB were generally close to those in Case
AC. The vegetation arrangement might change the flow
path, but had minor effects on the mean velocity and sol-
ute concentration, resulting in similar values of diffusion
coeflicients in Cases AB and AC.

As shown in Table 3, both D, and D, increased with the
inflow discharge. The relationship between lateral and
longitudinal diffusion coefficients and the stem-Reynolds
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Table 2 Variation coefficients of solute concentration at sections P1-P6
Cases P1 P2 P3 P4 P5 P6
AA Q=0.45L/s 0.655 0.622 0.529 0433 0.385 0314
Q=067L/s 0.862 0.700 0.512 0.449 0.303 0317
Q=0.90L/s 0611 0.554 0518 0377 0.320 0.258
AB Q=045L/s 0.739 0.548 0.366 0.274 0.219 0.167
Q=067L/s 0.610 0429 0322 0.306 0.234 0.106
Q=0.90L/s 0.594 0.389 0.341 0.240 0.249 0.138
AC Q=045L/s 0.652 0458 0.388 0.233 0.172 0.191
Q=067L/s 0.606 0451 0428 0.307 0.280 0.207
Q=0.90L/s 0.679 0482 0419 0.340 0.300 0.213
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Table 3 The lateral (D,) and longitudinal (D,) diffusion coefficients
Case Dy(cmZ/s) D,(cm?/s)
Q=0.45L/s Q=0.67L/s Q=0.90L/s Q=0.45L/s Q=0.67L/s Q=0.90L/s
AA 1.44 218 2.62 46.75 5731 74.61
AB 137 2.07 245 59.70 65.02 83.26
AC 132 1.96 2.32 62.96 66.99 81.53
3.0 140
0 & -
2.5 :
2 120
"
2.0 X
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Q-—. L5k v Qq
= w
80 P 2
1.OF o — -
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Fig.7 Relationships between lateral D, and longitudinal D, diffusion coefficients and R4

number R,,; is shown in Fig. 7. Both D, and D, were
proportional to R,; Under a larger inflow discharge,
flow velocity increased in the vegetation zone, which
directly enhanced the longitudinal diffusion of solute.
With a larger velocity, the oscillation and turbulence also
increased in the vegetation zone, resulting in stronger
vertical mixing of solute and more intense lateral diffu-
sion of solute.

Discussion

Influence of flexible vegetation bending on lateral
diffusion coefficient D,

The comparisons of experimental (points, Table 3) and
predicted (lines, Egs. 4-6) values of D, versus R, are dis-
played in Fig. 8. Noticeable deviations could be found
between the scattered points and the lines, with the relative
errors of 139.7%, 59.7% and 54.5% in Cases AA, AB and
AC, respectively. According to the experimental results,
the values of D,/(u-d) were proportional to R,; in both
the dense (Case AA) and sparse (Case AB and Case AC)
cases, which was consistent with the positive relationship
between D, (as well as D;) and R, in Fig. 7. With the grow-
ing u, D, increased even more, resulting in larger D,/(u-d).
However, opposite trends appeared in the predicted results

directly using Eqgs. (4—6), showing the negative relationship
between D/(wd) and R,;. Equations (4—6) were developed
to estimate the lateral diffusion coefficient affected by a
rigid vegetation [10], which was proved to be not appropri-
ate for flows with a flexible vegetation.

The main difference between rigid and flexible veg-
etation in the unidirectional flow was the bending and
the effective vegetation height. In Eqs. (4-6), a relative
water depth %,/ was introduced to describe the effec-
tive vegetation height in the water column. The degree
of bending of flexible vegetation varied with hydro-
dynamic conditions. In the present experiments, the
effective submerged vegetation height was in the range
of 11 cm-15 cm. Using the averaged value of effective
submerged vegetation height /4,”=12 cm, a’=2.43 and
b' =747 were obtained by Egs. (5-6). Substituting the
newly determined a’ and &’ into Eq. (4), a modified for-
mula to calculate the solute lateral diffusion coefficient in
flows with flexible vegetation was written as:

Dy ~2(1-¢)
=Y — 243 — 747R )
ud €y )

Figure 9 shows the correlations between the experi-
mental (points, Table 3) and improved predicted (lines,
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Eq. 9) D, and R,;. The deviations between the experi-
mental data and improved predictions were obviously
reduced with the relative errors of 11.2%, 6.4% and 6.6%
in Case AA, AB, and AC. By using the effective vegetation
height /,” instead of /,/, Eq. 9 can reasonably describe
the positive correlations between D,/(u-d) and R,;. It was
indicated that the bending of the flexible vegetation (i.e.,
the effective vegetation height) had a great influence on
the lateral diffusion of solute transport under a unidirec-
tional flow.

Influence of flexible vegetation bending on longitudinal
diffusion coefficient D,

To discuss the influence of flexible vegetation bending
on longitudinal diffusion coefficient D,, the experimen-
tal D; in Table 3 (Exp. points) were compared with the
predicted results by Eq. (8) (Pre. points and lines) in
Fig. 10. Equation (8) underpredicted the experimental
D; with the relative errors of 14.2%, 29.7% and 28.4% in

Cases AA, AB and AC under all the inflow conditions. In
Eq. (8), submergence of vegetation was considered by the
relative water depth (%,”/h1), which was equal to 1.0 for
emergent rigid vegetation. In the case with flexible veg-
etation, flow velocity and solute transport were affected
by vegetation bending, and also /,” was not equal to / due
to the vegetation bending, resulting in the low accuracy
in prediction of D;.

As mentioned in the above sub-section, the effec-
tive submerged vegetation height was in the range of
11 ¢cm-15 cm in the present experiments. The aver-
aged value of effective submerged vegetation height
h,””=12 cm was used in Eq. (8) to predict D; affected by
different vegetation densities (i.e., ¢). As shown in Fig. 11,
the experimental and improved predictions of D; gener-
ally matched after considering the vegetation bending in
terms of the effective submerged vegetation height, with
the relative errors reduced to 5.5%, 10.4%, and 10.1% in
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Cases AA, AB and AC. According to Figs. 9 and 11, it was
indicated that vegetation bending had a significant influ-
ence on D, and D, of solute transport in flows with flex-
ible vegetation, and Egs. (4) and (8) proposed for flows
with rigid vegetation in our previous paper can be used
to predict the D, and D, affected by flexible vegetation
with a certain degree of accuracy by using the effective
submerged vegetation height /,” accounting for vegeta-
tion bending.

Conclusions

Laboratory experiments were carried out in this study to
investigate the influence of flexible vegetation on solute
transport, and the lateral and longitudinal diffusion coef-
ficients were estimated based on the experimental meas-
urements. Vegetation density had a significant effect on
the mean velocity and solute distributions, while the veg-
etation arrangements (i.e., rectangular and staggered dis-
tributions) had less influence in the present experiments.
In the vegetated flow, the Manning coefficient increased
with vegetation density and decreased with inflow dis-
charge. The solute concentrations were relatively lower in
the case with denser vegetation due to the blocking effect.
The vertical peak of the solute concentration moved from
the injection height towards the bottom bed along the
flow under all the cases. The values of vertical peak con-
centrations longitudinally decreased. Vegetation density
had the opposite effect on D, and D,. D, increased with
vegetation density driven by the stem-scale turbulence,
while D; decreased with vegetation density due to the
reduction of flow velocity. Both D, and D, increased with
the inflow discharge, which was positively related with
turbulence and velocity. By using the effective submerged
vegetation height accounting for vegetation bending, the
methods (Egs. 4 and 8) proposed for estimating D, and
D; in flows with rigid vegetation in our previous paper
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were proved to be also appropriate for flows with flexible
vegetation. And the predicted diffusion coefficients were
close to those from experiments with the relative errors
in the acceptable levels. These methods can be used to
estimate the lateral and longitudinal diffusion coefficients
of flows through both rigid and flexible, and emergent
and submerged vegetation, if the effective submerged
vegetation height was adopted. Results in this paper can
enhance the simulation accuracy of solute transport dif-
fusion affected by flexible vegetation, and provide basic
data and technical support for wetland environmental
protection and restoration, which has important theo-
retical significance and application value.
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