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Submerged aquatic vegetation can provide a habitat and food for marine and river

organisms, and it has the ecological effect of purifying water by absorbing harmful

substances. Therefore, it plays an important role in the maintenance, restoration,

and improvement of marine and river ecosystems. Hydrodynamic problems

caused by submerged vegetation have been a matter of wide concern.

According to the distribution of submerged vegetation, the flow can be divided

into three layers in the vertical direction: uniform, mixing, and logarithmic layers.

This paper proposes an analytical model for the vertical distribution of longitudinal

velocity in open-channel flows with submerged vegetation. A concept of velocity

superimposition is applied in mixing and logarithmic layers. The velocity inside the

vegetated layer can be solved by the balance between the drag force and bed

gradient. The velocity difference between the vegetated layer and the free surface

layer results in the formation of a mixing layer near the top of the vegetation. Flow

at the junction between the vegetation and free surface layers is mainly controlled

by the vortices in the mixing layer. The velocity in the mixing layer is commonly

described by a hyperbolic tangent formula. The logarithmic distribution formula is

applied to the free surface layer, where the velocity without effect arising from

vortices is similar to the open-channel flow. The concept of the wake function is

introduced to modify the distribution of velocity in the free surface layer. The

longitudinal velocities from the theoretical model are compared to the measured

velocities in the literature. The theoretical velocities agree well with the measured

values in the flows with submerged vegetation, proving that the theoretical model

proposed here can successfully predict the vertical distribution of velocity and has

extensive adaptability.

KEYWORDS

submerged vegetation, velocity distribution, hydraulic resistance, vertical velocity
profile, mixing layer, analytical solution
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1 Introduction

Aquatic vegetation is widespread in natural rivers, coasts, and

lakes, providing comfortable habitats and abundant food for

organisms. This kind of vegetation changes the flow structure and

reduces flow velocity and even forms hydraulic jumps because of

the vegetation’s resistance, leading to influence on the flow

turbulence intensity, sediment, and nutrient transport in flow (Bai

et al., 2022; Bai et al., 2022a, b; Shi et al., 1995; Nepf, 1999; Wu et al.,

1999; Lou et al., 2022; Yang et al., 2022). Meanwhile, air

entrainment takes place when the flow turbulence near the free

surface is large enough. A vegetated waterway will promote the flow

of energy dissipation and mixing between the water and air, which

is of great help in the study of energy dissipation measures (Bai

et al., 2022a; Wang et al., 2022). Therefore, it is important to better

understand the flow characteristics of vegetated flow and its possible

hydraulic impact (Huthoff et al., 2007).

The interaction between submerged vegetation and flow has

awakened the broad interest of scholars. The resistance of

vegetation to the flow causes a distinct velocity difference between

the vegetated layer and upper flow, which causes a strong

momentum exchange within the flow in the vegetated layer and

the non-vegetated layer alike. This velocity difference is even more

obvious especially in the case of large vegetation density. Previous

researchers tended to divide the submerged-vegetated flow into

several layers and then investigate the flow structure layer-by-layer

(Stone and Shen, 2002; Sun and Shiono, 2009). For example,

Klopstra et al. (1997) analyzed the vertical distribution of velocity

in a flow with flexible submerged vegetation. They applied the

Boussinesp concept to describe turbulent shear stresses in

the vegetated layer and used the Prandtl mixing length concept in

the free surface layer to obtain the logarithmic velocity profile. The

velocity in the vegetated layer depends on factors such as slope,

water depth, and vegetation characteristics (Yang and Choi, 2010).

While in the free surface layer, the viscosity shear stress can also be

omitted and only Reynolds shear stress need to be considered (Huai

et al., 2009b). Yang et al. (2007) selected plastic grass, duck feathers,

and plastic straws to simulate grass, shrubs, and trees, respectively.

The distribution of velocity on a floodplain covered by different

vegetation was measured. The difference in velocity distribution

caused by different aquatic vegetation is mainly reflected in the

position of the boundary layer (bottom and top of vegetation). Due

to the bed resistance, the velocity near the bottom of the vegetation

is low; however, due to the shear stress near the top of the

vegetation, the velocity near the vegetation top is greater than

that in the inner vegetated layer. The longitudinal velocity in the

vegetated layer vertically conformed to an S-type distribution

(White and Nepf, 2008; Kowalski and Torrilhon, 2017).

Many models have been proposed to describe the velocity

distribution of vegetated flow. Cheng (2015) defined the friction

coefficient with a new hydraulic radius and created a single-layer

theoretical model for predicting velocity, which was compared with

the proposed two-layer model (Stone and Shen, 2002; Baptist et al.,

2007; Huthoff et al., 2007; Yang and Choi, 2010; Cheng, 2011). Most

two-layer models divide the submerged vegetated flow into a

vegetated layer and surface layer by using the top of vegetation as
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a boundary. The single-layer model was simpler than the two-layer

model because it does not involve the calculation of the vegetation

drag coefficient and hydrodynamic height of roughness. However,

this single-layer model was not suitable for calculating velocity in

channels without vegetation and channels with emergent

vegetation. Righetti and Armanini (2002) solved the double-

averaged (time and space) momentum equations based on the

mixing length model and the assumption that turbulent shear

stress was quasi-linear, and then they obtained the predicted

velocities from the two-layer analytical solution. To explore the

hydraulic characteristics of the vegetated and non-vegetated layers,

Huai et al. (2009a) used three-dimensional ADV (Acoustic Doppler

Velocimetry) to measure the longitudinal velocity with submerged

flexible vegetation. They found that the upper part of the vegetated

layer was mainly controlled by the K-H vortices while the lower part

was mainly controlled by stem vortices caused by the vegetation. In

addition, the turbulence intensity and the Reynolds stress reach

their maximum near the top of the vegetation. Then, Huai et al.

(2009b) proposed a new three-layer model (the inner vegetated

layer, the outer vegetated layer, and the upper layer) to predict the

vertical distribution of longitudinal velocity in open-channel flow

with submerged rigid vegetation. For the upper non-vegetated layer,

a modified mixing length theory was adopted. For the inner region

near the channel boundary, the mixing length hypothesis is adopted

to express the shear stress. And for the outer region within

vegetation, shear stress can be simplified by Reynolds stress. The

three-layer method can obtain more accurate results of the velocity

in the vegetated layer. To obtain a satisfied predicted model of

velocity in submerged vegetated flow, Nikora et al. (2013) proposed

that the flow was vertically divided into five layers, i.e., the near-bed

boundary layer, the uniform velocity layer, the mixing layer at the

top of the vegetation, the logarithmic layer above the vegetation,

and the wake layer. The near-bed boundary layer could be ignored

in most vegetation flows (Nepf and Vivoni, 2000), and the formulas

of velocity in other layers were proposed. In the uniform velocity

layer, the velocity was related to vegetation resistance and bed slope.

The velocity distribution in the mixing layer was complex and can

be described by a hyperbolic tangent profile. In the area above the

mixing layer, the velocity follows a logarithmic distribution, which

should be corrected with the wake term. Shi et al. (2019) thought

that the multi-layer method was complex, and people mainly focus

on the cross-sectional average velocity of the section, so the

traditional two-layer method was used in the flow with

submerged rigid vegetation. The force balance equation was

adopted in the vegetated layer, and a parameter similar to the

Darcy-Weisbach parameter was proposed for the surface layer. This

parameter was related to the other parameters through the GP

algorithm to obtain a high-precision velocity formula. Different

from the traditional layered method, Baruah et al. (2022) proposed

a model which was developed by coupling the vegetation drag force

with the modified form of two-dimensional shallow water

equations. This method can be applied in complex flow scenarios

for estimating the vertical distribution of longitudinal velocity in an

open channel with submerged, flexible vegetation.

The open-channel flow was used to be divided into two separate

layers, namely the submerged vegetation layer and the free surface
frontiersin.org
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layer as in the literature (Hui et al., 2009; Ren and Feng, 2020;

Zhang et al., 2021). These two layers were mutually independent

and the interaction between them was ignored. In the presented

article, we consider the complexity of flow structure in the vertical

direction and divide the flow into three layers, which are the

uniform velocity layer, mixing layer, and logarithmic layer. The

mixing layers are formed near the vegetation top. The velocity in

the mixing layer is more complex than those in the uniform

vegetation layer and logarithmic layer. The purpose of this study

is to predict the velocity by applying the superposition principle for

the mixing and the logarithmic layers. To obtain the vertical velocity

distribution, it is necessary to obtain the velocity additional term in

each layer first. The inflection point occurs in the mixing layer

according to the literature. The velocity at the inflection point still

needs to be discussed. We introduce a corrected parameter b to

obtain the predicted velocity at the inflection point and improve the

formula for calculating the mixing layer’s width. The model for

predicting the velocity profile in the submerged vegetated channel is

verified by the measured velocity data from previous studies. The

presented paper is organized as follows: Section 2 introduces the

methodology, namely the theoretical analysis, followed by a detailed

description of model parameters in Section 3. Section 4 introduces

the experimental setup and vegetation shape. In Section 5, the

predicted and measured velocities are compared. Error analysis,

parameter discussion, and model limitations are illustrated in

Section 6. A summary of the main findings and conclusions is

presented in Section 7.
2 Methodology

In terms of vegetation distribution, the flow structure is divided

vertically by the submerged vegetation into two layers: the vegetated

layer and the non-vegetated layer, as shown in Figure 1, where the

deflected vegetation height is Hv and the water depth is H. The

coordinates in the vegetated flow are defined as flow direction x,

horizontal direction y, vertical direction z, and the corresponding

velocity components are U, V, and W. The vertical distribution of

longitudinal velocity is expressed as U(z), and Ui is the velocity at the

inflection point zi near the vegetation top. Due to the vegetation
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drag, the velocity difference between the vegetated and non-

vegetated layers is distinct, leading to the K-H vortices appearing

between the layers. Due to the presence of an inflection point in the

velocity profile near the top of the vegetated layer (White and Nepf,

2008), the mixing layer is divided into two layers at the inflection

point zi. do and dI are the inner and outer regions of the mixing

layer respectively.

It is assumed that the velocity can be regarded as a (quasi-)

linear superposition of individual mechanisms and the concept of

velocity superposition is applied to the whole velocity profile

(Nikora et al., 2013). The velocity profile can be divided into

three layers. (1) In the uniform velocity layer, i.e., 0< z< zi - dI, U
= Uv, where Uv is a velocity in the uniform layer, which is not

affected by vortices. (2) In the mixing layer, i.e., zi - dI< z< zi - do,U =

Uv + Um, where Um is a velocity additional term in the mixing layer.

(3) In the logarithmic layer, i.e., zi - dO< z< H, U = Uv + Um +Ul +

Uw, where Ul is a velocity additional term in the logarithmic layer

and Uw is the effect of wake term. The definitions of the specific

velocities, i.e., Uv, Um, Ul, Uw, are elaborated on below.
2.1 Uniform velocity layer

The velocity is set by a balance of vegetation drag and forcing in

the inner layer of vegetation (0< z< zi – dI) without effect arising
from vortices. The region from 0 to zi – dI in the vertical direction is

called the uniform velocity layer. The flow velocity in this layer with

the effect of the vegetation drag force can be expressed as (Nepf,

2012):

Uv = (
gS

0:5CDa
)0:5 (1)

where g is the acceleration of gravity, S is the bed slope, CD is the

drag coefficient of vegetation, and a is the frontal vegetation area per

unit volume. The change of the velocity in this layer mainly depends

on the value of CD and a. Bottom shear is ignored in the uniform

velocity layer, and Uv is inversely proportional to the square root of

the CDa. In the case of cylindrical rigid vegetation, CDa does not

change with z in the vertical direction, so Uv remains unchanged.

Because of the resistance of vegetation to flow, the velocity in the

vegetated layer is always less than the velocity over a bare bed under

the same depth and external forcing. According to the principle of

momentum balance, Eq. (1) is applicable in both flexible and

rigid vegetation.
2.2 Mixing layer

Due to the discontinuity of resistance at the vegetation top, a

mixing layer caused by vortices is generated. The distance from the

inflection point zi to the lower boundary of the mixing layer is dI,
and the distance from zi to the upper boundary is dO (Figure 1).

That is, the width of the mixing layer is zi – dI< z< zi + dO. The
velocity term Um is commonly described by a hyperbolic tangent

profile (Raupach et al., 1996; Nepf, 2012; Nikora et al., 2013):
FIGURE 1

Side view of open channel flow with submerged flexible vegetation.
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Um = (Ui − Uv)½1 + tanh(
z − zi
d0

)� (2)

where Ui is the velocity at the inflection point zi. Ui – Uv = Us,

where Us is defined as the slip velocity (White and Nepf, 2008). The

scale of the vortices gradually develops along the x direction after

the flow enters the vegetated layer (Raupach et al., 1996). The flow

enters the vegetated layer from the free surface layer in the z

direction with the velocity W< 0, indicating the invasion of the

vortices. To obtain the Um, it is necessary to get the velocity Ui at

the inflection point first. When the inflection point zi is at the top of

the vegetation, that is, when zi = �z, the velocity Ui at the inflection

point equals the average of the Uv and U2, i.e., Ui = (Uv + U2)=2 =
�U . U2 is the velocity within the water surface and �z is the vertical

coordinate of �U (Nikora et al., 2013). However, for a large relative

submergence degree, the width of the mixing layer is far less than

that of the logarithmic layer, so Ui ≠ (Uv + U2)/2. The calculation

process of Ui is described in detail at the end of the Section 2.
2.3 Logarithmic layer

Significant studies have been carried out on the distribution of

turbulent velocity in natural rivers, and the logarithmic velocity

distribution formula is widely used (Fu et al., 2013). The logarithmic

formula is based on the semi-empirical theory with universality,

where parameters are mainly constants and do not depend on the

Reynolds number. The velocity distribution above the mixing layer

is similar to the open-channel flow, which has a logarithmic shape

based on previous experiments (Nepf and Vivoni, 2000; Nepf and

Ghisalberti, 2008). The logarithmic term can be expressed as

(Nikora et al., 2013), when zi - dO< z< H:

Ul =
U∗m

k
ln

z − d
z0

� �
(3)

z0 = de−kC (4)

where U*m is shear velocity as a momentum transport scale,

which is generally equal to the square root of the maximum

Reynolds stress; k (= 0.40) is the Von Kármán constant. The

logarithmic formula is appropriate for the open channel flows

without vegetation. Owing to the velocity in the vegetated layer

not being equal to zero, the calculation starting plane for the

logarithmic formula, i.e., a zero plane, should be raised. The zero-

displacement height d is approximately equal to the height of

submerged vegetation. C = Ui/U* is the ratio of velocity at the

inflected point to the shear velocity. U* =
ffiffiffiffiffiffiffiffi
gHS

p
is defined by

Kouwen et al. (1969).

Due to the influence of the side wall and free surface, there is a

spiral flow near the water surface that points to the center. The

secondary flow brings the low-speed flow near the side wall to the

center along the water surface, reducing the surface velocity (Wang

et al., 1998). Coles (1956) found that velocity near the water surface

deviated from the logarithmic function, and then proposed wake
Frontiers in Marine Science 04
function and wake strength parameterP to modify the velocity near

the water surface. The influence of the wake term on the velocity

can be presented using a trigonometric function (Monin and

Yaglom, 1971):

Uw = U∗m
2
Q
k

sin2
pz
2H

� �
(5)

where P is Coles’s wake strength parameter. For a channel with

B/H< 5.20, in which B is the channel width, the maximum velocity

point is generally below the flow surface, and for B/H > 5.20, the

maximum velocity point is on the flow surface (Fu et al., 2013).

Raupach et al. (1996) stated that the slip velocityUs = (U2-Uv)/2.

White and Nepf (2008) also obtained the formula of slip velocity:

Us = Ui-Uv through experiments in a channel, which was partially

covered by the emergent vegetation. Owing to the different

experiment condition, the parameter b is introduced in this

paper, i.e., Ui - Uv=b (U2 - Uv)/2, so that Ui can be obtained

iteratively with Eqs. (1) – (5). The verification of the calculated

values of Ui and b is discussed in Section 6.2.
3 Parameter determination

The parameters, such as water depthH, vegetated heightHv, the

amount of vegetation per unit area m, and the bed slope S can be

known easily. To obtain the analytical solution of the velocity

distribution, the remaining parameters need to be determined,

namely inflection point zi, velocity Ui at zi, mixing layer width

do + dI, frontal vegetation area per unit volume a, drag coefficient

CD, scale of turbulent momentum transport U*m, and Coles’s wake

strength parameter P.
3.1 Velocity Ui at inflection point zi

The position of the inflection point zi in the velocity profile is

commonly near the vegetation top. Nikora et al. (2013) showed that

the inflection point was slightly lower than the top of the vegetation.

In Section 4 illustrating the experimental data, it can be seen that zi/

Hv is taken as 0.75. For cases 4 – 5, zi/Hv = 0.80. The vegetation

density of cases 4 – 5 is smaller than that of cases 1 – 3 (detailed in

Section 4), and the scale of vortices is larger in cases 4 – 5. We

suspect that this may be a factor influencing the location of the

inflection point. Ui is the velocity at the inflection point zi, which

cannot be measured in advance, so Ui - Uv = b(U2 – Uv)/2

mentioned in Section 2 is solved iteratively to obtain the velocity Ui.
3.2 do and dI in mixing layer

White and Nepf (2008) studied the transverse distribution of

the velocity in the submerged vegetated channels and gave the width

of the mixing layer above the inflection point zi, which was
frontiersin.org
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expressed as:

dO =
U2 − Ui
dU
dz ∣z=zi

(6)

where U2 is the velocity within the water surface layer.

The width of the mixing layer below the inflection point zi is the

maximum of the drag length scale and the blade width constraint:

dI = max½0:5(CDa)
−1, 1:8D� (7)

Liu et al. (2013) believed that CD for the rigid cylindrical

vegetation could be taken as 1.00. In cases 1 – 3, based on the

mean momentum equation of the vegetated flow for completely

developed stage, the effective drag coefficient of the vegetation CD

can be obtained from the study of Huai et al. (2019), which is the

relation between measured CD and z/Hv. In cases 4 – 5, CD is

determined from the experiment of Hui et al. (2009), which is 1.50.

3.3 Model parameter b

The b is introduced in Ui - Uv = b(U2 - Uv)/2. The value of b is

likely to be related to the invasion depth of vortices. In cases 1 – 3,

the depth of invasion is smaller, which is about 55%, and b is taken

as 0.20. In cases 4 – 5, that is about 65%, and b is considered 0.55.
3.4 Shear velocities U*m and U*b

U*m is a velocity scale of the turbulent momentum transport,

which is generally equal to the square root of the maximum
Frontiers in Marine Science 05
Reynolds stress, and U*b is the wall shear stress. In vegetated flow,

the shear stress is not constant due to the effects of gravity and the

momentum sink within the vegetation (the effects of secondary

currents can also be potentially significant), that is, U*m ≠ U*b

(Järvelä, 2002; Pokrajac et al., 2006; Nikora et al., 2007). U*b can be

expressed as (Nikora et al., 2001):

U∗ b =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS(Hf + aHv)

q
(8)
where Hf = H - Hv and a is porosity. Based on Nikora et al.

(2013)’s study, U*b ≈ 1.6U*m.
3.5 Coles’s wake strength parameter P

The Coles’s wake strength parameter P has been extensively

studied in the literature. For boundary layers and nonuniform

open-channel flows, P depends on the pressure gradient (Coles,

1956; Kironoto and Graf, 1994). For open-channel flows with

vegetation, the value of P needs to be further investigated

considering the influence of turbulence which is caused by the

vegetation resistance. Fu et al. (2013) summarized the previous

experiments on P and concluded that it had a range of -0.27 – 0.65.

A negative value of P means that after introducing this parameter

in the logarithmic layer, the velocity in this layer is smaller than

without consideration of it. In the text for cases 1 – 3: P = 0.30 –

0.40; cases 4 – 5: P = 0.10.
FIGURE 2

Plastic aquatic grass model.
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4 Experiments

4.1 Experiment I

The experiment was conducted in two glass flumes of the State

Key Laboratory of Wuhan University by Huai et al. (2019). The

tailgate could be used at the end of channels to adjust the water

level. Artificial plastic grass was used to simulate natural vegetation,

resembling sedges with staggered arrangements, as shown in

Figure 2. The measured points were placed at the mid-

perpendicular line of two vegetation rows using Acoustic Doppler

Velocimetry (ADV) in the section of x = 4.64 m. One measurement

point is measured multiple times to get the average value, which is a

dual average velocity in time and space.

Referring to the distribution of CD and a along the vertical

direction given by Huai et al. (2019) in the measurement section,

the CDa could be obtained for cases 1 and 2 in Figure 3. It can be

seen from Figure 3 that CDa increased vertically with the increase of

z. The model vegetation leaves used in this experiment cause a to

reach its peak at the middle of the vegetation and then gradually

decrease. The deviation of CDa from the fitting line near the bed and

in the middle of the vegetation increased maybe resulting from the

sway of vegetation under the influence of flow.
4.2 Experiment II

Hui et al. (2009) conducted experiments on shrub-like

vegetation in the Hydraulics Laboratory of Tsinghua University to

measure the vertical distribution of velocity under various flow

conditions. In the experiment, the selected vegetation had an

average height of 27.50 cm and an average longitudinal maximum

diameter of 20.00 cm. The vegetation was staggered and arranged

with two different densities: 15.71/m2 and 7.85/m2. The velocity

distributions in different cross-sections were measured using
Frontiers in Marine Science 06
Acoustic Doppler Velocimetry (ADV). To minimize the influence

of spatial heterogeneity on velocity measurement, the velocity at the

same depth has been averaged along lateral and longitudinal

directions. The ratio of the roots-to-crown diameter was k = 0. 25,

that is, the diameter of the vegetation root was 5.00 cm (Figure 4).

The drag coefficient of vegetation CD was 1.50. The corresponding

information for the experimental setup is shown in Table 1.
5 Model verification

The comparison between the analytical solution of the proposed

model and the measured data along the vertical direction in flow with

submerged flexible vegetation is shown in Figure 5. The analytical

solution of the velocity distribution in the vertical direction agrees

well with the measured data. The area between the two solid black

lines is the mixing layer, the area below is the uniform velocity layer,

and the area above is the logarithmic layer. The dotted line in the

mixing layer represents the vegetation top. In Figure 5, we can see

that the velocity in the logarithmic layer (zi + do< z<H) is much larger

than that in the uniform layer (0< z< zi - dI) for all subplots. Due to
the vertical variance of the vegetation frontal area, the velocity in the

vegetated layer (0< z< zi) showed the “S” shape distinctly in

Figures 5A–C. The closest velocity to the channel bed is much

smaller than that in the uniform velocity layer, which is due to the

friction of the channel bed. Specifically, the velocity near the vegetation

bottom is larger than that near the upper of the vegetation in Figure 5,

resulting from the CDa at the top of the vegetation is greater than CDa

near the root. The velocities in the vegetated layer (0< z< zi) in

Figures 5D, E do not show distinct change along the vertical direction

due to the relatively uniform value of CDa. Due to the vortices formed

in the mixing layer, the velocity gradient in the region of zi - dI< z< zi
gradually decreases as it approaches the inflection point, followed by

a gradual increase of the velocity gradient when z > zi. The predicted

velocity in the logarithmic layer for Figure 5A appears obvious
FIGURE 3

CDa varies in the vertical direction, where the squares represent case 1, the stars represent case 2, and the straight line indicates the general trend of
CDa along the vertical direction.
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deviations from the measured data, maybe the error of parameter

calculation in this case. Overall, the proposed model can be applied in

the submerged vegetated channel with different flexibilities and

vegetation densities.
6 Discussion

6.1 Error analysis

To quantitatively describe the difference between the results of

the model and the experimental data, an error analysis from two

perspectives: the average values of the absolute error �ϵ and the relative

error ϵ0 is performed. The absolute error ϵ is expressed as follows:

ϵ = ∣Umeasured − Ucalculated ∣ (9)

where the subscripts “measured” and “calculated” represent the

measured values and the calculated data from the presented model,
Frontiers in Marine Science 07
respectively. The average value of the absolute error �ϵ can be

expressed as follows:

�ϵ =
1
Nm

o
Nm

i=1
∣ϵi ∣ (10)

where Nm represents the number of experimental points. The

relative error ϵ0 is expressed as follows:

ϵ0 =
ϵ

Umeasured
(11)

The average value of the relative error ϵ0 is expressed as follows:

ϵ
0
=

1
Nm

o
Nm

i=1
∣ ϵi

0 ∣� 100% (12)

Table 2 lists the average values of the absolute and relative

errors for cases 1 – 5. The average absolute errors of the five cases

are less than 0.015 m/s, and the average relative errors of cases 1 – 5

are less than 10%, which reaches the maximum for case 1. The error

analysis indicates that the proposed model is reliable in predicting

the velocity in the flows with submerged flexible vegetation.
6.2 Wake strength parameter P
related to Ul

The measured velocities in the logarithmic layer are compared

with the predicted data with/without the wake effect for all the cases,

which are shown in Figure 6. It can be seen from Figure 6 that the

predicted velocity considering the wake effect better agrees well with

the measured data than the predicted velocity ignoring the wake

effect does. Hence, it is reasonable to conclude that the influence of

the wake term on the velocity profile in the logarithmic layer cannot

be neglected, which is consistent with the conclusion obtained by

Zhang et al. (2021). The Coles’s wake strength parameter P in the

wake function ranges from 0.3 – 0.4 for cases 1 – 3 with the relative

submergence Hv/H ≈ 0.7. In cases 4 – 5, P = 0.1 with the Hv/H =

0.57. The values of P are all within the range of previous research

results (Fu et al., 2013). The relative submergence for cases 1 – 3 is

larger than that for cases 4 – 5. We guess that the parameter value of

wake strength P may be inversely correlated with the relative

submergence of vegetation. The results show that the P value has

a non-negligible influence on the wake effect, which then influences
FIGURE 4

Schematic diagram of a shrub vegetation model.
TABLE 1 Summary of experimental conditions, where H is water depth, m is the amount of vegetation per unit area, S is bed slope, and Hv is
deflected vegetation height.

Source Cases H(m) m(m-2) S Hv(m)

Huai et al. (2019) 1 0.27 43.30 0.01% 0.185

2 0.27 108.30 0.04% 0.195

3 0.33 108.30 0.04% 0.210

Hui et al. (2009) 4 0.45 15.71 0.67% 0.255

5 0.45 7.85 0.67% 0.255
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the velocity profile. Therefore, further experiments for P are

required to refine its application range and to provide better

parameter selection for predicting velocity profiles.
6.3 Model extension

The proposed model has good application results in flexible

vegetated flows, and the following discussion is made to explore its

applicability in rigid vegetated flows. We refer to measured data

from two different experiments of the rigid vegetated flow. (i) First
Frontiers in Marine Science 08
set of experimental data for rigid vegetated flow was obtained in the

Nepf lab at the Massachusetts Institute of Technology (Zhang et al.,

2020), where the experimental flume was 24.00 m long and 0.38 m

wide, and the water depth H was 0.36 m. The submerged vegetation

was constructed from rigid circular rods, the height Hv of which is

0.07 ± 0.002 m, and the diameter was D = 0.64 ± 0.02 cm, where

CD = 1.30, a = 9.60. (ii) Second set of experimental data was

conducted by Shi et al. (2023) at the State Key Laboratory of Water

Resources and Hydropower Engineering Science. The open channel

was partially covered by rigid cylindrical vegetation, the height of

which was 0.25 m with a diameter of 8 mm. The water depth was set
D

A B

E

C

FIGURE 5

Comparison between the measured velocities and the predicted ones for cases 1 – 5. (A–C) Are the cases from Huai et al. (2019). (D, E) Are the
cases of Hui et al. (2019). The solid red lines are predicted data and the points are the measured data. The horizontal dashed lines represent the
inflection point, and the region between solid black lines represents the mixing layer.
TABLE 2 Error statistics for measured and predicted velocity.

Cases 1 2 3 4 5

�ϵ(m=s) 0.01 0.009 0.004 0.015 0.008

ϵ0(%) 7.12 6.62 4.69 6.97 3.79
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to 0.35 m. The parameters in the above two cases with rigid

vegetation are shown in Table 3.

A comparison between the predicted and measured data is shown

in Figure 7. The measured data is represented by the dots and the

predicted data is represented by the blue lines. Although the vegetation

densities, vegetation arrangements, and vegetation submergences

varied, the predicted velocity from the proposed model could capture

the velocity profile in the rigid vegetated flows, showing that this model

is also applicable to rigid vegetated flows.
6.4 Sensitivity analysis

The influence of b on the prediction of the proposed model is

described below. Case 3 is taken as an example. When the target

parameter b is adjusted, the other parameters are fixed.
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In case 3, the approximate value of b is 0.2 (defined as b3), and the
red solid line in Figure 8 represents the predicted velocity distribution

obtained by using b3. Thus, we considered a wider range of b (= 0.8b3
– 1.2b3) to examine the sensitivity of the proposed model. The

sensitivity analysis of parameter b is shown in Figure 8. When b<
b3 (e.g., b = 0.8 b3, the navy blue line), b produces lower velocities in

the non-vegetated layer. In contrast, a larger b (e.g., b = 1.1 b3, the
light blue line) corresponds to higher velocities in the non-vegetated

layer. According to Figure 8, the predicted velocities are sensitive to

the parameter b only in the non-vegetated layer and are insensitive to

that in the submerged vegetated layer.

b determines the velocity Ui at the inflection point according to

Eq. (2). The velocity Ui at the inflection point zi of cases 1 – 5 is

calculated iteratively. The comparison between the measured and

calculated Ui is shown in Table 4, demonstrating that they are
D

E

A B

C

FIGURE 6

Comparison of the analytical solution and measured values for predicted velocity in the logarithmic layer for cases 1-5. (A–C) Are the cases from
Huai et al. (2019). (D, E) Are the cases of Hui et al. (2009). Where the solid green line indicates the model that does not consider the wake effect, and
the solid red line indicates that the wake effect is considered.
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basically consistent. The b in cases 1 – 3 is 0.20, which is smaller

than 0.55 in cases 4 – 5 with flexible vegetation. It is assumed that

the parameter b is related to dI, which is the width of the mixing

layer below the inflection point zi. To ensure dimensional

homogeneity, the width dI is nondimensionalized by the

vegetation height Hv. Then, it becomes easy to establish the

relationship between the d and dI/Hv, which is dI
Hv

= (1:63 ± 0:31)  

b for cases 1 – 5 with flexible vegetation and dI
Hv

= (4:10 ± 0:30)   b
for cases 6 – 7 with rigid vegetation. The averaged velocity �U =

((Uv + U2)=2) in Table 4. Nikora et al. (2013) noted that �U = Ui is

only applicable to certain cases and has limited application scope.

According to Table 4, with the exception of case 1, there are

significant differences between the averaged velocity �U and the
Frontiers in Marine Science 10
measuredUi except case 1. In this study, we introduce a parameter b
to obtain the Ui and give explicit expression for b. After introducing
b, the calculated Ui agrees well with the measured Ui.
6.5 Model limitations

It has been proven that the proposed model can be applied to

predict the velocity profile in an open channel with submerged

flexible/rigid vegetation. The relative submergence of the vegetation

and vegetation density leads to the distinct flow structure and then

the flow can be vertically divided into separate sublayers. However,

for submerged vegetation existing in a river with larger relative

submergence and small vegetation density, the width of the uniform

layer can be ignored due to the penetration of the mixing layer. For

vegetation with smaller relative submergence, the width of the

logarithmic layer may decrease and even disappear due to the

mixing layer, that is, the mixing layer may be close to the water

surface. Given these two above conditions, the flow structure cannot

be divided into three layers. More research is needed to explore the

influence of relative submergence on the flow structure and velocity

profile and then the theoretical model can be improved and applied

in more complex cases.
7 Conclusion

The paper presents a model to study the vertical distribution of the

velocity in an open channel with submerged flexible vegetation. The

model divides the vegetated flow vertically into three layers: uniform

velocity layer, mixing layer, and logarithmic layer. In the uniform

velocity layer, the influence of vegetation resistance in the prediction of

velocity is mainly considered. The vertical distribution of the

longitudinal velocity in the mixing layer is similar to the hyperbolic
A B

FIGURE 7

Comparison between the measured and predicted velocities for the rigid vegetation cases, where the solid blue line is the predicted velocity and the
points are the measured data. (A) Zhang et al. (2020); (B) Shi et al. (2023). The horizontal lines are the same as those in Figure 5.
TABLE 3 Summary of experimental conditions.

Source Cases H(m) CD a(m-1) D(m) Hv(m)

Zhang et al. (2020) 1 0.36 1.30 9.60 0.0064 ± 0.0002 0.07 ± 0.002

Shi et al. (2023) 2 0.35 1.40 3.20 0.008 0.25
fr
FIGURE 8

Sensitivity analysis of the parameter b for case 3. b3 indicates the
value of b in case 3. Lines of different colors represent velocity
distribution obtained with different b in case 3.
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tangent profile, and the conventional logarithmic profile concept is

applied in the free surface layer. To obtain the width of the mixing layer

divided by the inflection point, a parameter is introduced and

iteratively applied to determine the velocity at the inflection point.

Due to the influence of momentum transport on the total flow depth,

the method of velocity superposition is applied in the mixing layer and

logarithmic layer, and then the analytical solution of the longitudinal

velocity in the vertical direction can be obtained. According to the error

analysis by comparing the predicted velocity with the experimental

data, the maximum relative error is 7.12%, indicating that the predicted

velocity is reliable. Aquatic vegetation in nature is usually distributed in

random patches. Future research can put the focus on the vegetation

arrangement, density, and relative submergence to enrich the

application range of the presented model, which can be of assistance

for ecological understanding such as sediment and pollutant transport.
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