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Abstract

Background: Aquatic vegetation has major influence on the local water environment, affecting flow velocities and
solute mixing. Extensive research has been conducted on the flow characteristics of vegetated areas, but little is
known about solute transport. In this study, Laboratory experiments were carried out to investigate how solute trans-
port is affected by emergent and submerged rigid vegetation.

Results: Vegetation greatly reduces the mean velocity, especially within the vegetated region. Near the bottom, the
solute concentration is greater in the dense vegetation than in the sparse vegetation. The vertical distribution of the
solute concentration decreases rapidly with the relative water depth. Generally, the longitudinal and lateral diffusion
coefficients are less affected by denser vegetation, but both coefficients are strongly influenced by the relative water
depth (submerged vegetation height).

Conclusions: A modified function to estimate the longitudinal diffusion coefficients is proposed under both emer-
gent and submerged vegetation conditions, including cases of variable vegetation height. The key parameters (a’
and b)) for the assessment of the lateral diffusion coefficients are improved considering vegetation height. Results in
the present paper can be used as efficient and convenient methods to estimate the longitudinal and lateral diffusion

coefficients in flow with rigid vegetation.
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Background

Aquatic vegetation is abundant in estuaries, wetlands,
and along streams and rivers. It has a major influence
on the water environment, affecting flow velocities
[1-5], turbulence structures [6-8], sediment suspen-
sion [9-11], and the process of solute mixing [12-16].
Vegetation not only enhances solute mixing and diffu-
sion due to the effects of the plant stem wake [17], but
also decreases mechanical diffusion due to the physical
obstructions changing the transport path of the solute
[18]. The solute diffusion process is also affected by the
vegetation density, Reynolds number, and other factors
[13, 19, 20]. Thus, a detailed study of solute transport
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through vegetation is essential to understand the physi-
cal processes involved, which will provide important
information for proper water environment and resource
management.

The effects of vegetation on solute transport have been
experimentally studied by many researchers. The lateral
diffusion coefficient can be expressed in terms of the
plant stalk diameter, the distance between plants (stem
density), the flow velocity, and the drag coefficient [19].
The coefficient increases with vegetation density, but the
effect disappears when the Reynolds number is higher
than 240 [20]. Similar results were obtained by Tanino
and Nepf [21], showing that the lateral diffusion coef-
ficient generally increases with increasing vegetation
density, while the longitudinal diffusion shows the oppo-
site pattern. Ghisalberti and Nepf [22] found that lon-
gitudinal solute diffusion is related to the relative water
depth (i.e., the ratio of vegetation height to water depth).
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Fig. 1 Schematic of the experiment setup

Table 1 Vegetation conditions

Case Vegetation density (stems/ Vegetation height, h, Stem number Solid volume fraction, / Vegetation
m?) (cm) arrangement
A 317 5 95 0.016 Rectangle
B 158 5 47 0.008 Rectangle
C 317 10 95 0016 Rectangle
D 158 10 47 0.008 Rectangle
E 317 20 95 0.016 Rectangle
F 158 20 47 0.008 Rectangle
G 317 5420 48447 0016 Rectangle
H 317 5410420 32432431 0.016 Rectangle
Table 2 Calibrations of solute concentration 1200
Number Pollutant concentration C(mg  Image - I;'_‘a‘?’e intensity
L") intensity 1000 ittng curve
)

1 50 153 800 -
2 100 128 )

en -
3 200 106 £ %
4 300 90 ©

400
5 400 78
6 500 65 200 -
7 600 55 -
8 700 47 0 1 1 1 1 1 1 1 - )
9 800 40 0 20 40 60 '80 1‘00 120 140 160
10 900 35 Image intensity
1 1000 3 Fig. 2 The fitting curve between the solute concentration and image
intensity

Between the vegetation and free flow layers, solute dif-
fusion is influenced by the vortex generated from stem-
scale turbulence [23], but it is dominated by large-scale
shear dispersion with the increasing relative water depth
[24]. Thus, the mechanisms of vegetation-induced solute
diffusion are mainly due to the mechanical forces caused

by the physical obstruction of vegetation. However, there
are also convective processes caused by the uniform
distribution of flow velocity and the turbulent diffusion
caused by vegetation wake flow [25]; these processes have
not been quantified for their influence on solute diffu-
sion. Without these data, the numerical simulation of sol-
ute transport through vegetation is limited.
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Fig. 3 Vertical profiles of mean velocities at section x=20 cm (dashed lines: vegetation top)
In this study, laboratory experiments were conducted Methods
to investigate how solute transport is affected by rigid  Experimental setup
vegetation and to quantitatively analyze the influ- Laboratory experiments were conducted in a

ence of vegetation on solute diffusion. This study aims
to examine the interactions between flow, solute, and
vegetation, and to provide important parameters for
the numerical simulation of solute transport through
vegetation.

2.0-m-long and 0.3-m-wide rectangle Plexiglas flume
at Tongji University, China (Fig. 1). The current was
driven by a pump and circulation system, with a cur-
rent stabilizer installed at the head of the flume and an
energy dissipation fence at the end. The vegetation zone
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Fig. 4 Vertical profiles of solute concentrations at section x=20 cm (dashed lines: vegetation top)
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was 1.0 m long and located in the middle of the flume.
Stiff wooden cylinders, 8 mm in diameter (d), were used
to mimic rigid vegetation, neglecting the movement of
natural vegetation (e.g., swaying and bending). The cyl-
inders were placed in holes drilled in the false bottom
of the flume. The vegetation conditions are shown in
Table 1.

Three inflow discharges (Q=[0.45, 0.67, 0.9] L/s)
were applied to each vegetation condition, with a con-
stant water depth (%) of 15 cm. The flow velocities were
measured at 13 vertical positions by a Propeller Flow
Velocity Meter, which records the average data in a
given period of time (10 s in the present experiments).
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Table 3 Calculated longitudinal diffusion coefficients (D,)

Cases D, (cm?/s)
Q=0.45L/s Q=0.67L/s Q=0.90L/s

A 66.84 92.31 120.40

B 76.35 90.53 107.90

C 5722 71.99 89.62

D 68.91 79.67 104.6

E 55.31 64.92 77.28

F 65.02 66.46 92.96

G 64.01 62.52 83.26

H 5840 58.66 79.32

Table 4 Calculated lateral diffusion coefficients (D))

Cases D, (cm?/s)
Q=0.45L/s Q=0.67L/s Q=0.90L/s

A 0.90 144 202
B 1.05 1.66 213
C 1.07 1.58 2.16
D 1.21 1.76 2.37
E 1.21 1.83 2.25
F 1.23 1.97 247
G 0.95 1.68 2.02
H 1.05 161 2.14

Velocity at each position was collected 3 times and the
average value was used for analysis.

The solute discharge system consisted of a peristaltic
pump and a backpressure valve. The discharge outlet
was placed at section x=0 at a height of 10 cm (shown
in Fig. 1). Non-adsorptive solute dye tracer carmine
was discharged at 10.54 mL/s in all tests.

Image processing technology

Image processing technology [26] was used to analyze
the solute distribution in the vegetated flow. Two cam-
eras collected the lateral and plan view of the study
arena. To avoid outside light disturbance, the setup was
surrounded by curtains and internally illuminated by
two symmetrically arranged 50 W LED (light-emitting
diode) lamps.

Eleven different solute concentrations were used to cal-
ibrate the relationship between concentration and image
intensity (Table 2). For each concentration, three images
were collected to obtain the image intensity, and the aver-
age value was used for further analysis (results are shown
in Fig. 2). The relationship between solute concentration
and image intensity was fit by a power function (Eq. 1),
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with a correlation coefficient of R?=0.9618 (C is the sol-
ute concentration and / the image intensity).

C = 6147011183 (1)

Equations of diffusion coefficients

The double station linear analytical method is applied
to calculate the longitudinal and lateral diffusion coeffi-
cients, as shown in Egs. 2 and 3 [27-29].

% (x — ut)?
) = ———— - Kkt
Co0) A/4n Dyt =P l 4Dyt k ‘| )
Cx,) Cogq . uy* 3
’ = X
4 uh\ /4Dy x/u P 4D x ®)

where x is the longitudinal direction and y the transverse
direction; C (x,£) (mg/L) is the solute concentration at the
downstream station with distance x (cm) from the injec-
tion outlet at time ¢ (min); C (x,y) (mg/L) is the solute
concentration at position (x,y); C, (mg/L) is the initial
concentration; W (mg) is the mass of the release solute; A
(cm®) is the cross-section area; D; (cm?/s) and D, (cm?/s)
are the longitudinal and lateral diffusion coefficients; g
(mL/s) is the solute inflow velocity; u (cm/s) is the aver-
age flow velocity of the section; /2 (cm) is the water depth;
and k (s71) is the first-order reaction of the tracer rate
constant.

Results

Mean velocity affected by vegetation

Figure 3 shows the vertical distribution of the mean
velocity (u) in cases A—H at section x=20 cm. Compar-
ing the results of trials with Q=0.45 L/s and Q=0.90 L/s
revealed that the vertical distributions of the u gradi-
ents are greater with larger inflow discharge. The inflec-
tion points generally occur around the vegetation tops,
and the inflection points only occur in the upper layers
of the tops when the vegetation height is 5 cm. Vegeta-
tion greatly reduces the mean velocity, especially within
the vegetated region, and the flow velocity decreases with
increasing vegetation density. Due to the relatively low
variation in the volume fraction of vegetation (¢ =0.016
and 0.008), the change in velocity is minimal (shown in
Fig. 3a—f). In the emergent conditions, the velocity is
lower near the bottom and higher in the upper layers
than that in the submerged cases.
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Fig. 5 Relationships between the longitudinal diffusion coefficients (D) and stem-Reynolds numbers

Solute concentration affected by vegetation

The vertical profiles of the time-averaged concentra-
tions (C) at section x=20 cm, normalized by the max
concentration at x=0 c¢cm (C,,,=1000 mg/L), are
displayed in Fig. 4. The data were obtained from the
average values of 150 frames which were continually
collected 5 s after the release of the solute. The concen-
tration is greater near the bottom in dense vegetation
than in sparse vegetation, due to the stronger block-
ing effect of the vegetation. The peak concentration
decreases from the injection height to the bottom with
increasing inflow discharge and vegetation height. This
is due to the velocity shear in vegetated flow and the
no-flux boundary at the bed, as well as the heavier sol-
ute density. The vertical concentration gradients are
larger in cases A and B with a 5 cm vegetation height.
The concentration decreases more rapidly with lower
relative water depth (%,/kh), indicating that the sol-
ute plume is more diluted and evenly distributed with
decreased vegetation height.

Longitudinal and lateral diffusion coefficients

The calculated longitudinal and lateral diffusion coef-
ficients are shown in Tables 3 and 4. These results indi-
cate that the flow Reynolds number has a significant
influence on the longitudinal and lateral diffusion coeffi-
cients. With larger inflow discharge, both coefficients are
relatively higher, and with denser vegetation, both coef-
ficients are generally lower. In this study, the stem-Reyn-
olds numbers are always less than 100, so the mechanical
diffusion caused by physical obstruction dominates the
solute transport process [6].

Figures 5 and 6 show the relationships between the lon-
gitudinal and lateral diffusion coefficients and the stem-
Reynolds number; both coefficients are proportional
to the stem-Reynolds number, and both are affected by
vegetation density. Generally, dense vegetation slows
the transport of solute, demonstrated by lower lon-
gitudinal and lateral diffusion coefficients, due to the
physical obstructions of vegetation. However, opposite
patterns are present in cases G and H with varied veg-
etation height. Previous study [8] has revealed that the
vertically varying vegetation density increases the vertical
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Fig. 6 Relationships between the lateral diffusion coefficients (D,) and stem-Reynolds numbers
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gradient of mean streamwise velocity compared with the
emergent uniform vegetation and decreases it compared
with the submerged uniform vegetation under unidirec-
tional flow, while the time series of streamwise velocity
oscillates relatively stronger and causes higher turbulent
kinetic energy affected by the vertically varying vegeta-
tion density. The multi-shear layers in trials with varied
vegetation height increase the shear- and wake- turbu-
lence, especially in case with higher vegetation density,
which accelerates solute mixing and transport.

Discussion

Correlations between longitudinal diffusion coefficients
and vegetation features

Nepf [18] proposed an equation to predict the longitu-
dinal diffusion coefficient within an emergent vegetation
canopy, using the transport-Reynolds number (R,,) and
the vegetation features, as shown in Eq. 4.

Dy _ C3Re n Cpo 4¢
ud 128

49 4
td—o) TV @

where R, = ud/(v+v,) is the transport-Reynolds number
with the rate of lateral wake spreading, which is constant
across a wide range of Reynolds numbers for turbulent
wakes when the turbulent viscosity (v,) is larger than the
molecular viscosity (v); v, is 0.03 cm?/s according to Nepf
[18]; d is the diameter of the vegetation stem; Cj, is the
drag coefficient of the vegetation, determined by stem-
Reynolds numbers R4 with C;, =1+10R; > [30]; y is a
O(1) function of R4 and yd the length scale of the recir-
culation zone behind the cylinder [31]; 7 is the resident
time of the solute, 7=d?/4D and D is a diffusion constant
[18].

The longitudinal diffusion coefficients of this study
and the predictions from Eq. 4 are compared in Fig. 7.
The values agree only in conditions with emergent veg-
etation, and the average relative error is 6.1% (Fig. 7c).
This suggests that the prediction equation is not suit-
able for submerged vegetation (the average relative error
is 134% when /&, =5 c¢cm and 38.6% when /1, =10 cm) or
when the vegetation height varied (the average relative
error is 18.1%). Although the longitudinal diffusion coef-
ficients are negatively related to vegetation density, D;/ud



Lou et al. Environ Sci Eur (2020) 32:40 Page 8 of 13
140 140
a h,=5cm b h,=10cm
120 120
.
~ 100f " 100 -
g a 3 .
= i )
S sof 4 0=0.045Ls, Q st . ° 0=0.045Lss,
/A 0=0.045L/s, Pre. & 0=0.045L/s,
6o - ® 0-0.067L/s, Exp. ok 2 0=0.067L/s,
D 0=0.067L/s, Pre. & 0=0.067L/s,
m 0=0.090L/s, Exp. 0=0.090L/s,
40r : O 0=0.090L/s, Pre. 40 0=0.090L/s,
0.00 0.01 0. 02 0.03 0.04 0.00 0.01 0. 02 0.03 0. 04
Volume fraction(®) Volume fraction(®)
uor h,~20cm M0 d Varied vegetation height
120 120 |
“§ 100 [ "g 100 |
~ ~
~ ~ B —
Q sof A o005l Bl X s0f L O e lER)
) s 0=0.045L/s, Pre.
60 - u A ® (0=0.067L/s, Exp. 60 F
'Y ) 0=0.067L/s, Pre. (Cas
X ™1 Q=0090L/S, EXP : QiO.QOL!S,PN.(CﬂSc‘J&K)
40t O 0=0.090L/s, Pre. 401 L oaoL i Cree )
0.00 0.01 0. 02 0.03 0.04 0.00 0.01 0.02 0.03
Volume fraction(®) Volume fraction(®)
Fig. 7 Comparisons of the experimental (Exp.) and predicted (Pre.) D,values

is proportional to the solid volume fraction (¢) due to
reduced flow velocity in dense vegetation. Together, these
analyses and research by Ghisalberti and Nepf [22] sug-
gest that the relative water depth (the ratio of vegetation
height to water depth) is an important factor to estimate
the longitudinal diffusion coefficients in vegetated flow.
Equation 5 represents a modified function to esti-
mate the longitudinal diffusion coefficients under
emergent and submerged vegetation and with varied veg-
etation height. The relative water depth of Eq. 4 is used to
describe the submergence of vegetation.
w0
\4
(5)

(5)
where %,//h is the newly defined relative water depth and
h,’ the submerged vegetation height. In conditions with
emergent vegetation 41,/ =4, and 4,/ is the average height
of the submerged parts in conditions with varied vegeta-
tion height.

Figure 8 shows the comparisons between the longi-
tudinal diffusion coefficients observed in this study and

D, C3Re cpo 4¢
= 128 Tx—g) TV 24

ud

the modified predictions from Eq. 5. The values are con-
sistent in cases with submerged vegetation and varied
vegetation height. From the modified function, the aver-
age relative error is 7.3% when 4, =5 cm, 4.8% when #,
=10 c¢m, and 12.8% when vegetation height varied, sup-
porting the use of Eq. 5 to predict the longitudinal dif-
fusion coefficients affected by emergent and submerged
vegetation with uniform or varied heights.

Correlations between lateral diffusion coefficients

and vegetation features

Jamali et al. [20] conducted experiments to investigate
the lateral dispersion of flow with emergent rigid vegeta-
tion. The authors proposed an equation to estimate the
lateral diffusion coefficient (Eq. 6).

D a0
= —a+ bR 77, ©6)

ud

where a and b are constants to be determined, and a and
b equal 0.18 and 2157 when ¢ <0.015, and equal 0.175
and 1035 when ¢ >0.015, respectively.
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Fig. 9 Comparisons of the experimental (points) and predicted (lines, using a and b) Dy values

Table 5 Best fitting results for a’and b’

h,'/h a b’
1 20 —525
23 25 —800
1/3 19 — 600

The lateral diffusion coefficients of this study were
compared to the predictions of Eq. 6 in Fig. 9. There is
poor agreement between the experimental results and
the predictions for dense and sparse vegetation—the
average relative error is 55.3% and 121.7%, respectively,
including trials with emergent vegetation (E and F). In
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Eq. 6, the proposed values of a and b are from Jamali et al.
[20], and D, /ud is inversely proportional to R,4 due to the
influence of u. In this study, D,/ud is positively related
to R4 because of the small inflow discharge. Also, Eq. 6
incorporates vegetation features such as the density and

stem diameter in the stem-Reynold number, but neglects
vegetation height, which is an important factor for flow
turbulence and dispersion [22, 24].

To analyze the influence of vegetation height on
the lateral diffusion coefficients, the a and b values of
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Table 6 Diffusion coefficients (D,, D,) using Empirical equations for free flow

References Empirical equations for free flow Diffusion
coefficients (D,
D, cm?/s)*
Elder [32] D, = 5.93hus 341.00
T 2 2 -
Fisher [33] D =011 (WT) <7) 1.72-6.89
) 2,2 15 -
Liu [34} DL — ﬂvr]ui — 018(%) 21.25-29.91
1428 _
Seo and Cheng [35] D, = 5915hu*(%)0'6 ﬁ) 76.71-206.42
Kashefipour and Falconer [36] D = 10.612huﬁ 41.52-166.07
062y, \0.572 52.08-178.19
DL = [7428 +1775(%)°% (%) | hu
GA model [37] 096 125 41.71-99.19
oo=2(%)""(2)
i 02
Lietal. [38] Dy — 0.062(%) 77hu* 432
Deng et al. [39] Dy = 0.16hus 9.12
*With flume width w=30 cm, water depth h=15 cm, mean flow velocity u=1-2 cm/s, friction velocity u.~3.8 cm/s

Eq. 6 were refitted with the experimental results of this
study and denoted as a’ and b'. The best-fitting results
of a’ and b’ are provided in Table 5, and a compari-
son of the experimental results and predictions using
the improved constants are displayed in Fig. 10. The
experimental results and modified predictions are well-
matched; the average relative error is 3.4% when #,
=5 cm, 6.9% when /1, =10 cm, 3.6% when 4, =20 cm,
and 7.6% when the vegetation height varied. These
results suggest that the lateral diffusion coefficient
is sensitive to changes in a” and b’ both of which are
related to vegetation height. The relationships between
the a’ and b’ values and the newly defined relative
water depths (%,” /h) are shown in Fig. 11; both a’ and
b’ are binomially related to 4,//h.

For the solute transport in free flow without vegeta-
tion, there have several empirical equations to assess the
longitudinal [32-37] and lateral [38, 39] diffusion coeffi-
cients. Results in present paper were compared with the
results using empirical equations as shown in Table 6.
Using the similar experimental condition, the longitudi-
nal diffusion coefficients using empirical equations are in
the range of 1.72-341.00 cm?/s, in which the results of
proposed method in Eq. 5 fall. The lateral diffusion coef-
ficients using empirical equations are 4.32—9.12 cm?/s,
which has the same order as the results using the pro-
posed parameters (Table 5). The methods proposed in
the present paper have narrowed the wide range of the
coefficients obtained from the empirical equations with a
certain degree of accuracy.

Conclusions

Laboratory experiments were carried out in this study to
investigate how solute transport is influenced by emer-
gent and submerged rigid vegetation. Vegetation greatly
reduces the mean velocity, especially within the vege-
tated region, and the solute concentration is greater near
the bottom in dense conditions due to the blocking effect
of vegetation. The concentration peak of the vertical dis-
tribution occurs from the injection height to the bottom
with increasing inflow discharge and vegetation height,
and the solute concentration decreases more rapidly with
decreasing relative water depth. Generally, the longitu-
dinal and lateral diffusion coefficients are less affected
by denser vegetation than in cases with varied vegeta-
tion height. Based on previous research by Nepf [18] and
Jamali et al. [20], this study also quantitatively analyzed
the influence of vegetation on the longitudinal and lat-
eral diffusion coefficients. Both of the coefficients are
affected by the relative water depth (submerged vegeta-
tion height). A modified function to estimate the longitu-
dinal diffusion coefficients is proposed for emergent and
submerged vegetation conditions, including instances of
varied vegetation height, and the values of a’ and #’, key
parameters for lateral diffusion coefficients assessment,
are improved to consider vegetation height. These meth-
ods can be used to estimate the longitudinal and lateral
diffusion coefficients of flow through rigid vegetation.

Abbreviations

a and b: Constants used to estimate the lateral diffusion coefficient in Eq. 6;
a’and b’ Constants refitted with the experimental results of this study; A: The
cross-section area; C (x,t): The solute concentration at the downstream station
with distance x from the injection outlet at time t; C (x,y): The solute concentra-
tion at position (xy); C: The solute concentration; C,: The initial concentration;
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Cp: The drag coefficient of the vegetation; C,,,,: The max concentration at
x=0cm; D: A diffusion constant; d: Vegetation diameter; D, and Dy: The
longitudinal and lateral diffusion coefficients; h: Water depth; h /h: Relative
water depth; h,: Vegetation height; h,: The submerged vegetation height;

- The image intensity; k: The first-order reaction of the tracer rate constant;
LED: Light-emitting diode; Q: Inflow discharges; g: The solute inflow velocity;
R% Correlation coefficient; R,q: Stem-Reynolds numbers; R,: The transport-
Reynolds number; t: Time; u: Mean velocity; u.: Friction velocity; W: The mass
of the release solute; w: Width of the flume; x: The longitudinal direction; y: The
transverse direction; v: A O(1) function of R.y; T: The resident time of the solute;
u: The molecular viscosity; u: The turbulent viscosity; #: The volume fraction of
vegetation.
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