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Abstract

Flow within vegetation is one of the main driving forces for material ex-
change and energy transfer in wetland systems. Impacted by vegetation, the
flow velocity profile illustrates distortions to the classic logarithmic velocity
profile and has attracted much attention among researchers. Different from an-
alytical models of velocity distribution in literature, which is mainly suitable
for vegetation with uniform frontal width, this paper establishes new analyti-
cal solutions of the velocity profile for vegetation such as shrub and sedge that
have a variable frontal width in the vertical direction. A new shape function is
proposed under these conditions in which the frontal width exhibits a gradual
increase in the vertical direction from bottom up in the vegetation. Along with
different closure models for eddy viscosity in the vegetation layer and surface
layer, analytical solutions of the velocity profile are derived from the momentum

equations. Good agreement between calculated and measured data shows
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our analytical model is effective in predicting velocity profiles.
Keywords: Analytical solution; Velocity profile; Vegetation; Turbulent flow;

Flow resistance.

1. Introduction

Human activities along with the rapid development of society and indus-
trialization have unleashed huge pressure on aquatic ecosystems that include
not only the artificial modification of rivers such as projects adopting dams
to intercept rivers, cutting and straightening winding rivers, hardening of side
slopes and channel bottoms with concrete, but also waste water pollution from
agricultural and industrial production. Focusing on these problems, ecological
restoration aims to repair damaged water systems and to rebuild healthy aquatic
ecosystems to provide a sustainable and healthy development of ecosystems (Li
et al., [2015; |Yu and Wang, 2014} |Mi et al., |2015).

Vegetation is widely used in river and wetland water ecological treatment
and restoration (Constanga Aguiar, F. et all |2011; |Stromberg} 2001) because
it serves many eco-functions, such as fixation through roots for maintaining
riverbed stability, water purification through the absorption capacity of the
epidermis, and enriching biodiversity features by providing attachment matrices
and habitats for organisms.

All of these ecological restoration measures require a description of flow
through vegetation, where the flow region is partitioned into different layers
according to the dominant vortical structures, resulting in a complex flow pat-
tern (Nepf, 1999; [Nepf and Ghisalberti, [2008; Poggi et al., [2004al). How to
calculate the flow velocity is a key problem and a fundamental research topic
for furthering the studies of contaminant transport and energy loss features.
Flow distributions are calculated with two main approaches: numerical models
and analytical models. Numerical models, such as direct numerical simula-
tion (DNS), large-eddy simulation (LES), and many others, mainly focus on

the local velocity and turbulent features. They yield relatively accurate results
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by massive calculations with suitable parameters (Lu and Dai, [2016; |Shimizu|

let al.l [1991} [Stoesser et al., [2009; Zhang et al., 2013). Sometimes we do not

need to focus on each point in the flow region but instead care more about
the planar-averaged velocity or bulk velocity for a preliminary prediction. In
such instances, an analytical solution with less calculation arises that reveals

the principle or bulk law for flow through vegetation. For simplicity, vegetation

can always be represented as cylinders or strips (Klopstra et al.l [1996; |Shimizu|
let al.l [1991; [Kouwen et al.| [1969; [Nepf and Ghisalbertil, [2008} [Huai et al.l [2009;

[Wang et all) 2018b)), and the flow region can be divided into different layers

depending on the turbulence model adopted: (1) The one-layer model takes the
flow region as a whole, and the friction factor scales with the ratio of vegetation

height to flow depth (Cheng, [2015)) or scales with the ratio of vegetation-related

roughness height to vegetation-related hydraulic radius (Wang et al., 2018c).

Interestingly, both scale parameters are around 3/2. (2) In the two-layer model,

the flow region is divided into a vegetation layer and a surface layer (Yang and,

|Choil 2010} [Huai et al.| 2013)), and different momentum equations are proposed

for each layer. For rigid dense vegetation, the flow velocity is assumed to be uni-

form in the vegetation layer and is derived from the momentum balance between

the vegetation drag and the gravity component(Yang and Choi, 2010; Baptist|

2007). Furthermore, the velocity at the surface layer is expressed by
a logarithmic formula with zero-plane displacement(Thom, [1971)). For flexible
vegetation, the bending of the stem was considered by [Huai et al|(2013) with

two kinds of resistance force, specifically, drag force and friction force. These
forces scale with the square of the flow velocity, and an analytical solution was
proposed by solving the momentum equation in each layer. Further investiga-

tion showed that a linear drag—velocity relation occurs when bending is very

large (Wang et all [2015b). (3) In the multiple-layer model, a sub-layer occu-

pying a very thin layer near the bottom of the channel is separated from the

vegetation layer (Baptist et al. [2007)), and an additional layer called the mixing

layer, which is separated from both the vegetation layer and the surface layer

near the top of the vegetation (Okamoto and Nezul 2009; Katul et al., [2002;
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[Nepf|, 2012; |Ghisalberti and Nepf, [2002), where the flow features are related
to the frequency of the Kelvin—Helmholtz instability 2012). Moreover,

vegetation in this research has the same height, whereas vegetation in nature

js always non-uniform in height. Research was conducted on this topic

let all [2014} [Liu et all |2010)), in which a combination of the aforementioned

two-, three- or multiple-layer model was adopted and improved for different
vegetation heights.

In some manner, a solution of the velocity profile is adopted for determining
the resistance of the vegetated channel when solving the Saint-Venant equations
(SVEs) describing water flow. As is well-known, there is a need for the closure

of the energy slope Sy, for the flow, which may be derived from the force balance

with a ‘local uniform’ assumption (Thompson et al., [2011; [Wang et al.| [2015al
2018a)). When dealing with open channel flow without obstacles, the classic

Manning formula is adopted,

2
2gn°) Uy M
R4/372¢g7

Sp=(

where g is acceleration due to gravity, n Manning’s coefficient of roughness, U,
the bulk velocity for whole flow depth, and R the hydraulic radius. For flow

within the vegetation, the energy slope Sy is complicated and may be derived

from a force balance equation. Our previous work (Wang et al.| [2015a) derived

an equation for the flow through emergent vegetation for a given length-scale

dx along the streamwise direction,
’}/Bhwdl‘(l — ¢)Sf = deFszulk —+ Bd$<1 - ¢)TgT0u"d + Qhwdl‘Twall, (2)

where v denotes the bulk density of water, B channel width, h,, flow depth, ¢ the
area concentration of vegetation stems, Fy p,,; the vegetation form drag per unit
ground area, Tyround friction along the bottom of the channel, and 7,4 friction

along the sidewall of the channel. For flow through vegetation, friction along

the sidewall and bottom can always be ignored Wang et al.| (20154), resulting

in a balance between the streamwise gravity and form drag of vegetation as

Yhw(1 = ¢)S¢ = Fapuik, (3)
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where the form drag acting on the unit ground area is calculated from

PU;
2 Y

(4)

Fayur = CiAfrontal

with Cg the drag coefficient and Afrontar the total frontal area of vegetation

stems per unit bed ground, obtained using
Afrom‘,al = mtha (5)

where m is the vegetation density, denoting the number of vegetation stems per
unit bed ground, and D the frontal width for a single stem. The bulk form drag

in equation [3| then becomes
U2
Fapuir = C’dehprb~ (6)

For submerged vegetation, the flow region is divided into two layers (vege-
tation layer and surface layer). The drag in the vegetation layer is expressed

by
pU;
2 b

Fapur = CqmDh,

(7)
where h, is the vegetation height and U, the depth-averaged velocity for the
vegetation layer.

The closure of Sy for emergent vegetation in flow is then

Cde
1-9¢

Uy
29’

Sp=( )

and for submerged vegetation is

CymDh,,
(1 - (b) hw

All considered, the velocity profile is key for the description of fluid motion.

% (9)

Sp=1
However, several analytical models exist that have been derived for simplified
vegetation models, i.e., a cylinder or single strip with a constant frontal width
limited by the solvability of the momentum equation. Different from existing
studies on analytical models of velocity distribution with a uniform frontal width

of vegetation, the main innovative points of this paper are: (1) a new shape
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function describing frontal width of the vegetation array; (2) new solutions
of the velocity profile derived from momentum equations taking into account
vegetation shape; and (3) new empirical expressions for parameters in solutions
are provided. Comparison between modeled results and measured ones proves
that the new solutions proposed here are effective for predicting velocity profiles

in vegetated flows.

2. Theory

2.1. Governing equations

For steady, fully developed turbulent flow with vegetation, the flow region
is divided into two layers: the vegetation layer and the surface layer (Fig. .
In the Navier-Stokes momentum equation, the vegetation drag is considered
as a body force in the vegetation layer. Choosing Cartesian coordinates, we
define the streamwise direction as x, the transverse direction as y, and the
vertical direction as z, with velocity components V' = (u,v,w) corresponding
to the coordinate directions (x,y, z). Then, for a control volume, its governing

equation is expressed in the streamwise direction as follows:

Flow Z“
u(z) 7
—> —
h,  Surface Layer
—
A
S Sk T — > KH vortex
hW '
h, Canopy
Layer
\ — x
T 77777777 777777777777 777"

Figure 1: Sketch of flow through vegetation with non-uniform frontal width in the vertical

direction
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Du 1 9p u  0*u  O%u
— =fr——+Vv| S+ =+, 10
Dt Ja p Ox (83:2 + Oy? + 022 (10)
where f, is the force acting on the control volume indicating the body force per
unit mass, p pressure, and v kinematic viscosity.

The Reynolds-averaged approach applied to the above governing equation

gives

Du — 10p % 9*u  O0*u A(—u'v')  O(—u)  O(—uw)

m—fw‘pax”<axz+ayz+az2>< or oy T o: )
(11)

which can be reduced to the following form when focusing on the streamwise

direction
Du — 10p 107

Dt Lo T p0s

where the total shear stress 7, including viscous stress (which can always be

(12)

ignored for turbulent flow) and Reynolds stress, is expressed as
T= pu—u — pu'w’, (13)
z

with —pu/w’ the Reynolds stress. The planar-averaged momentum equation for

vegetated flow is then described as (Klopstra et al. |1996; Baptist et al., 2007}
[Ciu et alll, 2012} [Huai et all [2009; [Poggi et all, [2009; [Katul et all 2011} [Wang

107
++O0F;+—-— =0, 14
G+ deraz 0 (14)

where G, = ¢S, is the gravitational component in the streamwise direction, .S,
the bed slope, parameter § = —1 denoting the vegetation layer and 6 = 0 the
surface layer, F; denotes the drag from the canopy acting on the control volume

(different from the above mentioned Fy 1) and is calculated using
1 2
Fy;= iCdez[u(z)] , (15)

where D, is the frontal width of the vegetation stem (here the subscript z

signifies that this frontal width may vary with vertical direction z).
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2.2. Models for shear stress

To solve the momentum equation, the model for shear stress is the key
component and has been investigated by many researchers. One should note

that viscous stress can always be ignored for turbulent flow (Baptist et al.|
2007; [Luhar et al., 2008; Liu et al., 2012; Huai et al. |2014]). Several models or

theories have been proposed. They fall into two categories: non-differential and

differential formulas.

2.2.1. Non-differential formulas for shear stress

For the non-differential formula, Shimizu et al. (1991) indicates that Reynolds

stress follows an exponential profile for the vegetation layer, and this feature was

confirmed in [Dijkstra and Uittenbogaard| (2010)), in which the data displayed a

similar trend with a peak value at the vegetation top. This trend was also vali-

dated in experiments for rigid (Huai et al., |2009)) and flexible vegetation
2013)), and can be expressed in the form

To = Tmaz€XPla(z — hy)], (16)

where subscript ‘v’ of the shear stress 7 signifies the vegetation layer, o denotes
a constant to be determined by the boundary conditions, and 7y,q: = gSohs is
the peak value for shear stress at the top of the vegetation, hy = h,, — h, being

the height of the surface layer.

2.2.2. Differential formula for shear stress
For the differential formula of shear stress, the classic Boussinesqs eddy

viscosity approach yields
ou(z)
0z’

where v; is the eddy viscosity. Considered constant by Boussinesq in earlier

(17)

T = PVt

years, a large body of experimental result indicate a variational behavior for
eddy viscosities that depend on flow conditions. Theories for describing a vari-

able eddy viscosity are summarized in the following:
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(i) Classic von Kdarman—Prandtl mixing-length theory shows the eddy vis-
cosity is linked with the velocity gradient as

ou(z) |
0z "

v =1 (18)

where the mixing lengths | = kz, kK = 0.41 is the Karman constant, which is

widely used in channel flow in the absence of vegetation. Further investigations

(Katul et al., 2011} [Poggi et al.;2004blla)) showed that the mixing length is asso-

ciated with the size of the vortex for different zones when vegetation is present.
In the vegetation layer, the mixing length may be calculated using | = 283 L.,
where 8 = u,/u(h,) is the coefficient of momentum absorption, and the friction
velocity is u, = v/gS,hs. For the surface layer, the mixing length is described by
I = k(z — d), where d is the zero-plane displacement, which is defined by
adopting d = foh“ 97 2dz/ foh” 974z and can be calculated using the for-
mula from Katul et al.| (2011) with d = h, — 283L./k, where L. = (Cya)~! is
the adjustment length scale (Belcher et al., 2003), indicating the loss of turbu-

lent kinetic energy from advecting eddies due to vegetation (Katul et al.l 2004]),

a ~ LAI/h, is the mean leaf area density, and LAI the one-sided leaf area
index.

(ii) Aside from the differential formula for eddy viscosity, several researchers
have proposed that eddy viscosity is linked with the friction velocity times an

adjusted length scale (Wang} [2012; [Wang et al., 2015D)

vy = lu. (19)

or the velocity multiplied by an adjusted length scale (Baptist et al.l [2007)

vy = (epl)u, (20)

where ¢, is the intensity of turbulence calculated based on the turbulent kinetic
energy k; and velocity u(z). Further investigations have found that the product

of turbulence ¢, and mixing length | does not vary with vertical height z (Liul

let al.l [2012} [Van Velzen et al.l [2003)), expressed as a function of layer height

el = 0.015v/ iyl (21)
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and this expression was improved by [Baptist et al.| (2007)), adopting the data of
Nepf and Vivoni| (2000) to obtain

h

In the following derivation, the eddy viscosity of type (ii) (equations|19|and
was adopted in the momentum equations in solving the velocity distribution.
The empirical equations for ¢,! from different research groups (equations[21{and

22]) were later tested.

2.3. Velocity solution in the vegetation layer

Considering the solvability of the momentum equation, and with the adop-

tion of equation , shear stress is expressed as

Ty = cplpu(z)agiiz). (23)

Then the momentum equation gives

1 9%u(2)]® 1 )
§CPZT — §Odez [U(Z)] + gSO = O7 (24)
which takes the form
92 2
Pl% +poD, [u(z)]2 +p3 =0, (25)

with the introduction of parameters

1
b= gl ()

1
D2 = _icdma (27)
P3 = 9So. (28)

(i) For vegetation with uniform vertical width, D, = Dy is a constant, and

the analytical solution of velocity profile gives

Uy (2) = \/cl exp (1 /—pzDgz> + ¢o exp (— —p2Doz> S (29)
D1 P1 p2Do

10
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(ii) For vegetation with width-varying shape, here we take shrub and sedge
as representative (Liu et al., 2011}, 2012 [Huai et al., 2019), where the frontal
width increases from bottom up (narrow at the bottom and wide near the top
of the vegetation). [Liu et al.| (2011} 2012) proposed two shape functions to
describe the effect of variable frontal width in flow the first being

1-2 Dmaz
D, = (n—1)27 (30)
4(n1z/ng + ng)

and the second

Nngz + Ny 2
D, =————]*Dmnaxz, 31
i [n622—|—n7z+n8] e (31)
where n; (i = 1,2,3...,8) are parameters to be determined from vegetation

morphotype and flow characteristics, and D, 4, is the maximum frontal width
of vegetation. Three or five parameters are needed to build the shape of the
vegetation array in these two approaches. From another point of view, these
parameters include not only the physical attributes of the vegetation (frontal
width), but also flow features such as turbulence intensity Cp, drag coefficient
Cy, and mixing length scale [. Here, considering the solvability of the governing
equation, a new shape function is proposed that only focuses on the physical

shape of the vegetation. Requires just two parameters, we have
-2
D, = (QIZ + q2) ) (32)

where ¢; and ¢ are determined by the physical shape of the vegetation. As-
suming the vegetation gradually widens from bottom up, which is very common
in nature (Liu et al., 2012)), expressions for ¢; and ¢o linked with vegetation

attributes were obtained,

poY2 _ p-1/2

= h min , (33)
and
@ = Dyl (34)

where D,,;, is the minimum width at the bottom.

11
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Then the momentum equation (equation with variable width (equation
was solved analytically to get the velocity distribution in the vegetation

layer

uy(2) = \/CS(ChZ + @)™ +ealqz + a2)™ + es(@z + 02)2, (35)

where

q1/P1 + /P13 — 4po (36)
2q1/P1 ’
[, BVPL— VD163 — 4p2 (37)
2 — B}
2q1+/P1
_ 4ps
C pig —4Ap2 — 96ipy
1 2 q1DP1

where c3 and ¢4 are integration constants determined by the boundary condi-

L, =

(38)

Cs5

tions.
The parameters in the shape function also can be determined by boundary

conditions. When z = 0, the slip velocity is

Uslip = \/C?,(flz)L1 +ea(q2)™® + o5(a2)%, (39)

which is calculated from the momentum balance at the bottom of the channel

295y
Uslip V CamDoir’ (40)

where S¢ is the energy slope.

From the momentum balance, the interfacial shear stress between the vege-
tation layer and the surface layer establishes another boundary condition at the
top of the canopy (Klopstra et al.l [1996; Wang et all, |2015b; [Yang and Choil

2010). When considering the shear stress in the vegetation layer at z = h,,

Ou(z)
Tol,ep = pepl - [u(z)] . (41)
hy P az _—
The shear stress in the surface layer at z = h,, is
Ts|z:hv = pghsSy. (42)

12



n Then, parameters c3 and ¢4 are obtained by solving the momentum equation
o2 combined with these two boundary conditions,

a5 [es5 (cpl) @1 (o + q2) — ghsSf] — 5 (cpl) Laqy (qug - Uiup) (hoa +q2)"* "
3 = — — — )
(o)) Ligiay? (hoar + ¢2)" " = 3 (epl) Laqu g (hogy + g2)™* 7"
(43)

Q§17L2{Q§2[CS(QJ)QI(thI+‘Q2>_'ghsSf]_' (CpDAL2q1(CSQS__U§MP>(hmq1‘%q2)L2_1}

1

3
ey = ‘ — —
(el Ligiay? (hoar + ¢2)" 7' = 3 (epl) Lagigs (hugy + g2)™* !

73 —quz (C5q§ — u?lip> . (44)

aa 2.4. Velocity solution in the surface layer

275 For flow in the surface layer (z > h,), the traditional method adopts the

a6 logarithmic function with

Use z—d
us(z) = ;hl( o

), (45)
a7 where two parameters are needed such as roughness height zy and zero-plane
;s displacement d.

279 Here, we adopt another approach to predict velocity that needs only one

20 parameter to shape the velocity profile. First, the momentum equation for

2 surface layer gives

0T,
0z

22 where the shear stress adopted equation with mixing length [ = k, 2, and k,,

+ pgSo, =0, (46)

23 is a coefficient determined by the flow characteristics and vegetation attributes

Ou(z)
9z '

Ts = pknu*z (47)

2 where subscript ‘s’ to the shear stress denotes the surface layer. Then, the

s analytical solution is obtained by substituting equation into yielding

So
ug(z) = _kgu z4cglnz + e, (48)

26 Where parameters cg and c; are constants determined by the following two

27 boundary conditions.

13
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Boundary condition (i): the velocity at the top of the canopy in the surface

layer and the vegetation layer is the same
Uy (hy) = us(hy). (49)

Boundary condition (ii): the velocity gradient is zero at the flow surface

ou(z)

=0. (50)
2
One obtains then parameters values
ghwSo
Cg knu* 5 ( )

9So(hy — hy Inhy) + kpua/c3(hoqr + q2) 5t + ca(hoqr + g2)22 + c5(hoqi + g2)2

€= Kty
(52)
Next, the flow profile in the surface layer is described by equation . The

approach in determining parameter k,, is discussed in Section

3. Experiments

We conducted flume experiments in an open channel using modelled plants
for simulating variable-width vegetation. Moreover, two set of experimental
data from the literature were included to enrich the scope of the experimental

data. Their details are described in the following.

3.1. Present experiments

Experiments were conducted in two glass channels at the State Key Lab-
oratory of Water Resources and Hydropower Engineering Science in Wuhan
University, China (details are given in [Huai et al.| (2019)). The size of these two
channels were: 20 m long x 0.6 m wide x 0.4 m deep (bed slope 0.04%) and
20 m long x 1.0 m wide x 0.4 m deep (bed slope 0.01%). The channels were
equipped with electro-magnetic flow meters for measuring flow discharge, and a
tailgate located at the end of the channels to control flow depth. The vegetation

was installed in a staggered arrangement along the bottom of the channel. The

14
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length of vegetation zone was set to 8 m to ensure a complete development of
the flow within and above the vegetation.

For the simulated vegetation in this experiment, a meadow model plant was
adopted to represent sedge. Each plant has 11 plastic slips and the diameter of
the trunk was approximately 0.015 m. The original averaged height of the sedge
meadow model was 0.210 m, and the lateral width ranged from D,,;, = 0.02 m
(at the bottom) to Dyey = 0.170 m (near the top). The artificial vegetation
produced a small deflection because of its flexibility.

Velocity measurements were taken using an acoustic Doppler velocimeter.
For model verification in Section [4] the velocity profile at the location where
x/Lyeg > 0.61 was selected, at which point the flow reaches its fully developed
condition (Huai et al., 2019).

3.2. Liu et al.’s experiments

Liu et al.| (2011}, 2012)) conducted a series of experiments at the Hydraulic
laboratory of Tsinghua University, China. They modeled shrub-like vegetation
in an open channel 22.6 m long x 1.6 m wide x 0.8 m deep, with a bed slope of
0.67 %. The average height of the shrubs was 0.275 m, with an increasing trend
for the frontal width along the vertical direction from the bottom up. Here,
Dyyin, = 0.05 m near the bottom (this value was not given in their publication
but can be reasonably estimated from their photographs), and D,,,q, = 0.200 m
near the top of the vegetation. The vegetation was fixed in a staggered arrange-
ment with two distinct canopy densities: m = 15.71 and 7.85 stems/m2. The

velocity profile was measured using an acoustic Doppler velocimeter.

3.8. Nepf and Vivoni’s experiments

Nepf and Vivoni| (2000) conducted experiments with a 24 m long x 0.38m
wide recirculating glass wall flume. The model vegetation zone was 7.4 m long
with a height of 0.16 m, with a staggered arrangement of plants (vegetation den-
sity was m = 330 stems/m?). In addition, according to the principle proposed

by [Kouwen and Lil (1980)), their vegetation was constructed based on similarity

15
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Table 1: Summary of present research on flow in vegetation

Data type Present experiments Liu et al. Nepf and Vivoni
Casel Case2 Case3d Casel Case?2 Case 1

Flow depth, h,, (m) 0.27 0.27 0.33 0.45 0.45 0.44

Adjusted vegetation height, h,(m) 0.165  0.175  0.190  0.255  0.255 0.14

Max width, Dy g, (m) 0.17 0.17 0.17 0.2 0.2 0.017

Min width, Dy (m) 0.02 0.02 0.02 0.05 0.05 0.005

Vegetation density, m (stems/m?) 43.3 108.3  108.3  15.71 7.85 330

Drag coefficient Cy 0.13 0.17 1.3 1.5 1.5 0.5

Turbulence scale, ¢,l (x107% m) 5 4.5 12 30 32 10

Turbulence index, k,, (x1073) 40 40 50 50 45 60

in geometry and flexural rigidity to prototype aquatic vegetation. Each plant
consisted of six blades, each of width 0.003 m. The morphology of a single plant
featured a variable frontal width ranging from 0.005 to 0.017 m.

8.4. Summary of experimental parameters

The experimental setup and vegetation attributes are listed in Table [I} As
there were waves near the top of the vegetation resulting in a greatly reduced
resistance at this point, an adjusted vegetation height was proposed where the
height was slightly lower (0.02 m) than the reported vegetation height. More-
over, note that some parameters, such as flow depth of the experiments of [Liu
et al.| (2012))’s were not given and hence we estimated values from velocity pro-
files of their paper (Although there may be minor errors, such errors would have

little effect on the final calculation).

4. Results and discussion

This section is divided into three subsections: (1) A comparison of the an-
alytical velocity solutions for the whole depth with measured data is discussed
in Section (2) Features of the drag coefficient are discussed in Section
and (3) turbulence features are discussed in Section
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4.1. Velocity profile comparisons

A comparison between the analytical solutions of the velocity profile (adopt-
ing best-fitted parameters, which will be discussed later) and measured data is
shown in Fig.[2] The solution proposed here is seen to reproduce well the veloc-
ity profile for flow through vegetation with variable frontal width. The following
subsections present the procedure used in deriving the empirical expressions for

the adjusted parameters.
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Figure 2: Comparison of analytical solutions with measured data for different cases
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4.2. Features of the drag coefficient

,  Drag coefficient Cy is a key factor for quantifying the resistance to flow (Nepf,
land Ghisalberti, 2008} [Wang et al., |2018a; Baptist et al.,|2007)). For an isolated

cylinder, the local Cy can be calculated from (Cheng [2012)

Caiso = 11Re; %™ +0.9T; (Reg) + 1.2T'2 (Req) , (53)
where
1000
I, (Rey) =1— - 54
L (Req) =1 - exp (=it ) 5)
and

Iy (Req) =1 —exp

()| &

where the Reynolds number for a cylinder is Req = Ud/v with U the approach-
ing velocity. However, for flow through a vegetation array (‘array’ means more
than just a single stem in the flow), resistance mechanisms become complicated,
and the Cy of a vegetated array differs much from an isolated stem (Cy iso)-

When only considering the effect of vegetation density on the drag coefficient,

Cy displays an increasing trend (Tanino and Nepf, [2008} [Stoesser et al., [2010)

or a decreasing trend (Nepf] [1999; [Lee et all 2004) when increasing the vege-

tation density (Etminan et al. |2017). This indicates that the drag due to the

vegetation array cannot be assessed by only the vegetation density. Hence a
vegetation-related Reynolds number is introduced, Re, = (R,/D)Re4. Many

experiments show a monotonic decline in C; with increasing vegetation-related

Reynolds number (Re,) for canopies composed of cylinders (Ishikawa et al.|
2000% [James et al., 2004} [Tanino and Nepf] 2008} [Liu et all, [2008} [Ferreira et al.]
2009; [Kothyari et al., 2009; |Stoesser et al. 2010), which can be expressed as

(Wang et al., |2019)

58.5
/‘”(i;‘ﬁ) Rey

Due to the variation of D, in the vertical direction, there is a need to calcu-

Cuwang = 0.819 + (56)

late the averaged width D, when adopting these formulas (equations and
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56]). Based on shape function (equation , the averaged width is calculated

from

1
@(qrhy + q2)°

Then, the Reynolds number for vegetation with variable frontal width reads

Dave = (57)

’UDG.’L)S
Reg = u L y (58)

where U, is the averaged velocity for the vegetation layer.

Although the above formula of Cy was mainly derived based on cylinder
or strip with constant width D, the left and middle panels in Fig. [3] illustrate
that the predicted Cy using equations and deviates from the measured
value, and shows that they are not suitable for vegetation with variable D,,
where the measured Cy is obtained by matching the calculated velocity profile
to the measured value. Hence the drag coefficient C; here needs to reflect the
above-mentioned vegetation shape with D,,;, and D,,4,. The following formula
was proposed by incorporating the traditional Reynolds number in with the
plant morphology descriptors

Req [ 2Dmin — Dave + 51.4D4pe — 9.85Dmax — 60.5Dpin
1110 Dgye Dgye '

Canew =
(59)

A comparison between measured and the newly derived empirical drag coeffi-
cient (right panel of figure [3) show good agreement proving that equation

matches the measured value very well.

4.8. Turbulence features

4.3.1. Vegetation layer

The turbulence scale ¢, derived in previous studies on vegetation flow with
cylinders or stripes shows a dependence on layer height (equations [21f and .
However, comparisons between the measured Cpl with values from these two
equations show that they are not suitable for vegetation of distinct shape (see

left and middle panels of Fig. . Based on the height of each layer, a new
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empirical expression is proposed for the vegetation with variable frontal width,
specifically

1 1 1

—hy — —hs — —.
42 60 233

A comparison (right panel of Fig. E[) shows that this formula is in good agreement

eyl = (60)

with the measured turbulence length scale for the instance discussed here.

4.8.2. Surface layer

The traditional logarithmic formula (equation describes the flow profile
of the surface layer with two parameters: zero-plane displacement d and hy-

drodynamic roughness height z5. We now adopt another approach which only
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needs one parameter k, for shaping the velocity profile (equation . This k,
is seen as a combination of d and zg but is complicated and influenced by many
factors. Here, for simplicity, dimensionless h, /L. (including the vegetation at-
tribute and resistance length scale of vegetation) and the ratio of layer height

are taken as influence factors, yielding the following fitted expression

2 1 hy hy 1 hy
kn_%+ﬁiz_r6ﬁ (61)

A comparison between measured and predicted k, is shown in Fig. 5] indicating
that the proposed formula well matches the turbulence index k,, for instances

reported above.

4.4. Limitations

Although the shape function proposed in equation illustrates a gradual
increasing trend in frontal width D, from bottom up and is suitable for vegeta-
tion such as shrub and sedge, the investigation needs to be broadened to other
types of vegetation. Moreover, although empirical expressions for the three

parameters Cq, cpl, and k, were proposed for various instances studied here,
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further investigation is still needed in considering different vegetation shapes

and flow conditions.

5. Conclusion

Different from former analytical models of velocity distribution in literature,
which is mainly suitable for vegetation stems with uniform frontal width, this
study established new analytical solutions of the velocity profile for vegetation
with shape. A brief summary of results is presented in the following:

(1) Vegetation such as shrub and sedge of certain shape where the frontal
width D, displays a gradual increasing trend with vertical direction from the
bottom up was investigated. A new vegetation shape function describing the
frontal width D, was proposed linked with D,,4, and D,,;, and needs fewer
parameters than previous formulas.

(2) Different closure models for eddy viscosity were adopted for the two-
layer vegetated flow, where eddy viscosity was expressed as a product of velocity
scaled by an adjusted length scale in the vegetation layer and the friction velocity
scaled by an adjusted length scale in surface layer. Combined with the proposed
shape function describing frontal width of vegetation, analytical solutions of the
velocity profile were derived from the momentum equations. Good agreement
between calculated and measured data shows the analytical model is effective
for predicting velocity profile.

(3) Because the shape of vegetation is different from the simplified vegetation
models using cylinders or single strips, the former empirical formulas of the
drag coefficient and the turbulence length scale were not suitable for the width-
varying vegetation here. New empirical expression were proposed that matched
the observed data well.

(4) There were few experiments focused on width-varying vegetation up to
now. Although empirical expressions for determining parameters such as drag
coefficient Cy, turbulence length scale for vegetation layer c,l, and surface layer

k,, were proposed for a number of limited scenarios, further investigation and
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w0 more experiments are needed in considering different vegetation types and flow

w0 conditions.
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