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Abstract: The main purpose of this study is to investigate the effects of aquatic plants with no leaves
(L0), 4 leaves (L4), 8 leaves (L8), and 12 leaves (L12) on the mean streamwise velocity, turbulence
structure, and Manning’s roughness coefficient. The results show that the resistance of submerged
aquatic plants to flow velocity is discontinuous between the lower aquatic plant layer and the upper
free water layer. This leads to the difference of flow velocity between the upper and lower layers.
An increase of the number of leaves leads to an increase in the flow velocity gradient in the upper
non-vegetation area and a decrease in the flow velocity in the lower vegetation area. In addition,
aquatic plants induce a momentum exchange near the top of the plant and increase the Reynold’s
stress and turbulent kinetic energy. However, because of the inhibition of leaf area on the momentum
exchange, the Reynold’s stress and turbulent kinetic energy increase first and then decrease with the
increase in the number of leaves. Quadrant analysis shows that ejection and sweep play a dominant
role in momentum exchange. Aquatic plants can also increase the Reynold’s stress by increasing
the ejection and sweep. The Manning’s roughness coefficient increases with the increasing number
of leaves.

Keywords: submerged flexible vegetation; flow velocity; Reynold’s stress; turbulent kinetic energy;
Manning’s roughness coefficient

1. Introduction

Aquatic plants are an important component of river ecosystems. They can not only affect water
chemical and physical parameters, but, more importantly, they can also change flow velocity and
momentum exchange, and consequently affect the transport of pollutants and sediments in rivers [1–5].

The acoustic Doppler velocimeter (ADV) has been widely used in both laboratory and field
settings for the measurement of flow velocity [1,3,6]. ADV is based on based on the Doppler effect and
can accurately measure the mean velocities and turbulent statistical parameters [7], especially the flow
characteristics under the influence of aquatic plants [1,3].

The effect of aquatic plants on the flow characteristics is closely related to the density, structure,
foliage surface area, height, biomass, and arrangement of aquatic plants [8,9]. Zhang et al. [10]
found that vegetation could significantly change the vertical flow velocity profile. Huai et al. [11]
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developed an analytical model for predicting the vertical distribution of mean streamwise velocity with
double-layered rigid vegetation. Han et al. [12] predicted the vertical streamwise velocity profile in the
presence of floating vegetation using a two-power law expression. Tang et al. [13] investigated the drag
coefficients and their applications in the modelling of turbulent flow with submerged vegetation, and
found that the model with the drag coefficient for an isolated cylinder and the local drag coefficient
could better predict velocity distribution than that with the bulk drag coefficient. Wilson et al. [14] found
that the frond foliage induced larger drag forces and inhibited the momentum exchange. Li et al. [15]
found that the maximum turbulence intensity and Reynold’s stress of water flow increased with the
increase of plant height. Dodds and Biggs [16] developed a model unifying attenuation by periphyton
and macrophytes using the biomass density as the independent variable, which explained 80% of the
variation in attenuation. In addition, the conditions of the river bed and the external environment also
have some impact on the flow [17–19]. Devi and Kumar [18] investigated the characteristics of turbulent
flow in a vegetative channel with seepage and found that seepage increased the maximum Reynold’s
stress and turbulence intensity. Wang et al. [20] found that the spatial variation in drag coefficient
through the vegetated patch exhibited either a monotonic decline during rain or a non-monotonic
‘hump’ shape without rain with increasing longitudinal distance in the vegetated section.

However, previous research has not considered the variation of flow characteristics with the
number of leaves. Given the substantial difference in the growth of aquatic plants in different seasons,
it is important to study the effects of aquatic plants with different numbers of leaves on river flow
characteristics in order to accurately predict flow velocity and pollutant diffusion. In response to this
need, the main purpose of this study is to study the effects of aquatic plants with different numbers of
leaves on the mean streamwise velocity, turbulence structure, and Manning’s roughness coefficient.

2. Materials and Methods

2.1. Experimental Equipment and Procedure

The experimental equipment used in this study includes two pumps, a stilling basin, an underground
reservoir, a rectangular tank, and an adjustable tail gate. The open-channel flume is 29 m long, 0.6 m
wide, and 0.7 m high, and made of glass, which is schematically shown in Figure 1. An energy
dissipation grate is installed at the inlet of the flume to ensure a steady flow of water into the flume,
and an adjustable tail gate is installed at the tail to control the water level.
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Figure 1. General layout of the open channel flume. ADV—acoustic Doppler velocimeter.

Flexible aquatic plants are simulated using plastic materials, where the plant height is 20 cm;
the leaf length is 17 cm; the leaf is arc-shaped, which is narrower at both ends and wider at the middle;
the top width is 0.5 mm; the bottom width is 2 mm; and the middle width is about 1 cm (Figure 2).
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Figure 2. The layout and shape of plants.

In this experiment, the flow rate was set to 0.06 m3/s and the water level was set to 0.4 m.
Aquatic plants were arranged in a staggered pattern over a length of 7 m. There were a total of seven
measurement sections with 11 points spaced 3 cm apart in each section (Figure 3). The velocity was
measured using an acoustic Doppler velocimeter (ADV; Vectrino, Nortek, Norway) with a frequency
of 20 Hz for 120 s. The data for each point were composed of 2400 samples, from which the average
velocity was calculated. Note that the velocity 5 cm below the water surface and 5 cm above the flume
bottom could not be measured because of the limitation of ADV. In order to ensure high measurement
accuracy, glass sand with a diameter of 10 microns was added, and the accelerated threshold method
was used to post-process the data [18]. Submerged aquatic plants often have 4–12 leaves [21], and
the average number of leaves is 7 in the study of Zhang and Lai [22]. Therefore, the effects of aquatic
plants with no leaves (L0), 4 leaves (L4), 8 leaves (L8), and 12 leaves (L12) on the flow characteristics
were investigated in this study.
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2.2. Methods

2.2.1. Mean Velocity, Reynold’s Stress, and Turbulent Kinetic Energy

The mean velocity u, Reynold’s stress τxz, and turbulent flow energy k are three important
parameters characterizing the flow structure:

u = (1/m) ×
m∑

i=1

ui, (1)

u′ = ui − u, (2)

τxz = u′v′, (3)

urms =

√
u′2, (4)

k = 0.5× (u2
rms + v2

rms + w2
rms), (5)

where u is the mean streamwise velocity, ui is the instantaneous streamwise velocity, u’ is the fluctuation
of the streamwise velocity, v’ is the fluctuation of the vertical velocity, τxy is the Reynold’s stress, urms is
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the root mean square of the streamwise velocity, vrms is the root mean square of the vertical velocity,
wrms is the root mean square of the spanwise velocity, and k is the turbulent kinetic energy.

2.2.2. Logarithmic Distribution Law

The mean streamwise velocity profile can be divided into two layers according to the vegetation
height: lower aquatic plant layer and upper free water layer. This division is largely consistent with
previous studies [23–25]. For instance, Huai et al. [23] also divided the velocity profile into two layers,
including the upper free water layer and the lower plant layer, according to the bending height of
plants. Li et al. [25] divided the velocity profile into three layers, including the upper free water layer,
the middle canopy layer, and the lower sheath layer, according to the position of canopy top and sheath
and leaf. In this study, the mean streamwise velocity profile is divided into two layers according to
the vegetation height because the stem is very short (about 2 cm). However, the mean streamwise
velocity profile in the upper free water layer is similar to that in the non-vegetation area, which obeys
the logarithmic distribution law [1,25]. This may be attributed to the formation of a new “soft river
bed” at the top of the plant. In order to better understand the mean streamwise velocity profile in the
upper free water layer, the following formula is used to describe the mean streamwise velocity profile
at different positions [1].

u(z)/u0 = a + b×C(z/h), (6)

where z is the vertical coordinate; u(z) is the mean streamwise velocity at z; u0 is the mean streamwise
velocity of a fully developed flow; h is the plant height; C is a function of z/h, which can be represented by
different log equations (ln(x), ln(x)/x2, ln(x)/x2.5, and ln(x)/x3, where x = z/h); and a and b are constants.

2.2.3. Manning’s Roughness Coefficient

The Manning’s roughness coefficient is calculated from the following equation:

n = 1/u×R2/3
h S1/2, (7)

where n is the Manning’s roughness coefficient, Rh is the hydraulic radius, and S is the energy slope.
In this study, the Manning’s roughness coefficient proposed by Noarayanan et al. [26] is used, which
can be calculated from the following equation:

nveg =
{(

1/u(veg+non)

)
×

(
R2/3

h × S1/2
(veg+non)

)}
−

{(
1/u(non)

)
×

(
R2/3

h × S1/2
(non)

)}
, (8)

S(veg+non) = H f (veg+non)/L, (9)

S(non) = H(non)/L, (10)

H f (veg+non) =
{(
(u2

u(veg+non) − u2
d(veg+non))/2g

)
+

(
hu(veg+non) − hd(veg+non)

)}
, (11)

H f (non) =
{(
(u2

u(non) − u2
d(non))/2g

)
+

(
hu(non) − hd(non)

)}
, (12)

where nveg is the Manning’s roughness coefficient of the plant, uu(veg+non) is the upstream velocity
measured with vegetation, uu(non) is the upstream velocity measured without vegetation, hu(veg+non)
is the depth of flow at the upstream of the vegetation, hu(non) is the depth of flow at the upstream
without vegetation, ud(veg+non) is the downstream velocity measured with vegetation, ud(non) is the
downstream velocity measured without vegetation, hd(veg+non) is the depth of flow at the downstream
of the vegetation, hd(non) is the depth of flow at the downstream without vegetation, S(veg+non) is the
energy slope with vegetation, S(non) is the energy slope without vegetation, Hf(veg+non) is the water head
loss with vegetation, Hf(non) is the water head loss without vegetation, and L is the length of vegetation
area. The data were analyzed using Excel 2016, SPSS 22, and Matlab 2010.
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3. Results and Discussion

3.1. Mean Streamwise Velocity

Flow velocity can affect the water-carrying capacity of rivers and the erosion at the bottom of
rivers. Considering that the existence of vegetation may change the distribution of flow velocity,
the mean streamwise velocity profile under L0, L4, L8, and L12 is shown in Figure 4.
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Figure 4 shows that there is only a small difference in flow velocity between position 1 and 2,
which conforms to the traditional velocity distribution law. However, it is noted that the velocity in the
upper layer gradually follows the logarithmic distribution law, while that in the lower layer decreases
because of the obstacle of plants. The velocity distribution in the presence of plants differs greatly from
that without plants.

In order to better understand the mean streamwise velocity profile in the upper free water layer,
the parameters a and b and the logarithmic equation C were calculated from Equation (6).
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The parameters a and b and the logarithmic equation C at different positions under L0, L4, L8,
and L12 are listed in Table 1. It shows that the fitting is good at all positions (R2 > 0.96) except that at
position 3 of P4. The parameter b and the logarithmic equation C represent different velocity gradients
(∆(u/u0)/∆(z/hp)). The velocity gradient of each equation is ln(x) > ln(x)/x2 > ln(x)/x2.5 > ln(x)/x3. In the
same equation, the velocity gradient increases with the increase of parameter b. It can be seen from
Table 1 that the velocity gradient at all positions, except that at position 3, increases with the increase of
the number of leaves. Li et al. [25] also found that the velocity gradient in the upper non-vegetation
area increased as the plant density increased. This could be attributed to the increase in the number of
leaves of underlying plants. An increase in the number of leaves can also increase the shear stress
between the top of the plant and the flow and, consequently, an increase in the flow velocity gradient
that is proportional to the shear stress. At position 3, the distance between the measurement position
and the entrance of the vegetation area is too short to enable plants to have an effect on the flow.

Table 1. Parameters a and b and logarithmic equation C under different cases.

Cases Function
Position

3 4 5 6

P4

a 0.9931 0.9113 0.5161 0.7574
b 0.867 2.069 0.5448 0.6418

C(x) ln(x)/x2 ln(x)/x2 ln(x) ln(x)
R2 0.8088 0.9887 0.9808 0.9898

P8

a 1.01 0.9104 0.8606 0.8378
b 2.041 0.702 0.7775 0.7415

C(x) ln(x)/x3 ln(x) ln(x) ln(x)
R2 0.9865 0.9809 0.9801 0.9673

P12

a 0.934 0.8907 0.8464 0.8068
b 3.644 0.712 0.8003 0.8094

C(x) ln(x)/x2.5 ln(x) ln(x) ln(x)
R2 0.9848 0.9776 0.9951 0.9976

Note: x = z/h.

In the lower aquatic plant layer, because the leaf of simulated aquatic plants is narrow at both
ends and wide at the middle, the average velocity decreases first and then increases. The presence of
aquatic plants also leads to a decrease in the area of flow through the lower vegetation area, and thus
the mean flow velocity under L4, L8, and L12 is 20.60%, 23.46%, and 29.53% lower than that under L0,
respectively. Also, the higher the number of leaves, the lower the mean flow velocity. Li et al. [25] found
that the mean flow velocity in the lower vegetation area (middle canopy area and lower sheath area)
decreased with the increase of plant density, which was related to the water-blocking area of plants.
In this study, an increase in the number of leaves could also increase the water-blocking area of plants.
Devi and Kumar [18] found that the mean velocity in the lower vegetation zone was still reduced under
seepage conditions, but seepage would reduce the water-blocking effect of plants and increase the
mean velocity. Clearly, aquatic plants can reduce the erosion of the river bed through slowing down
the flow at the river bottom. In addition, the uncertainty is also important for experiments [27,28],
and it was calculated using the Taylor Series Method in Table 2. As shown in Table 2, the uncertainty
ranges from 0.3 to 1.5 cm/s, which is mainly caused by the fluctuation of flow [29].
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Table 2. The mean velocity ratio under different cases.

Cases Velocity
cm/s

Position

1 2 3 4 5 6 7

P0

un
25.7 a

±0.5
25.6 a

±0.5
26.0 a,b

±0.4
25.7 a,b

±0.4
25.7 a,b

±0.3
25.7 a

±0.3
25.8 a

±0.3

uv
24.2 b

±0.7
24.1 b

±0.7
24.0 a

±0.6
24.0 b

±0.7
23.7 b

±0.6
23.8 a

±0.7
23.9 a

±0.7

un/uv 1.06 1.06 1.07 1.07 1.08 1.08 1.08

P4

un
25.2 a

±0.5
25.6 a

±0.4
26.1 b

±0.4
25.8 a,b

±0.6
25.2 a,b

±0.7
23.8 a

±0.8
23.5 a

±0.9

uv
23.1 c

±0.7
22.9 c

±0.6
20.6 c

±0.5
18.1 c

±0.6
17.2 c

±0.7
16.2 b

±0.6
16.7 b

±0.7

un/uv 1.09 1.12 1.27 1.43 1.47 1.46 1.40

P8

un
25.1 a

±0.5
25.4 a

±0.5
27.3 b

±0.5
28.0 a

±1.3
27.4 a

±1.2
26.5 a

±1.3
25.4 a

±1.3

uv
23.1 c

±0.7
22.8 c

±0.7
19.9 c

±0.7
16.9 c,d

±1.0
16.3 c

±1.1
15.6 b

±1.1
16.8 b

±1.1

un/uv 1.09 1.11 1.37 1.66 1.69 1.70 1.51

P12

un
24.9 a

±0.5
25.2 a

±0.5
27.7 b

±0.7
27.5 a

±0.9
27.2 a

±1.1
26.3 a

±1.5
25.3 a

±1.4

uv
23.2 c

±0.6
22.7 c

±0.7
17.1 d

±0.7
15.1 d

±0.8
14.7 c

±0.9
14.7 b

±1.0
14.9 b

±1.1

un/uv 1.07 1.11 1.62 1.83 1.84 1.79 1.70

Note: values within a column followed by the same letter are not significantly different (LSD), p < 0.05).

Clearly, the presence of aquatic plants results in a significant difference in velocity between the
upper and lower layers and changes the ratio of flow velocity between the upper and lower layers.
The mean flow velocity in the upper layer of L0 is slightly higher than that in the lower layer with a
ratio of about 1.07; while the ratios of L4, L8, and L12 are around 1.11 at the entrance of the vegetation
area (position 2). However, the ratios become stable with the development of flow, but there is a slight
difference in the location at which a stable ratio is obtained. The stable ratio of L8 and L12 is observed
at position 4, while that of L4 is observed at position 5. When the mean flow velocity ratio is stable
(position 5), the mean flow velocity ratios of L4, L8, and L12 are 35.98%, 55.26%, and 70.58% higher
than that of L0, respectively.

Flow will be resisted by aquatic plants in the vegetation area, resulting in changes of flow force.
The ratio of the mean velocity between upper and lower layers is used to determine whether the flow
has reached equilibrium. When the ratio is stable, the flow is considered to reach equilibrium. Table 2
shows that the flow of L8 to L12 reaches equilibrium at position 4, while that of L4 reaches equilibrium
at position 5. Table 1 shows that the upper mean velocity distributions of L4, L8, and L12 at position
5 are in accordance with ln(x), while that of only L8 and L12 at position 4 are in accordance with
ln(x), which also supports the above conclusions. However, as it is impossible to accurately determine
the specific location because of limited measurement positions, the data fitting method is used to
determine the approximate location of the equilibrium point. The equilibrium points of L4, L8, and L12
are observed at 4.17 m, 3.19 m, and 2.13 m, respectively, indicating that the equilibrium position moves
forward with the increase of the number of leaves. This is because the distance for adjustment is related
to the water-blocking area. The water-blocking area per plant of P4, P8, and P12 is 32.63, 54.46, and
66.06 cm2, respectively, and thus the larger the water-blocking area is, the smaller the distance will be.
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In order to understand the effect of different leaf numbers on flow simply and clearly, the whole
flow is divided into three sections: upstream of vegetation area, interior of vegetation area, and
downstream of vegetation area. Position 1, 5, and 7 are selected as the research objects respectively.

In order to better understand the effect of leaf number on the flow structure, the influence
coefficient r = (ui − u0)/u0 is introduced to quantify the influence of aquatic plants on the flow structure,
where ui is the mean velocity at each point of L4, L8, and L12 and u0 is the mean velocity at each
point of P0. Figure 5 shows that the r value of L4, L8, and L12 at position 1 is small (0.031–0.037) and
shows no significant difference, indicating that aquatic plants have little influence on flow upstream
the vegetation area. However, all r values of L4, L8, and L12 at position 5 and 7 are large and follow the
order of L12 > L8 > L4, indicating that aquatic plants have a substantial influence on the mean velocity
in and downstream the vegetation area, and the higher the number of leaves, the greater the influence
of aquatic plants on the flow. However, there is no significant difference between different leaves.
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3.2. Turbulence Structure

3.2.1. Reynold’s Stress

The interaction between flow and aquatic plants can change flow momentum exchange, and the
Reynold’s stress distribution under different leaf numbers is calculated, as shown in Figure 6.
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It can be seen from Figure 6 that the Reynold’s stress under L0, L4, L8, and L12 varies only slightly
from −0.4 to 0.8 in the vertical direction at position 1 and there is no significant difference between them,
indicating that aquatic plants have little effect on the Reynold’s stress upstream the vegetation area.
At position 5, the Reynold’s stress in the vertical section changes little under L0; whereas that under
L4, L8, and L12 increases until a maximum is reached near the top of the plant, and then decreases
along the vertical direction. A similar phenomenon is observed in other studies [30,31]. There is a
great difference in velocity at the top of the plant, resulting in the formation of a large number of
vortices, and thus significant changes in the momentum exchange. It is also noted that flow can cause
oscillation of aquatic plants, which is more pronounced near the top of the plant and produces more
momentum exchange [18]. In addition, the number of leaves has a significant effect on Reynold’s stress
in the vegetation area. With the increase of leaf number, the Reynold’s stress increases first and then
decreases, indicating that the presence of a large number of leaves can inhibit momentum exchange in
the vegetation area. Wilson et al. [14] also found that leaves inhibited momentum exchange. There
may be two reasons for this: (1) the increase of leaf area will increase the momentum absorption
area [14]; and (2) the increase of leaf volume will reduce plant oscillation. However, unlike the study of
Wilson et al. [14], in which a large leaf (7 cm long and 10 cm wide) was used, a slender leaf (17 cm long
and 0.05–1 cm wide) was used in this study to more accurately determine the relationship between
flow momentum exchange and leaf area and leaf number. At position 7, the maximum Reynold’s
stress increases with the increase of the number of leaves, indicating that the number of leaves has a
significant effect on the Reynold’s stress downstream the vegetation area.

3.2.2. Quadrant Analysis

Coherent structures play an important role in mass and momentum exchange, and quadrant
analysis is performed to identify these structures. In quadrant analysis, Reynold’s stress has different
contributions according to the sign of instantaneous velocity fluctuation:

Q1: Quadrant 1, u’ > 0, v’ > 0, outward interaction
Q2: Quadrant 2, u’ < 0, v’ > 0, ejection
Q3: Quadrant 3, u’ < 0, v’ < 0, inward interaction
Q4: Quadrant 4, u’ > 0, v’ < 0, sweep

The average shear stress for the ith quadrant is

u′v′i =
1
n

ni∑
j=1

(
u′v′ j

)
i
, (13)

where ni is the number of events in the ith quadrant and j is the current sample number.
The data can be limited by a fixed amplitude threshold HT [32], where H is a threshold with the

magnitude of unity, and T is usually defined as follows:

T = u′rmsv
′
rsm, (14)∣∣∣u′v′∣∣∣ > HT. (15)

The concentration of the ith quadrant for a fixed threshold level can also be defined as follows:

Ci
H =

1
n

n∑
j=1

xi
H, j, (16)

where

xi
H, j =

 1 i f |u′v′| j > HT and belongs to the i quadrant

0 otherwise
. (17)
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The time-averaged Reynold’s stress for the ith quadrant can be expressed as follows:

Si,H =
1
n

n∑
j=1

(u′v′) jx
i
H, j. (18)

The Reynold’s stress contribution values are shown in Figure 7 and significance analysis of
Reynold’s stress contribution values are shown in Table 3.
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It can be seen from Figure 7 that the Reynold’s stress contribution values under L0, L4, L8, and
L12 are similar at position 1. There is no significant difference in the Reynold’s stress contribution
values in the upper layer (z > 17 cm), and the ejection and sweep of flow dominate in the lower layer
(z < 17 cm). At position 5, the contribution values under L4, L8, and L12 are increased significantly in
all four quadrants, especially the values of Q2 and Q4. Thus, aquatic plants increase the momentum
exchange in the vegetation area mainly by increasing the ejection and sweep. The contribution values
in Q2 and Q4 reach a maximum near the top of the plant and then decrease to both sides, while those
in Q1 and Q3 show no significant change. Ejection outweighs sweep in the upper free water layer
and the opposite is true in the lower aquatic plant layer, which is similar to other studies [33]. In the
four cases, the highest values are obtained in Q2 and Q4 under L8, indicating that the ejection and
sweep are the strongest in the case of L8 in the vegetation area. At position 7, the contribution values
in Q2 and Q4 also reach a maximum near the top of the plant and then decrease to both sides, while
those in Q1 and Q3 also show no significant change. The values in Q2 and Q4 under L8 and L12
are significantly higher than those under L0, and the largest values of Q2 and Q4 are observed in
L12. Thus, the momentum exchange downstream the vegetation area depends mainly on the ejection
and sweep, and the higher the number of leaves, the higher the intensity of the ejection and sweep
downstream the vegetation area.

Table 3. Significance analysis of Reynold’s stress contribution values.

Cases

Position

Position 1 Position 5 Position 7

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

L0 a a a a a a a a a a a a
L4 ab a a a b a b a b a ab a
L8 ab a a a c b b b b b bc b

L12 b a a a c c c c c b c b

Note: values within a column followed by the same letter are not significantly different (LSD, p < 0.05).

3.2.3. Turbulent Kinetic Energy

Turbulent kinetic energy is an important indicator of the turbulence mixing ability, which is
mainly determined by the change of instantaneous velocity. The turbulent kinetic energies under L0,
L4, L8, and L12 are shown in Figure 8.

There is no significant difference in the turbulent kinetic energy at position 1, and the turbulent
kinetic energy at the bottom is slightly larger than that in the upper layer, which indicates that aquatic
plants have little influence on the turbulent kinetic energy upstream the vegetation area. However,
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there is a significant difference between L0, L4, L8, and L12 in the vegetation area. The turbulent kinetic
energy of L0 at position 5 is similar to that at position 1, and it is also slightly higher at the bottom
than that in the upper layer. The turbulent kinetic energy of P4, P8, and P12 at position 5 increases
gradually in the vertical direction and reaches a maximum near the top of the plant, and then decreases
gradually. The turbulent kinetic energy of L8 is the largest, and it increases first and then decreases
with the increase of the number of leaves. At position 7, the turbulent kinetic energy increases with the
increase of the number of leaves, indicating that the number of leaves has a significant effect on the
turbulent kinetic energy downstream the vegetation area.
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3.3. Manning’s Roughness Coefficient

The Manning’s roughness coefficient reflects the flow resistance of a river channel, and is an
indispensable parameter in river flow modelling. In this experiment, the Manning’s roughness
coefficient of the non-vegetation flume is 0.0107, which is consistent with other studies [34].
The relationship between the Manning’s roughness coefficient and leaf number is shown in Figure 9.
It shows that the Manning’s roughness coefficient reaches a maximum of 0.0238 under L12 and a
minimum of 0.0196 under L4, and it increases linearly with the increase of the number of leaves. This
is because the increase of the number of leaves can increase not only the water-blocking area of plants,
but also the stiffness of plants. Li et al. [25] showed that the increase of plant density would reduce the
flexibility of the vegetation area, resulting in a decrease in the curvature of plants and an increase in
the Manning’s roughness coefficient. In a similar manner, increasing the number of leaves can also
reduce the flexibility of individual plants.Water 2019, 11, x FOR PEER REVIEW 13 of 15 
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4. Conclusions

This study investigates the variation in flow characteristics with the number of leaves in an
open-channel flume using ADV, and some important conclusions can be drawn from this study:

(1) The mean streamwise velocity profile in the upper layer obeys the logarithmic distribution
law, and the velocity gradient increases with the increasing number of leaves. In the lower vegetation
area, the mean flow velocity in the vertical direction decreases first and then increases, and the mean
flow velocity of L4, L8, and L12 is 20.60%, 23.46%, and 29.53% lower than that of L0, respectively.
The streamwise velocity reaches equilibrium at 4.17 m, 3.19 m, and 2.13 m under L4, L8, and L12,
respectively, indicating that the higher the number of leaves, the further the equilibrium position.
Aquatic plants have little influence on the mean flow velocity upstream the vegetation area, but a great
influence in and downstream the vegetation area.

(2) Aquatic plants have little influence on the Reynold’s stress and turbulent kinetic energy
upstream the vegetation area. Aquatic plants increase the momentum exchange in the vegetation area
mainly by increasing ejection and sweep, and the Reynold’s stress and turbulent kinetic energy reach a
maximum near the top of the plant and then decrease to both sides. Ejection and sweep still play a
dominant role in momentum exchange in the vegetation area. With the increase of the number of leaves,
Reynold’s stress, contribution value of Q2 and Q4, and turbulent kinetic energy increase first and then
decrease in the vegetation area. This is because the aquatic plant will induce momentum exchange, but
the increase of the number of leaves would result in an increase in the momentum absorption area
and reduce plant oscillation. Aquatic plants also have a significant effect on the Reynold’s stress and
turbulent kinetic energy downstream the vegetation area. Ejection and sweep still play a dominant role
in momentum exchange, but Reynold’s stress and turbulent kinetic energy increase with the increase
of the number of leaves.

(3) The Manning’s roughness coefficient reaches a maximum of 0.0238 under L12 and a minimum
of 0.0196 under L4, and it increases linearly with the increase of the number of leaves.

This experiment provides some insights into the interactions between aquatic plants with different
numbers of leaves and flow, which can be helpful for establishing river flow velocity models with
complex aquatic plants.
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