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Abstract: This study provides new insight into how to predict flow discharges of partly vegetated
channels with emergent vegetation. By adapting for the first time the Interacting Divided Channel
Method (IDCM), applied with a curved interface approach and with the presence of large-scale
roughness elements (not considered in previous studies), the total and zonal discharges of partly
vegetated channels were predicted based on a series of experimental results in this study together
with collected data from previous studies. Consideration of transverse momentum transfer in terms
of apparent shear stress at curved interface plane showed better performance with IDCM than the
Divided Channel Method (DCM) with both curved and classic vertical/diagonal divisions. In this
study, we also proposed a series of expressions, easily applicable, to predict the zonal discharges of
a partly vegetated channel.

Many experiments were carried out in a physical model of a very large rectangular channel with the
presence of rows of vertical, rigid, circular, and rough steel cylinders, representing emergent rigid
vegetation. The rows of cylinders were partially mounted on the bottom of the channel, leaving
lateral areas of free circulation near the walls. The three-dimensional components of the flow

velocity were measured using a 3D Acoustic Doppler Velocimeter (ADV)-Vectrino.
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1. Introduction

Predicting flow discharge through river channels is significant for the design and operation
of hydraulic structures, river restoration, and sustainable development planning (Huthoff et al.,
2008; Al-Khatib et al., 2012; Yang et al., 2019). Currently, the world is facing the challenge of
climate change which contributes to increasing the intensity and frequency of floods. Accurate
estimation of flow conveyance in natural watercourses can help reduce the impact of floods on
human life and property. In nature, many watercourses are composite compound channels,
consisting of different subareas of varying geometry and roughness. Channels with fringing
vegetation are found in many important environmental settings (White and Nepf, 2008). Partly
vegetated channels show similar hydrodynamic behaviors as a compound channel, consisting of a
main channel and one or two-side floodplains of varying geometry and roughness (Tang, 2017;
Yang et al., 2019; Pradhan and Khatua, 2020). At the interface between the main channel and an
adjacent vegetated area, a shear layer takes place. The large velocity gradient that occurs at the
interface generates high turbulence and transverse momentum transfer from faster to slower flow
subareas, reducing the velocity in the main channel and increasing it in the obstructed area. The
variation in flow structures between different subsections increases the difficulty in accurately
estimating flow discharge in composite/compound channels. The familiar methods often used to
determine the flow conveyance for river channels are the Single Channel Method (SCM) and
Divided Channel Method (DCM). Both methods are based on standard Chezy, Manning, and

Darcy-Weisbach equations, treating the cross-section as a single channel or dividing it horizontally,
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vertically, or diagonally into noninteracting subareas (Huthoff et al., 2008; Tang, 2017; Pradhan and
Khatua, 2020).

Several workers have experimentally and numerically studied the flow in composite
vegetated channels. White and Nepf (2008), summarizing different models and approaches to
describe and predict flow features at the interface of partly vegetated channels, indicated that most
models have used simplified one-dimensional approaches with an empirical Darcy-Weisbach
friction factor or a simple eddy viscosity model for the turbulence structure. Based on the double
averaged of Navier-Stokes equations, neglection the effect of vertical velocity component, White
and Nepf (2008), Chen et al. (2010), Ben Meftah et al. (2014), Lima and Izumi (2014) and Ben
Meftah and Mossa (2016), Li et al. (2022), as an example, proposed analytical solutions to predict
the typical transversal profile of the mean flow velocity at the interface between the vegetated and
non-vegetated areas. Despite the difficult application, these solutions can be used to predict the flow
discharge in partly vegetated channels.

In previous studies (e.g., Prinos and Townsend, 1984; Al-Khatib et al., 2012; Parsaie et al.,
2016), it was confirmed that conventional SCM and DCM methods overestimate or underestimate
flow discharge. The SCM is known to underestimate the discharge capacity of compound channels,
while DCM overestimates it (Myers and Brennan,1990; Pradhan and Khatua, 2020). In general, the
DCM predicts better results as compared to SCM and it is currently used, because of its simplicity,
for most practical models for open channel flows, i.e., HEC-RAS, SOBEK, MIKE 11 (Farooq et al.,
2016; Tang, 2017). The classical divided channel method (DCM) without consideration of the
interfacial effect, due to lateral momentum transfer, between the different subsections usually
overestimates and underestimates the discharge in the main channel and floodplains, respectively
(Singh and Tang, 2020).

Several approaches are proposed in the literature to improve the reliability of conveyance
capacity prediction in compound channels. Huthoff et al. (2008) and Singh and Tang (2020) have

well summarized most of these advanced approaches, classifying them into three classes:
3
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1) ignorance of momentum transfer while shifting the position and shape of the interfaces
which modifies the wetted area and perimeter in the Manning equations,

i1) introduction of interfacial apparent shear stress based on the secondary current and Reynolds
stresses distribution due to flow velocity fluctuation. The interfacial apparent shear stress is
usually parametrized in terms of the difference between main channel and floodplain
velocities,

ii1) continuum models based on solving the depth integrated and time-averaged Reynolds
Averaged Navier-Stokes (RANS) equations or shallow water equations. This method is
considered impractical because transverse numerical integration of the depth-averaged of the
streamwise velocity is required to obtain a stage-discharge relationship.

In addition to the abovementioned three classes of methods, in literature, there are many
other approaches (e.g., Ackers, 1993, Parsaie et al., 2016; Tang, 2017; Farhadi et al., 2019; Pradhan
and Khatua, 2020) proposed to estimate the zonal and overall discharge in compound channels.

The large velocity gradient occurring at the interface between the main channel and the
floodplain generates high turbulence and transverse momentum transfer from the fastest to the
slowest flow area, reducing velocity in the main channel and increasing it in the floodplains. The
momentum transfer mechanism, due to the formation of vortex structures at the interface between
subsections, was experimentally discovered for the first time by Sellin (1964). Since this discovery,
several studies (e.g., Myers, 1978; Knight and Demetriou, 1983; Huthoff et al., 2008; Tang, 2019;
Pradhan and Khatua, 2020) have focused on considering the contribution of momentum transfer in
terms of apparent shear stress for estimating flow discharge. It was concluded that interface
momentum transfer accounting better predicts zonal and overall flow discharges in compound
channels.

Most of the previous studies, which predict flow discharge, dealt with compound channels
of similar or different bottom roughness in both the main channel and the floodplain compartments.

Natural compound channels commonly consist of a main channel and floodplains covered with
4
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vegetation. Aquatic vegetation has different properties (height, shape, roughness, bending stiffness,
density) and can occupy the whole or part of a section of a watercourse (Ben Meftah and Mossa,
2016). In addition to the ecological functions, the presence of vegetation adjacent to watercourses
also increases the flow resistance and affects the conveyance capacity (Hamidifar et al., 2016).
Despite the several studies conducted on vegetated channels (Naot et al., 1996; Nepf, 1999;
Ghisalberti and Nepf, 2004; White and Nepf, 2007; Ghisalberti, 2010; Cheng and Nguyen, 2011;
Ben Meftah and Mossa, 2013; Ben Meftah et al., 2015; Liu and Zeng, 2017; Mossa et al., 2017; De
Serio et al., 2018; Van Rooijen and Ghisalberti, 2018; Wang et al., 2018; Sonnenwald et al., 2019;
Stewart et al. 2019; Zhang et al., 2019; Penna et al., 2022) evaluating and predicting different flow
properties (roughness, resistance, turbulence structures, velocity distribution...etc.), few studies on
the prediction of discharge capacity, based on traditional 1-D methods, have been observed in the
literature (Kiczko et al., 2020).

Because the classical 1-D methods, such as the DCM method, are simple and easy to apply
for modelling stage-discharge relations in compound channels, in this study, we try to adopt the
Interacting Divided Channel Method (IDCM) proposed by Huthoff et al. (2008), for compound
channels with floodplains without large-scale roughness elements (such as vegetation stems), to
predict the discharge of a partly vegetated channel. The peculiarity of the IDCM method is that it
includes the effects of lateral momentum transfer, which improves the reliability of discharge
predictions. The novelty of this study is the consideration of both large-scale roughness elements
(consisting of vegetation stems) and a curved-division interface plane by applying the IDCM
method.

To make the model operational, a procedure to follow for the prediction of the zonal and total
discharges of a partly vegetated channel is proposed (Sect. 2.2). This proposed model is very simple
to apply because it depends on the characteristic variables of a partly vegetated channel that

practitioners can easily define.
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2. Theoretical considerations

The flow configuration considered in this study addresses uniform flow in a very large
rectangular channel, of total width B, partially covered with an array of emergent, rigid, circular,
and rough steel cylinders. This morphology is representative of emergent vegetation like reeds,
bamboos, rushes, and many other trees of cylindrical rigid trunks (sometimes have well-arranged
distribution in floodplains). Representing channel with vegetation patches, the array of cylinders is
mounted on the central channel bottom over a full width of 2b,. Two unobstructed symmetrical side
regions, each of width b, are present near the side walls of the channel. The cylinders were arranged
in a square configuration and spaced with a distance s. The cylinders have the same diameter d and
height 4. Figure 1 shows a definition sketch of the considered problem. Since the flow field is
symmetrical to the axis of the channel, we focus only on the flow in the half of the channel cross-
section. Figure la shows that, along the y-transversal direction in half cross-section, the turbulent
flow is characterized by two main regions: an obstructed region and an unobstructed region (White
and Nepf, 2007; Ben Meftah et al., 2014; Ben Meftah and Mossa, 2016). The flow velocity in the
obstructed/vegetated region, zone I in Figure 1, is indicated by U; (defined as the average pore
velocity over time and space). The unobstructed region is divided into sub-zones: i) a free-stream
zone, indicated by zone II near the side wall, where the flow reaches a full and constant velocity U-,
and ii) a zone of shear layer, indicated by zone III, in which U continuously increases from a
velocity O(U)) at the interface (y = 0) to the full velocity U>. The flow velocities U and U are the
depth- and time-averaged velocity in each transversal position y.

The total flow resistance of the considered configuration is composed of three main
components: 1) the boundary shear stress (surface skin resistance), including bed and side wall
stresses of the channel, ii) the additional drag caused by vegetation (drag form), and iii) the apparent
shear stress, due to lateral momentum exchange at the interface between the obstructed and

unobstructed areas. The apparent shear stress is usually significantly greater than the boundary
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shear stress of the main channel (Helmio, 2004, White and Nepf, 2007). Since the flow
hydrodynamic structures of the considered configuration (consisting of a main area, constituted by
the unobstructed region, of high velocities, and a subarea, obstructed by vegetation, of low
velocities) are very similar to those of a compound channel, the Interacting Divided Channel
Method (IDCM), proposed by Huthoff et al. (2008), is physically adaptable to partly vegetated flow
configuration. Tang (2019), applying the IDCM method with an inclined interface plane between
the mean channel and floodplains, also observed a significant improvement of the predicted

discharge compared to classical DCM method with vertical interface.

2.1. Adaptation of the Interacting Divided Channel Method (IDCM)

Due to the great similarity between the flow hydrodynamic structures (presence of main
subsection of largest velocity, subsections of lowest velocity, development of a shear layer at the
interface between subsections) in compound and partly vegetated channels, in this study, we adapt
the IDCM method by Huthoff et al. (2008) based on the concept of apparent shear stress at an
arbitrary curved inclined interface plane between the obstructed and unobstructed regions. Figure 2
shows a descriptive scheme (cross-section of zone III) of the curved inclined interface plane. The
curved line originates from the bottom boundary layer at the intersection between zone I and zone
IIT (y = ym) and ends at the free surface flow, at the intersection between zone III and zone II, where
vm 1s the effective shear layer origin. The curved line separates the cross-section area A3 of zone III
into subareas of cross-sections Aq3 (subject of apparent shear stress) and A3 (subject of boundary
shear stress). To simplify the calculation of the length of the curved line and the surfaces A3 and
Ap3, the curved line has been replaced by two segments £O and OG, which intersect at point O
located on the diagonal (dashed line in Figure 2) of section A43. Note that by changing the position of
point O along the diagonal of section A3, it is possible to obtain the different classic-dividing-

interface-planes used in the DCM method: vertical (when EO equal to the flow depth H), diagonal
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(when EO = OG), and horizontal (when EO equal to the width of the shear layero). The horizontal
interface plane is not applicable for this study because the obstructed and unobstructed regions have
the same flow depth. In Figure 2, k and %’ indicate the vertical and transversal distances of point O
from the channel bottom and the zone II-III interface, respectively.

The momentum balance per unit length in the streamwise direction of channel subareas,
separated by the curved interface, as shown in Figure 1b, and defined in detail in Figure 2, can be

written as:

pgA23S = pfazUss® Pz + T4 (1)

pgA13S = pfizUss°Piz + Fy — 10/ (2)

The left-hand sides of Egs. (1) and (2) represent the streamwise component of the gravitational
force per unit length in the unobstructed and obstructed subareas of cross-sections 423 and 4;3. The
first terms on the right-hand side of Egs. (1) and (2) represent the boundary shear forces per unit
length along the wetted perimeters of the cross-sections 423 and A;3. The second term, F4, on the
right-hand side of Eq. (2) represents the vegetated-induced drag force per unit length. The last terms
on the right-hand side of Egs. (1) and (2) represent the apparent shear force per unit length along the
interface curved plane between the subareas of cross-sections A»3 and 473 (Tang, 2019). In Egs. (1)
and (2), p is the water density, g is the gravitational acceleration, 423 = Ap3 + A2 and A3 = Aa3 + A;
are the cross-sectional areas delimited by the interface curved plane, 4; and A. are the cross-
sectional areas of zone I and zone II, respectively, S is the free surface slope, f23 and fi3 are
respectively the frictional factors of the subareas 423 and 4,3, U3 and Us; are the mean velocities in
the cross-sections 473 and A>3, respectively, P;3 and P»3 are the wetted perimeters (excluding the
interface length) relative to the cross-sections A;3 and A»3, respectively, 7, is the apparent shear

stress acting at the interface curved plane, and /2’ = EO + OG (Figure 2) is the interface length.
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The vegetated-induced drag force per unit length Fy can be expressed, using the drag

coefficient for a single cylinder Cy, as:
1 2
Fa=3 pCyNb,HdU, (3)

where N is the vegetation density. According to previous studies (e.g., Huthoff et al.; 2008, Tang,
2019; Singh and Tang, 2020) the interfacial apparent shear stress is directly proportional to the
difference in squared velocities U3 and U;3 of the mean and obstructed subareas and can be

expressed as:
= 2oy (Ups? - Uys? )
Ta = ZPV( 23 13 )

where yis an interface coefficient to be determined.
Substituting the expression of the apparent shear stress, Eq. (4), into Eq. (1) and after some

arrangement and simplification we get an expression of the mean velocity U>; as:

1

Uz32 = Uz3,02 - §V623(U232 - U132) (5)
where
gR33S
Uz3,o2 = (6)
f23

hl

€23 =
f23P23

(7
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The substitution of Eq. (4) into Eq. (2) leads to the following expression of Uj;s:

1
U132 = U13,02 + EY€13(U232 - U132) (8)

where

U1302 _ gR13S _ Fy
' fi3 Pf13Pi3
hl

€13 =
f13P13

)

(10)

To adapt the IDCM method by Huthoff et al. (2008) to partly vegetated channel, the novelty of this
study lies in the consideration of the vegetation-drag effect (not addressed in previous studies) in
the expression of U3, as shown in Eq. (9).

By subtracting Eq. (8) from Eq. (5), we obtain the following expression of the squared

velocity difference:

2 2
U23,0 - U13,0

[1 + %V(GB + 613)]

2 2 _
U23 - U13 -

(11)

After the substitution of Eq. (11) in Egs. (5) and (8), one obtains the following unified

equations for Uzz and Uys:

1
5 V€23

Uz32 = Uz3,o2 - (Uz3,02 - U13,02) (12)

1
1+ 7)’(623 + €13)

10
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1
V€13

Ups® = U13,02 + (Uzs,o2 - U13,02) (13)

1+ 7]/(623 + €13)

In Egs. (6) and (9), R23 = A23/P23 and R13 = A13/P13 are respectively the hydraulic radii of the
subarea of the main channel of cross-section 423 and the obstructed one of cross-section A4;3. R»3 and

R13 can be calculated as follows:

(1—y—m—/1§)H
Rys = b _"b (14)
23 — ym ,

1—T+ﬂ7‘a

_ Ym 4 28
_[(1 @)C, + l;nJ”lb]H

Rys (15)

(11— @)C + 22+ B,

where A = Au3/A43 is a cross-sectional ratio of zone III, #”= 0 if the unobstructed area is not in
contact with channel side walls and "= 1 if it is in contact with one of the channel side walls
(Figure 1), ro = H/b is the aspect ratio of the unobstructed area of width b (Figures 3 and 4), ¢ =
Nnd*/4 = mad/4 is the solid fraction of cylinders, a = Nd is the total frontal area per unit array, and
C, is a contraction ratio, defined as the ratio of the obstructed-area width b, to the width of the
unobstructed area b (C, = bo/b), 7= 0 if the obstructed area is not in contact with channel side-
walls and #” =1 if it is in contact with one of the channel side-walls.

The interface length 4°, which appears in Eqgs. (7) and (10), can be calculated based on
Figure 2. The distance OF along the diagonal can be determined as: OF = a(H* + &)V = (K +
k’?)'2, where 0 < o <1 is a factor of proportionality to the total diagonal length. Using Figure 2, we
can also find that k> = (&/H)k, k = OF/[1 + (6H)*]'?, EO = [K* + (6 - k’)*]"* and OG = [K’* + (H -

k)*]'2. Finally, the expression of 4’ will be determined as:

11
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h'=H when a =1 (16)

R =k?+ (8§ —k)2+k'2+ (H —k)? when 0 <o <1 (17)

Referring to Figure 2, we can also find the expressions of 4.3, Ap3 and the ratio A,

considering that 43 = oH, as:

1
Aps =3 (k6 + k'H) (18)

Ay OH =% (k8 +K'H)
Ay SH

(19)

A =1l—-a«a

2.2. Procedure of calculation

The procedure to follow for the prediction of the zonal discharge and total discharge of a
partly vegetated channel is summarized as follows:
Step 1: the process begins with a detailed determination of the different characteristics of the partly
vegetated channel, as shown in Figure 1. The difficulty here is how to define the y, and o. This will
be discussed below in Sect. 4.1.
Step 2: calculate the interface length /’, using Eq. (17) after calculating k and &’ with a given value
of a. In this step, we can also calculate the value of 4, using Eq. (19).
Step 3: calculate the hydraulic radii R23 and R13, using Egs. (14) and (15), respectively.
Step 4: calculate the coefficients €23 and 13, using Egs. (7) and (10), respectively. Herein, the
frictional factors will be calculated based on Manning’s formulas as: f53 = g(n23)*(R23)""" and fi3 =
2(m13)*(R13)". The equivalent values of the manning coefficients 723 and n13 depend on the nature

of materials constituting the solid boundaries of each subarea.

12
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Step 5: calculate the zonal mean velocities U3 and Uiz o, using Egs. (6) and (9), respectively. The
wetted perimeters are determined as: P»3 = b — y,» + B'H and P13 = (1 - @)b, + ym + B"H. The
vegetated-induced drag force Fy (Eq. 4) will be calculated by defining a drag coefficient Cy and by

assuming a value of U; = U3, and therefore Eq. (9) becomes as follows:

gRy3S

1
5 Cqab,H (20)

1+ 2——
f13 f13P13

2 _
U13,0 -

Note that the subscript 0 in U3 indicates that the interface stress is not considered (interface
coefficient y = 0) and the solution is presented in terms of the flow velocity obtained with the
classical DCM method. Therefore, U;s,0 is approximately of order Uj.

Step 6: calculate the predicted zonal mean velocities Uz and Uiz based on Egs. (12) and (13),
respectively, with a given value of the coefficient y.

Step 7: calculate the predicted zonal and total discharges as:

Q1 =U134:, =0, (21)

Q, = Uy3A, (22)

Q3 = UpzAgs + UpsAszp = [AUss + (1 — D Uy3]A5 = UsAs (23)
Qu =02+ Q3 = Uy(4; + 43) (24)
Qr=2—-p")(Q1+ Q2+ Q3) (25)

where Q1 = O, is the discharge in zone I (obstructed by the vegetation), the cross-section area of
zone I is determined as: 41 = [(1 - @)bo + ym]H, Q> is the discharge in zone II (free-stream), Qs is the

discharge in zone III (shear layer), Us the mean velocity in zone III, Q, is the discharge in the

13



289  unobstructed region (zone II-11I), U, the mean velocity in the unobstructed region, QOr is the channel

290  total discharge.
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294 Figure 1. Problem description at the interface between the vegetated and non-vegetated domains: a) top view of the
295 experimental area with different flow zones, b) front view of the three flow zones and their characteristic velocity
296 profiles with subdivision of the cross-section of zone III into 453 and A4as. (x, ¥, z) are the longitudinal, transversal, and
297 vertical coordinates, respectively.
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Figure 2. Descriptive scheme of the curved interface plane. The bold solid line represents the curved interface.

3. Experimental method

The experiments on a partly vegetated rectangular channel were carried out at the Coastal
Engineering Laboratory (L.I.C.) of the Department of Civil, Environmental, Building Engineering
and Chemistry at the Polytechnic University of Bari, Italy. The channel consists of base and lateral
walls made of glass. The channel is 15 m long, 4 m large and 0.4 m deep. The water is supplied
from a large-downstream steel tank to an upstream one, using a Flygt centrifugal electric pump, in a
closed hydraulic circuit. A side-channel spillway of adjustable height is installed in the upstream
tank to maintain constant flow-head condition. The overflow water is drained through a pipeline to
the downstream tank. The pumped and overflow water discharges are measured using two
electromagnetic flowmeters mounted on the channel’s hydraulic circuit. The difference between the
two flow discharges defines the total discharge of the channel. To create a smooth flow transition
from the upstream tank to the flume, a set of stilling grids are installed in the upstream tank to
dampen inlet turbulence. The channel is equipped with an upstream and a downstream gate to
define both the depth and the mean velocity of the flow (Figure 3).

The vegetation array consists of vertical, rigid, circular, and threaded steel cylinders. The

cylinder height, 4, is 0.31 m and its diameter, d, is 0.003 m. The cylinders were inserted into a

15
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bottom plywood plaque 9.0 m long, 4.0 m wide and 0.02 m thick. The array of cylinders is partially
mounted in the central part of the channel, forming the experimental area of 3 m long and 2b,
width. Two symmetric lateral regions immediately adjacent to the channel sides, each of width b,
are left for free flow circulation (see Figure 1). Four experimental configurations, based on the
contraction ratio C,, were investigated, varying b and b,. The 3 m extension of the plywood plaque,
both upstream and downstream of the array of cylinders, and its taping to the channel bottom helps
to minimize flow disturbance. Cylinders are regularly arranged and spaced longitudinally and
transversally with the same distance s =5.0 cm, giving rise to a density, N, of 400 cylinders/m?.

The origin of the x-axis (x = 0) is taken at the upstream edge of the array of cylinders, while
that of the y-axis (y = 0) is taken at the array edge (interface between the obstructed and
unobstructed domains). The z-axis has its origin at the channel bottom. Since the flow within the
canopy is turbulent and highly heterogeneous at the scale of the individual cylinder, the
measurement of the three-dimensional flow is of crucial importance. The three flow velocity
components were accurately measured using an Acoustic Doppler Velocimeter (ADV)-Vectrino,
manufactured by Nortek. Using the ADV-Vectrino, a velocity range of +0.30 m/s, a vertical
extension of sampling volume of 7 mm, a sampling rate of 150 Hz and a time of acquisition of 2
min were established. The acquired data were filtered based on Tukey’s method and the bad
samples (SNR < 15 and correlation coefficient < 70%) were removed.

Detailed information on the measurements performed is summarized in Table 1, where Req
= U,d/v is the Reynolds number based on cylinder diameter, Re; = U>H/v is the Reynolds number
based on flow depth, O, is the measured main channel discharge, v is the water kinematic viscosity,
and & is a modified width of zone III (explained below in Sect. 4.1). In addition to the experimental
data of the present study, some data obtained in previous studies are also considered and illustrated
in Table 1. The White and Nepf’s (2007, 2008) data were obtained in a laboratory flume 13 m long

and 1.2 m wide, partially obstructed with a 40 cm wide emergent array (adjacent to a side wall of
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the flume) of 6.5 mm diameter wooden circular cylinders (Figure 4). The cylinder density, the flow
depth and the flow discharge were varied during the experimentation. The measurements of flow
velocity were made with a Laser Doppler Velocimetry (LDV) system. The data of Caroppi (2018)
were obtained in a rectangular channel 8 m long, 0.40 m wide and 0.4 m deep. A lateral area of
width 0.1625 m along the entire length of the flume was obstructed by an array of aligned emergent
cylinders of 4.5 mm diameter (Figure 4). Different cylinder packing densities, flow depth and flow
rates were tested. Instantaneous velocity measurements were performed with a SonTek Micro

Acoustic Doppler Velocimeter (ADV).

1

Table 1: Initial experimental conditions and some parameters of the investigated runs: 2 calculated using Egs. (26) and

(27), respectively. NI stands not identified. *Discharges estimated using velocity distribution.

) Ca C H r Ui U: Req Re: 5 ym 5 i On
Runs

() (mh) () (m) () (cm/s) (cm/s) () ) (cm) (cm) (cm) () (Is)

Present study

RO 0.0028 0.015 3.21 28.0 0.59 7.47 18.17 182 4.1x10* 28.02 1.87 3229 2.36 100.0
R1 0.0028 0.015 3.21 25.0 053 7.98 21.79 240 5.4x10* 22.59 290 31.70 2.03 100.0
R2 0.0028 0.017 3.21 22.0 046 9.04 2481 197 4.0x10* 2550 2.40 31.03 2.32 100.0
R3 0.0028 0.014 3.21 18.0 038 1091 3094 278 4.7x10* 2549 247 29.98 2.07 100.0
R4 0.0028 0.012 3.21 14.0 029 1390 38.53 365 4.7x10* 24.81 1.89 28.67 1.99 100.0
R5 0.0028 0.014 3.21 12.0 025 1880 43.05 465 4.3x10* 2443 248 27.87 2.05 100.0
R6 0.0028 0.016 1.05 28.0 0.29 5.67 1529 138 3.5x10* 44.65 3.14 46.60 2.07 100.0
R7 0.0028 0.016 1.05 25.0 026 6.80 16.79 165 3.4x10* 39.49 4.11 4538 2.06 100.0
R8 0.0028 0.015 1.05 22.0 0.23 8.11 1894 197 3.4x10* 35.35 4.50 44.01 2.03 100.0
R9 0.0028 0.015 1.05 18.0 0.18 8.91 23.46 218 3.4x10* 36.70 4.60 41.86 1.95 100.0
R10 0.0028 0.014 1.05 140 0.14 8.20 30.98 203 3.6x10* 34.95 3.79 39.17 1.85 100.0
R11 0.0028 0.015 036 14.0 0.09 740 26.65 185 3.1x10* 32.10 7.01 34.96 1.72 100.0
R12 0.0028 0.014 036 12.0 0.08 7.48 3195 193 3.3x10* 3291 6.83 32.46 1.64 100.0
R13 0.0028 0.015 0.36 18.0 0.12 9.41 19.79 239 3.0x10* 43.63 6.02 39.04 1.80 100.0

17



R14 0.0028 0.016 036 22.0 0.15 7.17 1552 184 2.9x10* 3598 582 4230 1.87 100.0
R15 0.0028 0.016 036 25.0 0.17 7.32 1347 189 2.9x10* 44.09 4.85 4437 1.90 100.0
R16 0.0028 0.015 0.16 25.0 0.14 7.80 11.85 191 2.4x10* 36.76 2.35 33.68 1.91 100.0
R17 0.0028 0.014 0.16 18.0 0.10 8.30 18.32 207 2.7x10* 3449 3.14 27.45 1.73 100.0
R18 0.0028 0.014 0.16 12.0 0.07 8.21 29.22 209 3.0x10* 26.94 3.99 19.75 1.59 100.0
R19 0.0028 0.016 0.16 28.0 0.16 7.50 11.06 194 2.7x10* 4098 2.45 35.83 1.85 100.0
White and Nepf (2007, 2008)
I 0.020 0.092 0.50 6.8 0.09 221 17.68 131 1.1x10* 1595 4.12 20.83 2.71 10.6*
11 0.020 0.092 050 104 0.13 1.74 21.69 103 2.1x10* 19.07 5.12 24.57 2.09 NI
111 0.020 0.092 0.50 13.8 0.17 1.89 2397 112 3.0x10* 19.86 4.64 27.06 1.80 NI
v 0.045 0285 0.50 6.6 0.08 1.25 1734 74 1.0x10* 16.69 1.54 2034 2.76 9.8*
\Y% 0.045 0242 0.50 53 0.07 025 3.82 15  1.8x10° 1690 1.71 1841 6.12 NI
VI 0.045 0255 0.50 6.0 0.08 0.84 1232 50 6.7x10° 1820 1.15 19.50 3.36 6.4°*
VII 0.100 2.430 0.50 6.6 0.08 043 16.82 25 1.0x10* 16.50 221 19.82 2.79 9.2*
VIII 0.100 2.740 0.50 5.5 0.07 0.15 5.85 9 2.9x10° 1553 2.09 1821 4.92 NI
IX 0.100 2.040 0.50 6.8 0.09 0.25 9.05 15  5.6x10° 1520 2.01 20.08 3.69 NI
X 0.100 1.770 0.50 7.8 0.10 089 29.59 53 2.1x10* 17.84 224 21.29 2.01 18.8*
X1 0.100 2.430 0.50 139 0.17 041 22,02 24 2.8x10* 21.54 2.84 2637 1.86 10.6*
Caroppi (2018)
R-I 0.025 0219 0.68 84 035 950 8420 431 7.1x10* 10.20 2.10 10.71 1.56 15.2
R-1I 0.025 0.192 0.68 10.2 043 10.10 9120 94 1.9x10* 990 2.14 11.22 2.99 19.5
R-1II 0.025 0.139 0.68 13.5 0.57 11.90 100.70 529 1.3x10° 11.10 242 11.95 1.27 294
R-IV 0.013 0.097 0.68 85 036 1420 87.00 638 7.4x10* 9.50 2.13 10.78 1.53 17.3
R-V 0.013 0.084 0.68 10.6 045 1530 9040 677 9.4x10* 1040 226 11.36 1.43 21.7
R-VI 0.013  0.069 0.68 13.6 0.57 1690 99.60 755 1.3x10° 11.20 2.44 12.01 1.27 31.8
R-VII 0.013 0.051 0.68 88 037 19.50 81.90 864 7.1x10* 9.40 193 10.87 1.57 17.3
R-VIII 0.013 0.045 0.68 10.6 0.45 21.00 8490 970 9.2x10* 880 1.88 11.36 1.44 21.7
R-IX 0.013  0.035 0.68 13.5 0.57 23.80 97.50 1098 1.3x10° 1040 220 11.99 1.27 31.7
R-X 0.006 0.020 0.68 13.3 0.56 31.10 93.40 1420 1.3x10° 10.60 231 11.96 131 31.7
R-XI 0.003 0.012 0.68 122 0.51 39.70 92.10 1831 1.2x10° 1040 220 11.75 1.34 31.7
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R-XII 0.002 0.007 0.68 11.1 047 51.70 94.00 2473 1.1x10° 820 1.57 11.50 1.34 31.7

R-XIII 0.001  0.005 0.68 88 0.37 6551 9880 2761 &.1x10* 820 1.22 1090 1.48 31.7
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4. Results and discussion

4.1. Prediction of shear layer width and vegetation drag coefficient

The shear boundary layer, zone III in Figures 1 and 4, is characterized by a width &, which
originates at a lateral distance y, from the vegetation edge. These two characteristic parameters (0,
vm) explicitly depend on the flow-vegetation interaction dynamics (White and Nepf, 2007, 2008;
Ben Meftah and Mossa, 2016, Li et al., 2022), and their determination requires detailed information
on the lateral distribution of the flow velocity. According to previous studies (e.g., White and Nepf,
2007, 2008; Ben Meftah and Mossa, 2016), v, is usually significantly small compared to 6. To
make the procedure of discharge predicting easily applicable, we have combined y, and ¢ into a
new o (= ym + 0) length scale. With this consideration, the width of zone III becomes & instead of
&, including the length scale y,. Figure 5 shows the trend of §7/b as a function of the dimensionless
parameter (1-¢)C,r,. The data plotted in Figure 5 refer to the present study and previous studies by
White and Nepf (2007, 2008) and Caroppi (2018), as shown in Table 1. Figure 5 indicates a clear
increasing trend of /b with the increase of (1-9)C,r.. A logarithmic regression analysis of these

data leads to an expression for predicting 8" as follows:

*

5
& = 0.11Ln[(1 — )Crr] + 061 (26)

The drag coefficient Cy represents a key parameter to calculate the total drag force by
vegetation. Determining Cy is a challenging task due to its complex dependence on the macro and
microstructure of vegetation arrays as well as flow characteristics (Ben Meftah, 2013; Huai et al.,
2019; Liu et al., 2020). In the last decades, several experimental, theorical and numerical studies
were conducted to predict the drag coefficient in vegetated channel flows. Recently, Liu et al.

(2020) provided a good summary of several methodologies used to measure the drag coefficient, Cy,
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of emergent vegetation in open channel flows, presenting a comprehensive list of existing predictors
of Cy. The authors also proposed an innovative robust predictor of Cy using genetic programming
(GP) and machine learning (ML) techniques based on natural selection of large series of published
data.

To find an easy expression predicting the drag coefficient, in this study, we aim to find out a
relationship between Cys and the Reynolds number Rexzo = Ux;oR23/v of the main channel area,
where Uss o and Ry3 calculated based on Egs. (6) and (14), using & instead of & and annulling yu (Vm
= 0). It is worth mentioning that Rez3 is expressed as a function of variables that practitioners can
easily define. In Figure 6, we plot the experimentally estimated values of Cy (Table 1), obtained in
the present study and previous studies by White and Nepf (2007, 2008) and Caroppi (2018), versus
Rexsp. Ca shows a decreasing trend with an increase of Rexso. The best fit to the data leads to the

following expression to predict the drag coefficient:

-0.47
Cq = 182(Rez3,0) .
0.7 A
0.6 .
| PR i
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0.5 - 28
5>
s X
e )
0.4 '/‘ ‘A A
N L%
%03 | g
® Present study
0.2 N
x White and Nepf (2007, 2008)
0.1
4 Caroppi (2018)
0.0 T T T T T T ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(1'¢)Crra

Figure 5. Trend of normalized length scale 6/b as a function of (1-@)C.r,.
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Figure 6. Trend of drag coefficient Cy as a function of Re3 p.

4.2. Results of discharge prediction by applying IDCM with a curved interface

All the experiments of this study and the previous studies, used to predict the flow
discharges, were of steady, uniform and fully developed flow. The channels have rectangular cross-
sections made of glass/Plexiglas and are characterized by fixed beds. The roughness was identified
in terms of a Manning coefficient n, considered constant and determined based on the nature of the
material constituting each laboratory channel. Since the channel bed of the present study is covered
with a plywood plaque (Figure 3), an equivalent Manning roughness coefficient of » = 0.013 was
assumed, whereas a value of n = 0.01 was considered for both previous studies by White and Nepf
(2007, 2008) and Caroppi (2018). The free surface slope S, which is theoretically equal to the bed
slope with a uniform flow, was determined based on the measured flow velocity U (of constant
value) through zone II. The average value (of all runs) of S is almost equal to 2x10™, 1x10™* and
2x107 for the present study, the studies by White and Nepf (2007, 2008) and that by Caroppi
(2018), respectively.

Figure 7 shows a comparison between the measured and predicted (applying the IDCM
method) total discharges for the present study (Figure 7a) and the previous studies by White and

Nepf (2007, 2008) and Caroppi (2018), as shown in Figures 7b and 7c, respectively. It is worth
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mentioning that the results depicted in Figure 7 were obtained after testing different values of the
curved interface line 4’ to reach the best performance, by varying the values of « (between 0 and 1)
and 7. Furthermore, in the calculation procedure (Sect. 2.2) & was used instead of &, annulling ym,
and Cy was estimated using Eq. (27). For the present study, the values of = 0.20 (4= 0.80) and y
= 0.023 lead to the most accurate discharge prediction. A good performance of the IDCM method
was also obtained with a similar value of y (= 0.020) in a previous study by Huthoff et al. (2008),
predicting flow discharges in a compound channel. For the previous studies by White and Nepf
(2007, 2008) and Caroppi (2018), the best IDCM-performances were achieved with values of (a =
0.39, y=0.037) and (= 0.10; y=0.012), respectively.

According to Tang (2019), the mean absolute percentage error (MAPE) of predicted

discharge has already been used as a criterion for the method’s accuracy and calculated as follows:

g, = %=l g, 8)

Qm

where Ep is the percentage error of the predicted discharge, O, is the predicted discharge and Oy, is
the measured discharge. In Figure 7, the Ep-values of the different runs are shown above the
histograms. For the present study (Figure 7a), Ep shows for most runs a value less than 8%, except
for 5 runs where it varies between 13% and 23%. The average value of Ep for the 20 runs, shown in
Figure 7a, 1s slightly below 6%, indicating the good performance of the IDCM method. White and
Nepf (2007, 2008) in their original papers only indicated the range of discharge variation of their
experiments. The five measured discharges, presented in Figure 7b, were estimated based on
available detailed data (Runs I, IV, VI, VII, X) of transversal distribution of the streamwise velocity
depicted in the study by White and Nepf (2008). Despite the uncertainty in estimating the White
and Nepf’s (2007, 2008) measured discharges, Ep indicates four values less or equal to 9% and an

average value of order 10%. The predicted discharges, shown in Figure 7c, also indicate good
23



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

accuracy. Most of the values of Ep vary between 0% and 10%, giving an average value of 7% for
all runs.

The application of the IDCM method with & = 0.20 and y = 0.023 (values that led to the
best IDCM-performance with the data of this study) to the White and Nepf’s (2007, 2008) and
Caroppi’s (2018) data yields an average value of Ep almost equals to 11% and 10%, respectively.
Here we notice that there is a slight variation of the average value of Ep from 10% and 7%, as best
IDCM-performance with the data of White and Nepf (2007, 2008) and Caroppi (2018), to 11% and
10% (obtained with = 0.20 and y = 0.023), respectively. This allows us to consider a value of o =
0.23 (1=0.77) and y = 0.024 (obtained averaging the a- and y~values of best performances for the
three analyzed datasets) for the combined data. Hereafter we indicate by “combined data” the set of
data of the present study and the studies of White and Nepf (2007, 2008) and Caroppi (2018) treated
together. With & = 0.23 and y = 0.024, we obtained an average value of Ep of almost 6% with the
present study, 11% for both studies of Nepf (2007, 2008) and Caroppi (2018) and 9% for the
combined data.

Figure 8 shows the results of the predicted and measured total discharges for the different
datasets (present study’s, White and Nepf’s (2007, 2008) and Caroppi’s (2018) data), applying the
DCM method with the same values of « as in Figure 7. Note that with the DCM method, the
contribution of the apparent shear stress is not considered, i.e., ¥ = 0, as indicated by the subscript 0
in Oro. Figure 8 shows a significant underestimation of the predicted discharges compared to those
measured. Most values of Ep are higher than 30% for the three datasets used for analysis. Ep is of
average value approximately equal to 29%, 30% and 33% for the present study with = 0.20, the
studies by White and Nepf (2007, 2008) with & = 0.39 and that by Caroppi (2018) with = 0.10,
respectively. With « = 0.23, Ep is almost equal to 28%, 35% and 25% for the present study, the
studies by White and Nepf (2007, 2008) and the study by Caroppi (2018), respectively, and it is
approximately 29% for the combined data. However, it was observed that Ep significantly
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decreases with a high value of a. Ep reaches a minimum average value approximately equal to 7%,
14% and 3% for the present study with & = 0.90 (4 = 0.10), the studies by White and Nepf (2007,
2008) with ¢ = 0.92 (1 = 0.08) and that of Caroppi (2018) with & = 0.62 (1 = 0.38), respectively.
With &= 0.81 (average of the three a-values of 0.90, 0.92 and 0.62), for the combined data, Eo is of
average value approximately equal to 13%. It is worth remembering that, with & = 0.23 and y =
0.024, the average value of Ep applying the IDCM method for the combined data is almost 9%.
This implies that the IDCM method predicts more accurately the flow discharges than the DCM
method. Table 2 shows a comparison between the performance of the IDCM and DCM methods.
Figure 9 shows a comparison between the predicted and measured normalized discharges in
the three different subareas, i.e., zone I, zone II, zone III. Both predicted and measured discharges
are normalized by the total predicted discharge Qr. The data presented in Figure 9 were obtained
applying the IDCM method with a curved interface plane of @ =0.23 (1 =0.77) and y = 0.024. The
zonal predicted discharges were calculated using Egs. (21-23). Figure 9a shows the normalized
discharges in the obstructed region, zone I. For all runs of the present study and the studies by
White and Nepf (2007, 2008) and Caroppi (2018), the IDCM method shows an overestimation of
the discharge Q1. The data scattering in Figure 9a may be due to the high uncertainty of both the
measured velocity U; and the drag coefficient estimation. Figure 9b shows the data of Q»/QOr,
discharge in the free stream-zone (zone II), subject of constant velocity Us. In this zone, the IDCM
method underestimates the discharge Q> by a value around 20%, as shown by the deviated dashed
line from the perfect fitted line (solid line). The good collapse of data onto a single curve in Figure
9b reflects more precision in measuring the flow velocity Us. Figure 9c¢ presents the normalized
discharge, 03/Qr, in the shear layer zone (zone III). Despite the slight data scattering shown in
Figure 9c, the predicted and measured discharges indicate a good correlation, where most data

collapse at and close to the perfect fitted line (solid line).
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It should be underlined that with & = 0.50 we obtain the classic diagonal divisional channel method.

This division method showed low performance in predicting the total discharges compared to the

curved division. With « = 0.50, for the combined data, the IDCM method with y = 0.02 gives an

average value of Ep approximately equal to 16%, while the DCM method showed a value of almost

18%.

Table 2: Performance of IDCM compared to DCM methods with curved interface plane. The left column of DCM

represents the results obtained with the values of (« , A) which give better performance with IDCM method. The right

column of DCM illustrates the results of better performance of DCM with curved interface.

IDCM DCM (y=0) DCM (y=0)

Runs a A 1% Ep Ep a A Ep

G O] 6 (%) (%) G 0 )
Present study 0.20 0.80 | 0.023 5.87 28.71 0.90 0.10 6.40
White and Nepf (2007, 2008) 0.20 0.80 | 0.023 11.48 36.31 0.90 0.10 14.00
Caroppi (2018) 0.20 0.80 | 0.023 10.04 27.25 0.90 0.10 20.63
Present study 0.39 0.61 | 0.037 12.60 21.44 0.92 0.08 6.66
White and Nepf (2007, 2008) 0.39 0.61 | 0.037 9.78 30.41 0.92 0.08 13.65
Caroppi (2018) 0.39 0.61 | 0.037 18.05 15.73 0.92 0.08 22.08
Present study 0.10 090 | 0.012 9.86 32.58 0.62 038 13.29
White and Nepf (2007, 2008) 0.10 0.90 | 0.012 13.27 39.32 0.62 0.38 2295
Caroppi (2018) 0.10 090 | 0.012 6.73 32.93 0.62 0.38 341
Combined data 0.23 0.77 | 0.024 9.48 29.47 0.81 0.19 12.74
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plane: a) present study with &= 0.20 (1 = 0.80), b) studies by White and Nepf (2007, 2008) with o= 0.39 (1= 10.61), c)

study by Caroppi (2018) with = 0.10 (4 = 0.90).
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03/Qr in zone 111, Or is the total predicted discharge. The solid line denotes the perfect fitted line, while the dashed line

indicates a 20% deviation from the perfect fitted line.
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4.3. Dependence of zonal discharges to the cross-section characteristic parameters

With the aim of finding practical expressions to predict the zonal flow discharges, we
conducted further analysis based on the channel-sectional characteristic parameters (Figures 1 and
4). In Figure 10a, we plot the normalized predicted discharge Q1/Qr of the obstructed region (zone
I) versus the dimensionless parameter (1- @)Cv"!. It is worth point out that the predicted
discharges presented in Figure 10 are results of the IDCM method with a curved interface of o =
0.23 and y = 0.024. Figure 10a shows a perfect collapse of the data, from the different studies, onto
a single increasing curve. A logarithmic regression of the combined data yields an empirical
expression, of coefficient of determination R? = 0.99, to predict the discharge in the obstructed

region QO as follows:

@& 0.20Ln[(1 — ¢)C,7,°1°] + 0.50 (29)

Qr

Figure 10b shows the normalized predicted discharge Q»/QOr in the free-stream region (zone
1) plotted against the parameter (1- ¢)C,7."’. Figure 10b points out that Q»/Qr systematically
decreases as (1- ¢)Cr,’’ increases, following an almost perfect trend. A logarithmic regression of
the combined data also leads to an empirical expression, of coefficient of determination R? = 0.99,

for the discharge Q> in the free-stream region as follows:

Q2 _ —0.17Ln[(1 — ¢)C,1,%5°] + 0.20 (30)

Qr
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Since by continuity Or = Q1 + O» + (s, an expression to predict the discharge Qs in the
interface between the obstructed and unobstructed regions (zone III) can be easily obtained, based

on Egs. (29) and (30) as:

95 _ _0.03Ln[(1 = 0)C,7,~217] + 0.30 (31)

Qr

The prediction of zonal discharges is of crucial importance for many reasons, i.e.,
determination of the flow velocity in each compartment, expectation of possible erosion or
deposition of solid materials, river restoration and management, hydraulic capacity improvement,
flow impact on ecological health. The discharge predictors, shown in Eqs (29-31), are expressed as
a function of variables that practitioners can easily define, making them very simple to apply for

partly vegetated channels, especially after having defined the total discharge QOr.
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576  4.4. Results of discharge prediction with vertical interface

577 Based on the curved interface approach proposed in this study, the vertical interface occurs
578  when a = 1.00 (1 = 0.00). Here, the peculiarity is that the length of the interface /4’ becomes equal
579  to the distance EO (see Figure 2), which is necessarily equal to the flow depth H. It has been

580  observed that by setting the value of o = 1, the consideration of the apparent shear stress effect, i.e.,
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y# 0, has no impact on achieving better IDCM performance. The best performance in predicting the
flow discharges was obtained with a value of y= 0, i.e., with the DCM method. Figure 11 illustrates
a comparison between the predicted and measured total discharges for the present study and
previous studies by White and Nepf (2007, 2008) and Caroppi (2018). For the present study (Figure
11a), most of the predicted discharges are comparable to those measured, with an Ep ranging
between 1 and 12%. The average value of Ep of all the 19 runs is approximately equal to 10%,
which is almost double that obtained applying the IDCM method with a curved surface of o = 0.20
and y= 0.023 (See Table 2). Figure 11b and 11c show significantly lower performances, compared
to the present study, analyzing White and Nepf’s (2007, 2008) and Caroppi’s (2018) data. Ep
indicates an average value of approximately 12 and 28% with the dataset of White and Nepf (2007,
2008) and Caroppi (2018), respectively. The average value of Ep for the combined data is of order
17%, against a value of 9% and 13% (Table 2) obtained applying the IDCM (a = 0.23 and y =
0.024) and DCM (a = 0.81) with curved interface plane, respectively. This implies that the curved
divisional channel method shows better performance than classic vertical division.

Figure 12 shows the predicted versus measured total discharges obtained applying the
IDCM and DCM methods with curved and vertical interface planes. Both the IDCM and DCM with
a curved interface show better performance in predicting channel discharges than the DCM with a
vertical interface, which overestimates most discharges by more than 20%, as indicated by the
dashed line in Figure 12. With the consideration of a curved interface plane, the best performance

was achieved with the IDCM method, as can also be distinguished from Table 2.

4.5. Vortical structure in the shear layer region

Analysis of the flow behavior in the shear layer region (zone III), as shown in Figure 13,
shows the development of a clockwise vortex of a length scale of order ¢ (width of zone III). Figure

13 indicates that the secondary current cell occupies the largest cross-section area of zone II1, which
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is subject to considerable transverse momentum transfer. This momentum transfer generates
considerable apparent resistance, affecting the flow velocity distribution and therefore the flow
discharge through this zone. The apparent resistance should be physically proportional to the cross-
section area subject to considerable transverse momentum transfer due to the dominated vortex
structure in zone III, giving rise to consider a curved interface (Figure 2) to better represent the
proportionality of this area (defined above as A) to the total cross-section area of zone III, 43. The
introduction of a curved interface approach is strongly confirmed by the best performance of the

IDCM method in predicting the flow discharges.
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5. Conclusions

In this study, we adopted for the first time the IDCM method to predict flow discharge in a
partly vegetated channel with emergent rigid vegetation. Transverse momentum transfer was
considered in terms of apparent shear stress, acting on a curved interface plane. In this study, the
choice of a curved interface approach was justified by the dominance of a vortical structure in the
shear layer region. It was observed that most of the interface area (zone III in this study) is subject
to the development of a typical vortex of a length scale on the order of the width of this interface
area. This study confirms that a curved divisional channel method better physically represents the
effect of apparent resistance in the shear layer region.

The IDCM method applied with a curved interface leads to find practical analytical expressions
of the flow velocity on the main and obstructed subsections of a partly vegetated channel, giving
rise to discharge prediction. To make these expressions simple and easily applicable by
practitioners, we proposed empirical formulas to predict the width of the interface zone and the drag
coefficient due to vegetation stems (characteristic parameters essential for the calculation
procedure). The IDCM applied with a curved interface plane is characterized by two free
coefficients « (coefficient to define the interface curved length) and y (interface coefficient for the
apparent shear stress).

The flow discharge prediction based on laboratory experiments shows a sensitivity of the IDCM
method to « and y values. Comparison of the different analyzed datasets shows that the best IDCM-
performance was achieved with values of « and y in the range 0.10 - 0.39 and 0.012 - 0.037,
respectively. The results of the combined data of the different laboratory experiments lead to better
performance of IDCM with o= 0.23 and y= 0.024. The best performance of the DCM method was
obtained with values of « ranging between 0.62 and 0.92 treating separately the data of the different
studies and with a = 0.81 for combined data. Based on the results achieved in this study, the IDCM

method with a curved interface plane showed better performance in predicting the flow discharge in
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partly vegetated channels than the DCM method. Furthermore, the IDCM method applied with a
curved interface also showed better performance than DCM with classic vertical or transversal
division methods.

In this study, we also proposed a series of expressions, easily applicable, to predict the zonal
discharges of the different characteristic subareas in a partly vegetated channel.

Further sophisticated experiments in partly vegetated channels are recommended for future

studies to determine more accurate values of the characteristic coefficients o and y.
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Notations

Cross-sectional area (m?)

Total frontal area (area exposed to the flow) per unit array (m™)
Channel width (m)

Width of the unobstructed area (m)
Width of the obstructed area (m)
Drag coefficient (-)

Contraction ratio (-)

Cylinder diameter (m)

Drag force per unit length (N/m)
Darcy-Weisbach friction factor (-)
Gravity acceleration (m.s?)

Flow depth (m)

Cylinder height (m)

Useful lengths for estimating the curved interface length (m)
Density of cylinders (cylinders.m™)
Manning coefficient (m™'"3.s)
Wetted perimeter (m)

Flow discharge (m3.s™)

Hydraulic radius (m)

Aspect ratio (-)

Reynolds number (-)

Free surface slope (-)

IS RN

IR00

DO VI = A S TS
b

S
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685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

S Space between cylinders (m)

U Streamwise time-averaged velocity (ms™)

Ui Flow pore velocity inside the obstructed region (ms™)
U> Free-stream velocity in the unobstructed area (ms™)
X, )z Longitudinal, transversal and vertical coordinates, respectively (m)
Vm Effective shear layer origin (m)

a, y Coefficient of proportionality (-)

BB B Constants to define the channel configurations (-)

0, 0" Shear layer width (m)

) Cross-sectional ratio (-)

0 Water density (kg.m™)

T Apparent shear stress (N.m)

o Volume solid fraction of the cylinders (-)

% Water kinematic viscosity (m2.s™)
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