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Abstract

In natural rivers, vegetation grows on floodplains, generating complex velocity field within the compound channel. The
efficient modelling of the flow hydraulics in a compound channel with vegetated floodplains is necessary to understand
and determine the natural processes in rivers and streams. As the three dimensional (3D) flow features are difficult to
capture through experimental investigation; therefore, the present numerical study was carried out to investigate the
complex 3D flow structures with the vertically layered vegetation placed over the floodplains in a symmetric trapezoidal
compound channel. The simulations were conducted using a Computational Fluid Dynamics (CFD) code FLUENT,
whereas a Reynolds Averaged Navier-Stokes (RANS) technique based on Reynolds stress model (RSM) was
implemented for turbulence closure. The numerical model successfully replicated the flow behavior and showed a good
agreement with the experimental data. The present study concluded the presence of quite-S shaped velocity profile in the
layered vegetated floodplains when the short vegetation was submerged during high flows or floods, whereas the
velocity profile was uniform or almost logarithmic during low floods or when both short and tall vegetation remained
emergent. The lateral exchange of mass and momentum was promoted due to the flow separation and instability along
the junction of the floodplains and main channel. The flow velocities were significantly reduced in the floodplains due to
resistance offered by the vegetation, which consequently resulted in an increased percentage i.e. 67-73%, of passing
discharge through the main channel. In general, the spatial distribution of mean flow and turbulence characteristics was
considerably affected near the floodplain and main channel interfaces. Moreover, this study indicated a positive flow
response for the sediment deposition as well as for the nourishment of the aquatic organisms in the riparian environment.
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1. Introduction

Vegetation on flood plains is a world-wide engineering problem in most of the natural rivers, which does not only
affect the flow conveyance capacity but also influences the ecological system of rivers [1]. Natural rivers are generally
functioned by the main channel for conveyance of the primary flow and a vegetated floodplain to carry the extra flow
during floods. The vegetation on the floodplain offers hydraulic resistance as it typically leads to the reduced flow
velocity and increases the difference in velocity between the main channel and the floodplain. Many river problems
demand accurate predictions of the flow conveyance in compound channels. It facilitates the engineers in the
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development of important information related to the flood protection, design of hydraulic structures, and sediment load
estimation to plan for effective prevention measures [2-4]. It is related to other practical engineering problems such as
river training and morphology, dredging and design of flood alleviation works [5-7]. It encourages the hydraulic
engineers to estimate the flood risks and to develop the mitigation schemes [8, 9].

Vegetation on the floodplains has distinct functions to understand the morpho-dynamics and flood control features
of river. It includes flow reduction, streamline regulation and shoreline protection against the erosion. On the other
hand, it enhances sediment deposition and causes overgrowth of the vegetation [1]. Several researchers have explored
different flow patterns and discharge prediction in a vegetated compound channel [10-12]. Flow conveyance in a
compound channel can be accurately determined with considering the momentum-transfer mechanism across the flow
sections [13-15]. Thus, the outcomes of the previous studies identified that the flow structures in a compound channel
are more complex than that in a simple channel.

The flow structure at the interface of main channel and floodplains containing vegetation becomes complex due the
exchange of momentum [16, 17], which affects the overall discharge carrying capacity of the channel [18]. The
vegetated floodplains play a role in sediment trapping due to larger exchange of momentum [19] and helps in channel
restoration [20]. Thus, the introduction of vegetation on the floodplains illustrates the better understanding of flow
hydrodynamics in compound channels.

Previous researchers have investigated the compound channel flow with focusing on constant height of the
vegetation on floodplains under either emergent or submerged flow conditions, which is not as real as that in natural
rivers or streams. In fact, in natural riparian environment, vegetation exists with heterogeneity i.e. short vegetation
such as shrubs and grass, as well as tall vegetation such as trees [21], which experiences both emergent and submerged
conditions. Although there are only a few studies on flows with an array of short and tall vegetation together [21,22] in
rectangular channels; however, the complex interaction of flow in the floodplains having such kind of riparian
vegetation with the main channel flow needs to be explored. Thus, these studies indicate the influence of vegetation
diversity on flow structures in natural riparian environment.

During the higher floods in riparian environment or in flood plains, the short vegetation becomes submerged and
tall vegetation becomes emergent which results in extra complexity of the flow structure due to shear layer formation
around the top of submerged vegetation [1]. On the other hand, when the water level is small during low flows, short
vegetation as well as tall vegetation remains emergent. Thus, it is necessary to consider the effects of the short and tall
vegetation, which contributes an extra part of complexity in the flow patterns, to effectively replicate the riparian
environment. Although understanding of the flow hydrodynamics with incorporating riparian vegetation has
extensively been promoted by the previous studies, discussion is still limited within the scope of heterogeneous
canopies over the floodplains.

Many of the previous researchers adopted numerical simulation techniques in order to clarify the turbulent flow
structures through the vegetation in open channels. For example, Nodaoka and Yagi [23] and Su and Li [24] applied
Large Eddy Simulation (LES) technique for studying the turbulent flows in open channel in the presence of vegetation.
A non-linear k-epsilon (k—¢) model was implemented by Jahra et al. [25] to clarify the mean velocity distributions and
turbulent features. Kang and Choi [26] developed a Reynolds stress model (RSM) to investigate the flow structure
with and without considering the effects of vegetation. The Reynolds averaged Navier Stokes (RANS) technique was
adopted by Anjum and Tanaka [27, 28] in which the turbulent flow features through heterogeneous vegetation
configuration were investigated utilizing CFD code FLUENT. Souliotis and Prinos [29] numerically investigated the
effects of vegetation density on the flow stability and turbulence characteristics with the help of FLUENT. Thus, the
involvement of numerical investigating techniques examines the turbulent characteristics more efficiently.

Zhao et al. [30] and Yan et al. [31] experimentally studied the turbulent flow structure through submerged
vegetation in an open channel; whereas the wake structure in the presence of non-submerged vegetation was
investigated by Yu et al. [32]. Zhao and Huai [33] utilized LES technique to study the influence of discontinuous and
submerged patches of vegetation on turbulence of flow in an open channel. Moreover, they pointed that simulating the
flow structures within the vicinity of vegetation cylinders is difficult to achieve through experimental investigation.
Thus, overcoming this difficulty is one of the advantages of present numerical study.

The present study is focused to numerically investigate the flow behavior in a compound channel with the
floodplains containing vertically layered vegetation. The main objective of the present study is to simulate the 3D flow
properties by investigating the detailed velocity distribution and turbulence characteristics under a varying condition of
submergence of novel kind of layered vegetation over the floodplains. The RSM is implemented for the simulation
purpose. The present study can help in understanding the hydrodynamics of flow through compound channel with
vegetated floodplains, better forest management in case of floods, suitable habitat from ecological point of view, and
three-dimensional (3D) flow phenomena through a complex vegetation array to better elaborate the natural processes
in a riparian environment.
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This paper is divided into three major sections: 1. Materials and Methods: in which governing equations of the
numerical model, validation of the model, and modeling setup are presented in detail, 2. Results and Discussion: where
the vertical and lateral profiles distribution, and spatial distributions of the flow and turbulent characteristics are
discussed, 3. Conclusions: At the end, the major outcomes of this study are concluded.

2. Materials and Methods

2.1. Governing Equations

For the steady and incompressible open channel flow, the RANS equations for the continuity and momentum can
be expressed as given in Equations 1 and 2, respectively.

Continuity equation:

omy) _

axi - (1)
Momentum equation:
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Where u; represent the time-averaged velocity in x; direction, %; represent the time-averaged velocity in x;direction, v
represent the kinematic viscosity, p represent the density of water, p represent the pressure, and p(ul u,") represent
the Reynolds stresses.

The general form of the Reynolds stresses is expressed in Equation 3 [34]. It involves different terms
characterizing the partial differential equation for the independent Reynolds stresses transport.
R;;

—o = Pij+ Dy — &+ Iij+ Quij— G 3)

R . . . .
Wherea—t” is the rate of Reynolds stresses, P;; is the production rate of Reynolds stresses, D;; is the stresses transport

due to diffusion, g;; is the rate of dissipation of stresses, Il;;is the stresses transport due to turbulent pressure strain
interactions, {);; is the stresses transport due to rotation, and C;;is the convection transport.

The production term and the diffusion terms are modelled as (Equations 4 and 5, respectively):

a(u a(u;)
Pij:_(lea]+ijau) 4
= 9 (v Ry
Dij - 0xXm (ak 6xm) (5)

Where g, = 1.0, and:
k2

Ve = Cu? (6)
Where C,, = 0.09.
Equation 7 shows the modeling of dissipation rate.

2
Eij = 5 86ij (7)
Where ¢ represent the dissipation rate of turbulent kinetic energy and §;; represents the Kronecker delta which is
expressed as §;; = 1ifi=jand §;; = 1ifi # j.
The rotation term is given in Equation 8.
Qij = _Zwk((u],um,)eikm + <ul,um,)ejkm) (®)

Where w), represents the rotation vector and e, represents the alternating symbol; e;;; = +1if i, j and k are different
and in cyclic order, e;j;, = —1if i, j and k are different and in anti-cyclic order; and e;;; = 0 if any two indices are
the identical.

The pressure strain term is expressed in Equation 9.

e 2 2
[1ij = =Ci - (Rij =5 k6ij) — G (Pij — 5 P6yj) ©)
Where C; = 1.8 and C, = 0.6
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Also, the turbulent kinetic energy “k” is modelled in Equation 10.
1 — _ -
k=2 (W) + w2+ wed)) (10)

And, the convective term is simply modelled in Equation 11.

_ O(plme)(wru;7))

Cij = (11)

dx k
2.2. Experimental Setup for Model Validation

The numerical model was validated with the experimental data of Takuya et al. [1]. They conducted a flume study
in a 4.8m long and 0.8m wide channel. The test flume was adjusted to simulate a symmetric trapezoidal compound
cross section with partial vegetation belt on the edges of floodplains. The bed slope was fixed to a value of 1/1000.
The rigid vegetation cylinders were arranged in a staggered pattern with vegetation density (4,.,) of 2 m™. The height
(h,) and diameter (D) of each cylinder were 6 cm and 0.6 cm, respectively. The longitudinal and transverse spacing
between the cylinders was equivalent to A4S = 5.5 cm. The discharge used in the considered case was Q= 10 L/s
corresponding to the emergent vegetation. The experimental conditions are given in Table 1.

2.3. Boundary Conditions

The modeled geometry for validation was simplified to a reduced length ratio of 1/3 due to small vegetation size
and large mesh. A computational domain of 1.6 m length was modeled, while all the other dimensions were kept the
same as shown in Figure 1(a) (top view) and Figure 1(b) (lateral view). An unstructured mesh with tri-pave scheme
was used which provided 1.4 million grid points. A periodic boundary condition was adopted at the inlet/outlet of the
domain which offered an interface (translational periodicity) between the inlet and outlet of the domain. A symmetry
boundary condition was used at the free surface, and a wall boundary with no-slip condition was applied at the domain
bed, side walls and cylinder walls.

Table 1. Experimental conditions (Takuya et al. 2014 [1]), where //is the flow depth in floodplain, 4, is the flow depth in the
main channel, 4, is the vegetation density, %, is the height of the cylinder, 4S5 is the spacing between the vegetation
cylinders, Q is the discharge, U is the average velocity, F,is Froude number, R, is Reynolds number for cylinder and R, is
flow Reynolds number.

h¢ hn Aveg D h, AS Q U N
B F. R. R.
(cm) (cm) (m™) (cm) (cm) (cm) (L/s) (m/s)
5.75 9.25 2.0 0.6 6 5.5 10 0.181 0.220 1086 12507
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Figure 1. Experimental scheme (Takuya et al. 2014 [1]), (a) plan view showing partly covered vegetation on floodplains, and
(b) lateral view
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The numerical simulations were performed with a computational fluid dynamics (CFD) code FLUENT. The
turbulence closure was achieved with a 3D RSM. The coupling between pressure and velocity was developed with the
SIMPLE method. The solution was considered to be converged after all the residuals were reached to 1x10°. The
standard wall function was applied as a near wall treatment. The nodes occurring in cross-wise and depth-wise
directions were doubled to test a mesh independent trial. The variations in the results of primary velocities were less
than 1% due to mesh refinement, which indicated that the mesh independent results are achieved.

2.4. Validation of Numerical Model

The channel cross section was considered axis-symmetric to the central vertical axis. Figures 2(a) and 2(b) shows
the comparison of computational and experimental data of surface and depth averaged velocities along the cross-
section X (see Figure 1a). The vertical axis shows the stream-wise velocity, whereas the horizontal axis shows the
transverse distance in y-direction. It can be observed by both experimental and numerical results that the flow
velocities are significantly reduced in the vegetation part of the floodplain i.e. 0.13 cm < y < 0.25 cm (Figure 2a-b). On
the contrary, the velocities are visibly higher in the non-vegetation part of the floodplain i.e. 0 cm < y < 0.13 cm, as
well as in the main channel i.e. 0.25 cm <y < 0.40 cm. This identifies that the presence of vegetation on the edge of
floodplains can offer noticeable resistance to the flow and can affect the discharge carrying capacity of the main
channel.

The results show that the computational data is in close agreement with that of the experimental data,
demonstrating the validity of the present numerical model. However, the computational results show a minor
difference to that of experimental results in the form of slightly over estimation of the velocity values, which may be
due to the error caused by the RSM simplification.

0.25 0.25
¢ Experimental = Experimental
Computational a —Computational .
0.20 1 « 2 0.20 + "
.
*
= 015 1 = 015
g o £
- 4 3
= 0.10 + 0.10
*
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*
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¥ (m) ¥ (m)
(a) (b)

Figure 2. Comparison of experimental and computational data of (a) surface velocity and (b) depth averaged velocity along
the half width at cross section X

1.1. Model Setup for Present Study

For the present study, similar dimensions of domain i.e.1.6 m long and 0.8 m wide, were considered as were used
for the validation purpose. The floodplains of the compound channel were consisted of layered vegetation (short
vegetation of 6cm height, and tall vegetation of 12 cm height) of same diameter i.e. D= 0.6 cm and spacing i.e. 45=
5.5 cm, which covered full width of the floodplains. The scheme of the computational domain is shown in Figure 3(a).
Two discharge conditions of Q= 10 L/s and Q= 18 L/s were considered in order to simulate the behavior of riparian
(floodplain) vegetation of layered configuration under both emergent and submerged condition of short vegetation
considering low level and high-level flood, respectively.

The lateral views of both cases configuration (Case A and Case B) are shown in Figures 3(b) and (c). All the
boundary conditions for the simulations were kept same as those of validation case. The adopted unstructured mesh
used for the present study gave 2.4 million grid points. The hydraulic and geometric conditions are detailed in Table 2.
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Figure 3. Schematic diagram of computational domain, (a) plan view showing layered vegetation on floodplains, and lateral

views for (b) Case A, and (c) Case B

Table 2. Hydraulic conditions for present study, where 4, is the height of short cylinder,

h,is the height of tall cylinder.

hy P Aveg D hys By AS 0 U .
Case r R, R,
(cm) (cm) (m™ (cm) (cm) (cm) (cm) (L/s) (m/s)
A 5.75 9.25 2.0 0.6 6 12 5.5 10 0.181 0.220 1086 12507
B 10 13.5 2.0 0.6 6 12 5.5 18 0.202 0.193 1212 22503

For the measurement of flow characteristics, important locations (L;-Ls) on a lateral cross section Y were adopted

(see Figure 3). These locations are located in the center region of floodplains (L; and
the floodplains (L, and Ls, respectively), and also in the centerline of the main chan

L,), at the beginning and end of
nel along the width (L;). These

kind of important locations over a cross-section have also been investigated by Yang et al. [18]. Moreover, the flow

structures have also been investigated in the form of spatial distribution of contour p
well as over the free surface in order to further clarify the flow phenomena.

3. Results and Discussion
3.1. Flow Characteristics

3.1.1. Vertical Profiles Distribution of Velocity

lots over the cross-section Y as

The vertical profiles distribution of mean stream-wise velocity at specified locations for both cases (Case A and B)
is depicted in Figure 4(a-b). The horizontal axis represents the stream-wise velocity (1) which was made non-

dimensional with respect to average velocity (U), whereas the vertical axis represe
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which was made non-dimensional with respect to short vegetation height (&,). It can be observed that the flow
velocities in both cases are significantly reduced within the region of floodplains (L;,—L, and L,-Ls); however, there is
no clear difference between the velocities magnitudes measured within the floodplain regions. The velocity
magnitudes are noticeably very high in the main channel region i.e. location L;. This identifies that the vegetation
within the floodplains of compound channel significantly affects the velocity distribution and offers resistance to the
flow. This resistance caused by floodplain vegetation has also been discussed and observed in the previous studies [1,
16]. On the contrary, the velocity in the main stream region without the vegetation increases that could be a
compensation of the resistance to the flow in the floodplains; thus, it can consequently result in an increase in the
discharge carrying capacity of the main channel.

Although, the velocities in both cases close to the bed reduced to minimum due to the resistance offered by the
domain bed; however, difference in the velocity structures exist between Case A and Case B (Figure 4a-b). The
distribution of velocity in Case A remained almost constant above the bed region up-to the height of free surface at all
the locations. This is due to the reason that both the short and tall vegetation were emergent in this case, where an
almost constant drag to the flow was offered by the vegetation structures. This constant distribution of velocity
profiles is identical to that observed by previous researchers of flow investigations through the emergent vegetation
[35, 36]. On the contrary, the simulated velocity profiles in floodplains for Case B shows a different structure due to
the submergence of short vegetation. The velocity distribution above the bed region remained almost constant up-to
the vicinity region of shorter submerged vegetation i.e. h/h,~ 0.8, followed by an inflection point over the top of
submerged vegetation, showing consistency with the results obtained by previous studies [21, 37]. This inflection
point in the velocity profiles over the top of short submerged vegetation is due to the exchange of momentum between
the top of submerged vegetation and the overlying flow. The velocity gradient continued up-to the region just above
the top of short vegetation height i.e. h/h,~ 1.2, and then became constant above it until the free surface. Thus, a
mixing layer over the vicinity region of shorter submerged vegetation (h/h,~ 0.8 to h/h,~ 1.2) is resulted. A mixing
layer is produced when the canopy absorbs sufficient momentum to generate an inflection point in the velocity profile,
which is required for triggering the Kelvin—Helmholtz instability. Thus, the vortices produced due to this instability
dominate the mass and momentum exchange between the canopy and the overlying flow in aquatic canopies [38, 39].
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Figure 4. Vertical profiles distribution of: streamwise velocity for (a) Case A, and (b) Case B; transverse velocity for (c)
Case A, and (d) Case B; and vertical velocity for ((e) Case A, and (f) Case B. For the specified locations, see Figure 3

Moreover, the velocity distributions followed almost S-shaped pattern on floodplains when short vegetation was
submerged (Figure 4b). However, an almost logarithmic profile is predominantly observed in the main channel (L;).
These distributions are in agreement to the experimental results of Yang et al. [18]. The velocities in the overlying
flow above the short vegetation height i.e. h/h,>1, are increased by a percentage difference of 18-30% due to the
reason that less resistance is offered by the sparse arrangement of tall emergent vegetation in this region, as compared
to the region within the height of short vegetation i.e. h/h,< 1.

The vertical profiles distribution for mean transverse velocity (v) and vertical velocity (w) for both cases is
depicted in Figure 4(c-d) and Figure 4(e-f), respectively. The results show that the velocity components in the
transverse and vertical directions are almost minimum i.e. close to zero, at all the locations, in comparison to that of
stream-wise velocity components (Figure 4a-b). However, fluctuations in the velocity profiles are observed at the
locations in the floodplains (L,—L, and L,-Ls) due to the influence of vegetation structures, whereas no fluctuations in
the velocity profile at the location in the main channel (L;) is observed. These fluctuations in the transverse and
vertical velocities have also been observed by previous researchers [22, 27]. The fluctuations in the velocity profiles
are observed to be slightly larger in the transverse direction as compared to those in the vertical directions for both
cases (Case A and B). Moreover, the velocities components in the transverse and vertical directions are considerable
as they indicate the secondary flow and lateral exchange of momentum.

3.1.2. Spatial Distribution of Velocity

The contour plots distribution of mean stream-wise velocity over the cross-section Y is presented in Figure 5(a-b).
It can be noticed that the velocities are reduced to minimum close to bed due to the resistance offered by it. A clear
difference between the floodplains and main channel regions can be observed. The flow in the main channel i.e. 25 cm
<y < 55 cm, experienced larger velocities, where the maximum values of velocity were observed to be in the center
region of the main channel i.e. y = 40 cm. At the interface between the main channel and the floodplain regions i.e. y =
25 cm and i.e. y = 55 cm, the flow instability in the lateral direction is triggered by the flow shear due to the presence
of vegetation over the floodplains, which results in the formation of coherent vortices and exchange of momentum [40,
41]. The velocities in the floodplain regions are significantly reduced due to the drag offered by the vegetation. Thus,
large exchange of momentum from the main channel (having high velocity) to the floodplains (having low velocities)
is expected to occur. Moreover, these low velocity regions could significantly encourage the deposition of sediments
in the vegetated floodplains. Within the floodplain regions, a vertical mixing layer is also observed in Case B (Figure
5b) over the region of short submerged vegetation due to the vertical exchange of momentum over this region of flow,
showing consistency with the results observed in Figure 4b. However, the velocity distribution is almost constant in
Case A (Figure 5a) where the vegetation canopy is emergent.

Figure 5(c-d) depicts the spatial distribution of flow velocity over the free surface for both cases. The discharge
passing through the main channel can be easily differentiated from the discharge passing through the vegetated
floodplains. The velocity rapidly increased from the vegetated floodplain regions to the main channel region, followed
by a significant transition and inflection along the interface between these regions. Then, coherent vortices resulted
due to the flow instability dominate the lateral exchange of mass and momentum between the main channel and
vegetated floodplain regions [42, 43]. Moreover, the velocities are reduced to minimum in the regions directly
downstream of the vegetation structures, followed by vortices and wakes i.e. primary Karman vortex streets, which
disappeared after travelling some distance behind the individual vegetation structures. The flow velocities failed to
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recover their normal patterns as the influence of vegetation remains for a specific distance behind the downstream
edge. From ecological point of view, aquatic organisms find these regions of low flow velocity suitable for their
physical environment and growth [44, 45]. Sediment deposition also occurs in these regions. Previous researchers also
pointed out that the wake regions behind the vegetation are the regions of fine particle deposition that promote further
growth of the vegetated region [46, 47].
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Figure 5. Spatial distribution of mean stream-wise velocity (#/U) over cross-section Y for (a) Case A, and (b) Case B; and
over free surface for (c) Case A, and (d) Case B. For the cross-section Y, see Figure 3a
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3.1.3. Lateral Profile Distribution of Velocity

The variations of the depth averaged mean stream-wise velocity along half of the cross-section Y (due to
symmetry) is depicted in Figure 6. The data for both cases further clarifies that the main channel without vegetation
i.e. 25 cm < y < 40 cm, has higher flow velocities compared with the vegetated floodplain region i.e. 0 cm <y < 25
cm, identifying the effect of vegetation and resistance due to it. Within the floodplain region, rise and fall in flow
velocities can be observed, which is due to the influence of the vegetation; where slightly higher velocities are present
in adjacent regions of vegetation structures and comparatively lower velocities occurred in the regions directly
downstream of vegetation, as can be observed in Figure 5. Along the interface (represented by a dashed line), a strong
rise in depth averaged velocity can be observed while moving from floodplain region to the main channel region,
resembling the compensation of higher flow resistance due to vegetation in the floodplain. A remarkable velocity
difference is noticed between the main channel and vegetated floodplain. The discharge (calculated through the
velocity data) passing through main channel of the compound section increased by a percentage difference of 73% and
67% for Case A and Case B, respectively, as compared to the discharge through the floodplains, which favors the
increasing conveyance capacity of compound or natural river channels in severe flood conditions. Moreover, the depth
averaged flow velocities are also observed to be slightly higher i.e. 9% larger, in the floodplain region for Case B, as
compared to that of Case A. This may be due to the reason of higher initial flow velocity or reduction of the drag by

the sparse arrangement of tall emergent vegetation in Case B.
2
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1.6 1
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Figure 6. Variations of depth averaged mean velocity («,/U) along the cross-section Y

3.2. Turbulent Characteristics

3.2.1. Vertical Profiles Distribution of Reynolds Stress

Reynolds stresses (that are used to represent turbulence characteristics) including normal stresses (u’u’, v'v’, w'w’)
and shear stress (-u'w’) measured at specified locations are presented in Figure 7(a-h) for both cases (Case A and B).
All the stresses were made dimension-less with respect to U”. In Figure 7(a-h), 1’ indicates the velocity fluctuations in
streamwise direction, v’ indicates the velocity fluctuations in transverse direction, and w’ indicates the velocity
fluctuations in vertical directions. Larger values of Reynolds stresses accumulated close to the bed region for both
cases, showing consistency with those observed in the previous research work by Anjum et al. [22]. Whereas, while
moving above the bed region, the Reynolds stress distribution became uniform at almost all the locations.
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Figure 7. Vertical profiles distribution of Reynolds normal stresses (u’u’, v’v’, and w’w’) for (a,c,e) Case A, (b,d,f) Case B,
and Reynolds shear stress (-u’w’) for (g) Case A, and (h) Case B

Moreover; in case B, a slight modulation in the Reynolds stress profiles around the mixing layer region i.e. 0.8 <
hih,s< 1.2, is observed for the locations in floodplain regions (L;-L, and L,-Ls). However, the distribution of stresses
again became constant above the mixing layer region i.e. h/h,;> 1.2. The results also show slightly less accumulation
of Reynolds shear stress close to the bed region (Figure 7g-h), as compared to other Reynolds normal stresses (Figure
7a-f). In addition to this, the bed region acquires high Reynolds stresses in the floodplain regions (L;-L, and L,-Ls), as
compared to the main channel region (L;). The sharp spatial variation in the Reynolds stress influences the dynamics
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of sediments, which affects the particle size distribution of the sediments available in the flow. Thus, these regions of
influenced Reynolds stresses near the bed could encourage the deposition of sediments in the canopy regions [33].

3.2.2. Lateral Profile Distribution of Turbulent Kinetic Energy

The variation in the dimensionless depth-averaged Turbulent Kinetic Energy (TKE, Figure 8) along the cross-
section Y further depicts the difference of turbulent flow structure between the vegetated floodplain and main channel
without the vegetation. Within the vegetation region of floodplains, fluctuations in the depth-averaged TKE can be
observed, followed by a saw-tooth dissemination, which showed consistency with the previous research works [33,
48]. Along the interface of floodplain and main channel i.e. y = 25 cm, for both cases (Case A and B), a peak in the
TKE is observed due to the interaction of slow and fast flow over this region which caused a larger turbulence. On the
contrary, the distribution of TKE is observed to be uniform in the main channel region. This identifies the existence of
turbulence more on the vegetated region of floodplains as compared to the main channel region. The production of
depth-averaged TKE is also found to be slightly higher for Case A due to the larger hindrance offered by the overall
emergent canopy, as compared to that in Case B.
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Figure 8. Variations of depth averaged turbulent Kinetic energy (TKE)along the cross-section Y.
3.2.3. Vertical Profiles Distribution of Turbulent Intensity

Figure 9 (a-b) shows the turbulent intensity (%) profiles at the specified locations for all the cases. It can be
witnessed that the percentage of turbulence is highest close to the bed region at almost all the locations for Case A and
Case B. Along the depth of flow above the bed region, the intensity percentage decreased logarithmically at location
L; as no resistance due to the vegetation was observed in the main channel. On the contrary, the vertical distribution of
turbulent intensity at other locations (L,—L, and L,-Ls) remained almost uniform along the flow depth within the height
of short vegetation i.e. h/h,, < 1, for both cases (Case A and B). Moreover, a slight inflection in the intensity profiles
for the locations in the floodplains (L;—L, and L,-Ls) is observed around the top of shorter submerged vegetation i.e. A
/h,s= 1, for Case B (Figure 9b), which is due to the variation of vegetation density and drag offered by it. This shows
consistency with those profiles of velocity in Figure 4b. Furthermore, the turbulent intensity at locations in the
floodplains (L,—L, and L,-Ls) is more influenced by vertically layered vegetation as compared to the location L; in the
main channel.
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Figure 9. Vertical profiles distribution of turbulent intensity (%) for (a) Case A, and (b) Case B
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3.2.4. Spatial Distribution of Turbulent Intensity

Spatial distribution of turbulent intensity is reported here to study the turbulence in the compound channel with
layered vegetated floodplains. Figure 10(a-b) shows the contour plots of turbulent intensity for all the cases (A-B)
along the cross-section Y. The spatial variation of the intensity distribution is high in the vegetated floodplains,
indicating that the flow structure is non-uniform in these regions. Thus, larger percentage of turbulence is observed in
the floodplain regions, which is due to the presence of vegetation. Within the region of above the short vegetation
height for Case B (Figure 10b), the percentage of turbulence significantly decreased due to the reduction in drag by the
vegetation. A clear difference is observed between the floodplain regions and the main channel region. Close to the
bed region of main channel, the amount of percentage is also observed to sufficiently increase due to the resistance
offered by the bed, showing correspondence to the low velocity observed in Figure 5(a-b). Moreover, the intensity in
the main channel tries to achieve a uniform distribution above the bed region. Along the interface of the main channel
and floodplains, a strong turbulence in the flow can be observed which is due to the reason of flow instability and
exchange of momentum over this region of flow.

To further clarify the turbulent flow structure in the compound channel, contour plots of intensity over the free
surface have been plotted and presented here (Figure 10c-d). It further shows the influence of layered vegetated
floodplains on the flow turbulence. Higher percentage of turbulent intensity is observed directly behind the vegetation
cylinders in both cases (Case A and B) due to high flow resistance in these regions, followed by trailing vortices
which requires some sufficient distance to reach in the stable state. A stronger rise in the flow turbulence over the
interface region of floodplains and main channel is found, followed by a decrement in the turbulence percentage while
moving away from the floodplains towards the main channel. This effect on the interface region of floodplains and
main channel has also been studied in the previous researches [16, 18]. This signifies the promotion of lateral
exchange of momentum at the boundary of main channel and floodplains. This kind of complex flow structure around
the vegetation vicinity and interface of both regions is difficult to capture in an experimental study [33, 49]. Thus, it
demonstrates the significant advantage of present numerical study. Moreover, due to high initial flow velocity and
Reynolds number, the overall turbulent intensity in Case B is found to be higher i.e. 20%, as compared to that of Case A.

| 'l

84 12 18 19 23 25 Colourmap of T.I (%) for Case A

- > y
3 . — a
" w i
....,....,v...,....,....,....,
20 30 ) 50 60 70 80
y{cm)
()
— -
- J |
e L 2% L L 28 8 #'" Colourmap of T.I (%) for Case B

L e s e e e B S B L B e
10 20 30 40 50 60 70 80
y(em)

(b)

y (em)




Civil Engineering Journal Vol. 6, No. 5, May, 2020

80

48

y (cm)

32

16

X (cm)

@
Figure 10. Spatial distribution of turbulent intensity (% ) over cross-section Y for (a) Case A, and (b) Case B; and over free
surface for (c) Case A, and (d) Case B

4. Conclusions

The present numerical study investigated the impact of vegetation on the compound channel to clarify the velocity
distribution and turbulence characteristics over the floodplains with layered vegetation configuration. To achieve the
desired objectives and computing the flow structures through vegetated compound channel, a CFD code FLUENT was
used for simulation and RSM model was used for the turbulence closure. The following conclusions were drawn from
the current study:

e When the short vegetation became submerged during high flows, an inflection point in the velocity distribution
occurred resulting in a significant mixing layer over the top of submerged vegetation due to the vertical
exchange of momentum between the top of submerged canopy and the overlying flow. Whereas, when both the
short and tall vegetation remained emergent during low flows, the mean flow characteristics showed almost
uniform distribution along the depth of flow.

e The flow velocities significantly reduced in the floodplain region due to the drag offered by the layered
vegetation. On the contrary, the velocities as well as the discharge carrying capacity of the main channel
increased by a percentage difference of 67-73%. A flow separation followed by a lateral exchange of momentum
resulted along the interfacial region of vegetated floodplains and the main channel.

e The Reynolds stress distribution and turbulent intensity showed almost uniform distribution above the bed region
up-to the vicinity of top of short vegetation height, followed by a slight inflection point over the mixing layer
region. Moreover, a uniform distribution of Reynolds stress and low accumulation of turbulent intensity in the
floodplain regions indicated a positive response for the sediment deposition as well as for the nourishment of the
aquatic organisms in the riparian environment.

e The peak values of turbulent kinetic energy and turbulent intensity occurred over the interfacial region of
floodplains and the main channel, signifying a strong turbulence over this region due to high instability of the
flow that could promote lateral exchange of momentum over the boundary.

The present numerical study successfully replicated 3D flow behavior through a vegetated compound channel. It
can help in understanding the resistance offered by the vegetation over the floodplains and give a clear understanding
of the discharge carrying capacity of the compound channels. The flow hydrodynamics explored through this research
could be implemented to natural riparian environment. The knowledge of resistance due to vegetation drag can help in
designing effective measures to reduce the shear force that acts on bed sediment particle, structural analysis and
depreciation on the land characteristics. Furthermore, the vegetation resistance over interfacial region will also
significantly affect the momentum exchange and it can help in preventing inundation if applied wisely. Thus, a proper
management and wise use of the vegetation would provide us a new strategy of sustainable flood protection. In
addition, this study can be used to enhance our knowledge of vegetation patterns for future planning of flood
protection measures and the outcomes of this study may become useful while designing ecological habitats.

More study to investigate the effect of vegetation density and varying heights of vegetation over the floodplain is
required to further clarify the phenomena. In the future, the flow and turbulent characteristics for several other patterns
of rigid vegetation on floodplains are required to be studied to better understand the natural environment such as
natural streams and rivers.
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