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Abstract: The aim of this article is to numerically explore the effects of a horizontal double layer of
trees (HDLT) across the whole width of the channel on the flow structures under a steady flow rate
and subcritical conditions. The numerical domain was established in ANSYS Workbench, and post-
processing (i.e., meshing + boundary conditions) along with simulation was carried out by utilizing the
computational fluid dynamics tool FLUENT. The three-dimensional (3D) Reynolds stress model and
Reynolds-averaged Navier–Stokes equations were used to analyze the flow properties. The numerical
model was first validated and then used for simulation purposes. Two varying configurations of
HDLT were selected, represented as Arrangement 1 (tall emerged trees (Tt) + short submerged trees
(St)) and Arrangement 2 (short submerged trees (St) + tall emerged trees (Tt)), along with different
flow heights. The model accurately captured the simulated results, as evidenced by the vertical
distributions of the velocity profiles and Reynolds stresses at specific locations. The strong inflection
in velocity and Reynolds stress profiles was observed at the interface of St, contributing to turbulence
and giving rise to vertical transportation of momentum between flow layers. While these profiles
were almost constant from the beds to the tops of trees at those locations lying in taller trees (Tt),
there was an approximate 31–65% increase in streamwise velocities at locations 1–6 in cases 1–2,
along with a 54–77% increase at locations 7–10 in cases 3–4, in the unvegetated zone (Z > 0.035 m)
compared to the vegetated zone (Z < 0.035 m). The magnitude of turbulence kinetic energy and
the eddy dissipation rate were significantly larger inside the short submerged and tall emerged
trees as compared to the unvegetated region, i.e., upstream and downstream regions. Similarly, the
production of turbulence kinetic energy was approximately 50% and 70% greater inside the tree region
(Z < 0.035 m) as compared to above the shorter trees during cases 1–2 and 3–4, respectively.

Keywords: horizontal double layer of trees; Reynolds stress modeling (RSM); ANSYS Workbench;
Fluent; velocity distribution; Reynolds stresses

MSC: 76-xx; 76F25

1. Introduction

Tsunamis are catastrophic because they can destroy manmade structures and natural
landscapes, and they can even take human lives [1]. Two massive tsunamis (2004, Indian
Ocean; 2011, Great East Japan) occurred at the beginning of the 21st century, causing
devastating havoc [2,3]. Tsunami defenses became a necessity after these massive tragedies.
Several artificial (hydraulic infrastructure) and natural (coastline vegetation) approaches
have been suggested for tsunami prevention [4]. Artificial structure development may be
out of reach for certain developing nations because of the high initial capital outlay that is
usually required [5]. Therefore, studies have concentrated on the importance of natural
structures such as coastline vegetation, since they are regarded as an effective source of
tsunami prevention and promote an ecologically friendly environment [6–9]. Data collected
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in Sri Lanka during the 2004 Indian Ocean Tsunami confirmed that vegetation with a
double layer consisting of short (P. odoratissimus) and tall trees (C. equisetifolia) provided
efficient protection against the tsunami. P. odoratissimus is efficient in mitigating tsunamis’
impact when the tsunami’s height is less than 5 m [10], due to the plant’s extensive aerial
roots. As a result, several experimental investigations have focused on elucidating the
efficacy of a VDLV (short trees among tall trees) [11–13]. However, growing dense shorter
trees among the large trees is difficult, since the large trees need enough space to grow
properly. Thus, to address the problem of insufficient space for the effective growth of tall
emergent trees, this research utilizes the combination of a horizontal double layer of dense
short trees as the first row, with the sparse tall trees as the second row (i.e., HDLT), and
then changes the order of these two tree combinations one by one. Additionally, owing
to equipment restrictions inside the vegetation region, capturing the flow characteristics
among the vegetation cylinders during an experimental trial is quite difficult. To clarify the
internal flow characteristics throughout this work, numerical simulation was carried out.

However, multiple numerical simulations on vegetation [14–21] have been performed
to better comprehend their fundamental flow features. The turbulence flow characteristics
were explored in a vegetated open channel by utilizing a large-eddy simulation (LES)
model [22,23]. To analyze the flow and transport of sediments with a tree in an open
channel, Wu et al. [24] used a depth-averaged two-dimensional (2D) k-ε model. Amina and
Tanaka [25] utilized the volume-of-fluid (VOF) model to explore the free surface variations
around a finite patch of emergent trees. In addition, the flow structure behavior around
discontinuous and submerged trees was explored by Zhao and Huai [26] by utilizing
LES. Furthermore, to dissipate the energy of tsunami flows, numerous studies have been
conducted by planting trees as a barrier to stop the tsunami flow [27–31].

An earlier numerical analysis by Samarakoon et al. [32] used short trees as a front
layer to lessen the impact of open gaps (such roads or rivers) among the pre-existing tall
trees. However, no research on the utilization of this type of horizontal double layer of
trees (HDLT) has been performed. As a result, it is important to examine the precise flow
structure, including velocity and turbulent flow, utilizing an HDLT. Thus, the purpose of
this study was to precisely investigate the internal flow characteristics of HDLT in terms of
a detailed three-dimensional (3D) velocity structure and other flow parameters. Moreover,
the use of electromagnetic flow meters (EFMs) or particle image velocity meter (PIV) for
velocity measurement and shear stress meters (SSMs) for measuring bed shear stresses is
limited within the trees’ area, making it difficult to capture the flow structure within the
trees’ cylinders in an experimental study. The current numerical research was successful
in avoiding this problem, which was one of its main advantages. To achieve this aim,
a numerical study was conducted with two tree layouts: one with a short submerged
patch as a first layer and a tall emergent patch as a back layer, and the other with a tall
emergent patch as a first layer and a short submerged patch as a back layer. The detailed
comparison between these two patches is presented in the form of 3D mean flow properties
and turbulence characteristics.

2. Governing Mathematical Equations of Reynolds-Averaged Navier–Stokes (RANS)
Equations for the RSM Model

The continuity and the Reynolds-averaged Navier–Stokes (RANS) equations were used
to represent a steady, incompressible flow (ρ = CONSTANT) for the present numerical model.

In the present study, the considered flow was steady, and the density was constant;
therefore, Dp

∂t = 0. The continuity and (RANS) equations can be expressed as follows:

∂ui
∂xi

= 0

For incompressible flow, the Navier–Stokes equation is stated as follows:

dui
dt

+ uj
dui
dxj

= −1
$

∂p
∂Xi

+ gi + υ∇2ui (1)
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For the above equation, the variables stand for the following:
u = Velocity of fluid;
t = Time;
p = Fluid pressure;
υ = Kinematic viscosity;
∇2 = Laplacian operator.
The equation below represents the modified relation for the transport of Reynolds stresses:

∂Rij

∂t
+ Cij = Pij + Dij − εij + Πij + Ωij (2)

where Rij denotes the rate of change of the Reynolds stresses, Cij is the transport of
convection, Pij represents the production rate of the Reynolds stresses, Dij is the transport
of stresses by diffusion rate, εij is the rate of dissipation for stresses, Πij is a function of the
stresses’ transport, and Ωij is the transport of stresses due to rotation.

In order to accomplish the boundary conditions, the equation for Reynolds stresses
known as the turbulence kinetic energy (TKE) equation was used. This equation can be
expressed in a generic form as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+

1
2
[Pii + Gii]− ρε

(
1 ++2M2

t

)
+ Sk (3)

The variables are expressed as follows:
k = Kinetic energy tensor;
µt= Turbulent viscosity;
σk = 0.82;
ε = Rate of dissipation;
Sk = Source term.
The kinetic energy tensor term is stated as follows:

k =
1
2

u′iu
′
i (4)

The rate of dissipation (ε) can be expressed by the following equation:

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
Cε1

1
2
[Pii + Cε3Gii]

ε

k
− Cε2ρ

ε2

k
Sε (5)

where the values of the variables are represented as follows: σε = 1.0, Cε1 = 1.44, Cε2 = 1.93,
and Cε3 represents a function of the direction of flow with respect to the gravitational vector
and can be expressed and estimated by using the following equation:

Cε3 = tanh
∣∣∣ v
u

∣∣∣ (6)

where v is the velocity flow component and u denotes a component of velocity that is
perpendicular to the gravitational vector.

µt = ρCµ
K2

ε
(7)

The value of Cµ is 0.09.

3. Materials and Methods
3.1. Conditions for Validation of the Numerical Model
3.1.1. Experimental Setup

The numerical model was tested and verified to ensure its accuracy and applicability
through validation. As a result, the experimental data of [33] were employed as the basis
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for validation. The velocity profiles were extracted while considering the vertically double-
layered vegetation. The vegetation consisted of short and tall trees, where short trees were
installed amongst the tall trees. The diameter of both types of trees was considered as
0.635 cm, while the heights of the tall and short tress were 15.2 cm and 7.5 cm, respectively.
The dimensionless spacing between short (Sst) and tall (Sts) trees was set to 5 and 10,
respectively (where Sst defines the spacing between short tress and Sts denotes the spacing
between tall trees). The vegetation layer was configured in a staggered arrangement. The
layout of the vegetation is presented in Figure 1.
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Figure 1. Experimental geometry of [34], where the top view of the geometry is shown and
three selected positions are selected (P1, P2, P3).

3.1.2. Numerical Model Setup

In order to prevent a massive mesh structure and save computational cost, the channel
length was shortened in order to simplify the geometry. The domain was modelled with a
length of 75 cm and a width of 30 cm, in which double-layered vegetation was incorporated.
The calculated flow depth was 12 cm; therefore, the domain depth was adopted as the
same. Accordingly, the domain’s measurements were 75 cm long, 30 cm broad, and
12 cm deep. The trees were modelled as solid cylinders of the same diameter to allow for
flow interaction with the structures of the vegetation. The multizone meshing was adopted
for this simulation. The details of the preprocessing (i.e., geometry creation and meshing)
and post-processing (i.e., setup and boundary conditions) are discussed in Section 3.2.4.
Approximately 1.55 million grid points were generated from the meshing of a domain with
dimensions of 350 nodes in the stream direction, 150 nodes in the transverse direction, and
50 nodes in the depth direction. Moreover, quality outcomes were achieved by a trial for
a mesh independence test. Initially, mesh grids of 140 × 50 × 25 (0.15 million, coarse),
350 × 150 × 50 (1.55 million, medium), and 370 × 170 × 35 (2.00 million, fine) were tested.
The primary velocity differences between the coarse and medium meshes were approximately
4%, whereas those between the medium and fine meshes averaged around 1%, which was
appropriate. Thus, the 1.55-million-grid mesh was chosen for further analysis.

To maintain continuity (i.e., translational periodicity) throughout the channel domain,
a periodic boundary condition was imposed at the channel’s inlet and outlet. For the top
free surface, a symmetrical boundary condition was implemented. For the side, bed, and
cylinder walls, a no-slip BC was employed. The inlet of the channel was subjected to a
flow rate of 11.5 L/s, with mean averaged velocities of 0.35 m/s for high flow depth and
0.65 m/s for low flow depth, and the corresponding cylinder Reynolds numbers were
roughly 1950 and 4025, respectively.
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3.1.3. Validation of the Numerical Model

The computed velocity and turbulence intensity profiles were computed and com-
pared with the experimental results of the abovementioned previous research. The veloc-
ity (Figure 2a) and turbulence intensity (Figure 2b) were depicted on the X-axis, while
the flow depth—which was normalized with the short trees’ height—was on the Y-axis.
Three positions were selected, where the velocity and turbulence intensity were measured
along the depth of flow. The calculated outcomes matched the experimental outcomes quite
well and showed a high degree of similarity, while a small difference between the computed
and experimental results could be seen near the free surface level 1.4 ≤ D

hst
≤ 1.5, because

in this simulation the top free surface was assigned a symmetrical boundary condition,
which means that the upper boundary was treated as a flat surface. Second, the difference
in pressure created by the water level difference inside the vegetation in the actual flow
enhanced the velocity at the free surface level [34–36].
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3.2. Conditions for the Present Numerical Model
3.2.1. Flow Conditions for the Numerical Model

During the Great East Japan Tsunami (GEJT) of 2011, subcritical flows occurred at
multiple sites in an inland forest in Miyagi Prefecture, Japan. The Froude numbers at
these locations ranged from 0.7 to 1, and the estimated inundation depth was between
7.3 and 8.3 m [3]. Furthermore, the Fr values in the region of Banda Aceh were calculated
at 0.64–1.04 [37]. To replicate a real-scale flow while keeping the Froude number constant,
a model size/scale of 1/100 and two flow conditions were employed. Thus, without taking
into account a model of trees in the rectangular channel, the values of water depth and
velocity were used to establish the initial Froude number (Fr = u√

gd
, where u is the velocity

of the water, g denotes a gravitational constant, and d is the depth of the water). This
numerical work established the subcritical inland flow conditions at water depths of 6 and
8 cm, yielding initial Froude numbers of 0.65 and 0.68, respectively (without a trees model).

3.2.2. Model Conditions for Trees

Existing trees in Sendai Plain, Japan, had densities, trunk heights, and diameters of
0.2 trees/m2, 15 m, and 0.4 m, respectively. During the 2004 Indian Ocean Tsunami (IOT),
C. equisetifolia trees in Sri Lanka with trunk diameters greater than 0.3 m were positioned in
the front line of trees, and Tanaka et al. [38] showed that they were undamaged and capable
of capturing human-made debris and broken tree limbs. In addition, these trees with
large trunk diameters were identified as having sparse tree density (i.e., greater spacing
between individual trees). Another tree species, P. odoratissimus, has been found to be useful
because of its dense organization and complicated aerial roots [39], which increase the
drag coefficient [40] and, hence, provide extra protection against flood flows. It has been
shown that these trees are most effective when the flow height is less than 5 m, and people
living in the areas immediately behind these trees suffered minimal damage. Furthermore,
Zheng et al. [41] revealed that in order to replicate the P. odoratissimus trees for modeling,
they can be scaled down to rigid circular cylinders by considering the trunk diameter at
its breast height. Therefore, in the current computational simulation, horizontal double
layer of trees (HDLT) models with two different arrangements were considered. The first
arrangement comprised a first half patch of short trees (P. odoratissimus) and a remaining
half patch of tall trees (C. equisetifolia), whereas the order of the considered trees was
then changed in the second arrangement. In order to better understand the internal flow
behavior, this research ignored the assumption that trees may be broken as part of an actual
flow behavior via the HDLT model. The diameter of both patches of trees was calculated
based on the non-breaking tree trunk diameter criteria (d > 40 cm). As a result, with a
model scale of 1/100, a diameter (d) of 0.004 m was chosen in the numerical modelling to
represent a tree cylinder. The tall tree height (ht) was fixed at 18 cm to represent the trunk
of the C. equisetifolia trees, while the short tree height (hs) was fixed at 3.5 cm to mimic the
small height of P. odoratissimus trees.

The D/d value determines the density of the trees [10]. This D/d ratio shows whether the
trees’ configuration is sparse, moderate, or dense. D represents the clear spacing between the
located cylinders in a transverse flow, while d denotes the cylinder’s diameter. According to
the previous literature regarding the calculation of trees’ density [10], the D/d values were
chosen as 2.15 and 0.0425 for tall (emerged) and short (submerged) trees, respectively.

3.2.3. Selected Cases and Measurement Positions

The current domain was represented by a rectangular channel that was 2 m long and
0.3 m wide and had an HDLT that covered the whole breadth of the domain in two different
arrangements (Figures 3 and 4). In the first arrangement, a short submerged patch (PS)
provided the front layer and a tall emergent patch (Pt) provided the rear layer, while in the
second arrangement Pt was located as the front layer and PS as the back layer (Figure 3).
Overall, four cases were chosen based on the flow conditions and arrangement types. The
hydraulic conditions and the trees’ conditions are presented in Table 1. To investigate and
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visualize the internal flow behavior through the HDLT, Section 1 (for visualizing the turbulent
parameters, i.e., TKE and TDR) was considered, which was aligned along the centerline of
the channel and trees. Overall, 10 locations were selected to understand the internal flow
features, including vertical velocity profiles and the distribution of Reynolds stresses.
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Table 1. Hydraulic conditions of the numerical model.

Case No. Vegetation Configuration Z (cm) Vegetation Density
(Cylinders/m2) Fr Cylinder Arrangement

1 Short Patch + Tall Patch 4.5 1.22 0.65 Staggered
2 Short Patch + Tall Patch 5.5 1.22 0.68 Staggered
3 Tall Patch + Short Patch 4.5 1.22 0.65 Staggered
4 Tall Patch + Short Patch 5.5 1.22 0.68 Staggered

Note: Z is the water depth; G/d is the density of the trees; U represents the initial velocity.
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3.2.4. Preprocessing and Post-Processing

The ANSYS computational fluid dynamics tool was used to simulate the present
numerical model. This research utilized a two-stage numerical setup consisting of prepro-
cessing and post-processing. During preprocessing, WORKBENCH—a design modeler
tool—was utilized to model the geometry. In the WORKBENCH tool, a rectangular channel
of 200 cm long and 30 cm broad was created along with the tree cylinders (placed in a
staggered arrangement) that covered the entire width of the channel. Figure 3 depicts
the cylinder placement and spacing in the trees model. Once the geometry was created,
it was then transferred to a mesh tool for meshing. Effective meshing, which is defined
as the splitting of the geometry into components such as cells and elements, is a cru-
cial step and is necessary in producing high-quality results. The simulation’s accuracy,
convergence, and runtime are all affected by the mesh size and density. Fine meshing
requires more memory and time, while inaccurate meshing leads to incorrect results. There-
fore, we first tried out several different meshing techniques in a vegetated open channel
(e.g., sweep meshing, tetrahedral primitive with numerous deformable components re-
sulted in higher skewness values and, in some cases, negative volumes); however, multi-
zone meshing with hexahedral components yielded convergence with a reasonable compu-
tation time. When defining a boundary, the tetrahedral meshing’s exclusive use of tetra
cells prevented a balanced distribution of cells. A low-quality surface mesh surrounding
the tree cylinders was also produced by this method. However, multizone meshing, which
combines hexahedral or brick elements with tetra elements, typically yields more accurate
results at lower element counts than tetra elements alone. Moreover, the mesh quality was
assessed using the skewness and orthogonal quality criterion techniques. The degree of
skewness indicates how far a face or cell deviates from the ideal (equiangular quad). The
definition states that a value of 0 denotes “Excellent”, while a value of 1 indicates the worst
possible quality of cells (i.e., degenerate). Skewness was evaluated in this study using the
equilateral volume-based technique. As per this technique, a 3D mesh is of high quality if
its skewness is less than 0.35. Here, the mesh quality of the geometry being used was 0.14,
which is very high. Then, the names were assigned to the faces of the geometry. The front
face was given the term water inlet, while the back side was given the name outlet. For
the side faces, the downward faces and tree cylinders were named as solid walls. The top
surface was assigned as a free surface or symmetry.

After meshing and assigning the names, the geometry was shifted to the post-
processing process. The three-dimensional (3D) Reynolds stress model (RSM) was utilized
for setting up the physics and for the turbulence closure model. It has been noted that
the RSM provides the most accurate simulation of the non-isotropic structure of the flows
for both the empty and vegetated open-channel flow problems. Furthermore, it has been
observed that the RSM is preferable to the other models in predicting the mean flow and
turbulence characteristics considering the open-channel flow with submerged vegetation
inside the channel [36]. In this simulation, we took both submerged and emergent vege-
tation in an open channel; therefore, we used this model to obtain good outcomes. After
that, boundary conditions were applied to the faces of the geometry that were previously
assigned in the meshing process. The periodic boundary condition was implemented at the
inlet/outlet to ensure the translational periodicity and uniform flow features. A symmetri-
cal boundary condition was used for the top free surface. The domain’s cylinders, sides,
and bed walls were all given to a no-slip wall condition. For the convergence criterion and
residual smoothing, low under-relaxation factor values were selected. For solution initial-
ization, the conventional initialization procedure was employed. The method, governing
equations, and turbulence model are all described in the user guide [42].
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4. Results and Discussion
4.1. Vertical Distribution of Velocities
4.1.1. Vertical Distribution of Longitudinal Velocity (u)

The calculated results for the vertical distribution of the longitudinal velocity com-
ponent (u) at specific locations for each of the four cases are shown in Figure 5a–d. The
X-axis represents the longitudinal component of velocity (u), while the Y-axis represents
the vertical component of water depth (Z). From Figure 5, it is clear that three distinct
portions of the plots—portions 1, 2, and 3—can be distinguished at all locations that are
inside, directly upstream, or downstream of shorter submerged layers (i.e., locations 1–6 in
cases 1–2 and locations 5–10 in cases 3–4.
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Portion 1 of the plots is situated among the short trees adjacent to the bed. In all cases,
at the aforementioned locations, the longitudinal component of velocity (u) in portion
1 has a minimal value near the bed and exhibits a linear gradient with an increasing pattern
along with the depth of water. The resistance provided by the bed is the source of the
minimal value of the longitudinal component of velocity close to the bed. Meanwhile,
the second portion of the plots lies within the submerged/short trees (below the tops
of the short trees (Z ≤ 0.035 m)), and the longitudinal velocity component (u) is almost
constant along with the water depth towards the tops of the short trees. The third portion
of the plot consists of an inflection point near the tops of the short trees (Z = 0.035 m),
where the longitudinal velocity component is increased above the tops of the short trees
because there is no hindrance or resistance by the shorter trees due to the momentum being
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exchanged between overlying flow and the tops of the short trees. This zone is known
as the shear zone [43], and it has the highest intensity of vortices; similar behavior was
reported by [21,44–46]. While the behavior of the velocity profile in cases 1–2 at locations
7–10 and in cases 3–4 at locations 1–4 (found in tall trees) is remarkably similar, these
locations are in taller trees. The plots of these locations consist of two portions: during the
first portion, the longitudinal velocity component is very small near the bed and increases
towards the tops of the trees up to a certain flow depth. while in the second portion of the
plot the velocity component is almost constant toward the tops of the tall trees because the
tall trees continued to provide resistance to flow up to the tops of the trees. The magnitude
of the longitudinal velocity component in all cases is comparatively greater at locations
2, 4, 6, 8, and 10 (located in the gap regions between cylinders) as compared to locations
1, 3, 5, 7, and 9 (located in line with the cylinders). Inside the short trees (i.e., Z < 0.035 m),
30–64% reductions in the velocities in cases 1–2 and 53–78% reductions in the velocities in
cases 3–4 were observed as compared to above the submerged trees (i.e., Z > 0.035 m).

4.1.2. Vertical Distribution of Lateral Velocity (v)

The cross-streamwise velocity component (v) of all four cases is represented in
Figure 6a–d. It is evident from Figure 6 that the cross-streamwise velocities are very
low upstream (locations 1–2) and downstream (locations 9–10) of the trees during all cases
because there is less cross-streamwise movement at these locations, The values of the
cross-streamwise velocities are positive and negative at those locations that lie inside the
trees, due to the maximum lateral movement and small turbulence caused by the trees.
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The plot of cross-streamwise velocities is almost constant from bed to top at locations
that are located inside the tall trees (locations 7–10 in cases 1–2 and locations 1–4 in cases
3–4). The reason for this is the persistent resistance presented by the taller trees all the way
to their crowns, whereas an inflection point near the tops of the short trees can be seen at
locations lying inside or surrounding the short trees (locations 1–4 in cases 1–2 and locations
7–10 in cases 3–4). Within the short trees’ cylinders (Z ≤ 0.035 m), smaller fluctuations in
velocity are observed due to the presence of turbulence. The overall velocities at points
located in the free streamwise region (locations 2, 4, 6, 8, and 10) are comparatively higher
than those at points locating in line with the trees (locations 1, 3, 5, 7, and 9) in all cases.

4.1.3. Vertical Distribution of Depthwise Velocity (w)

The trend of depthwise velocities (w) in case 1 is similar to that in case 2, while case 3
is similar to case 4 at specific locations, as shown in Figure 7a–d. It can be seen from the
plots of depthwise velocities that a sharp inflection in depthwise velocity with maximum
positive (indicating upward flow velocity) or negative values (representing downward
flow motion) was visible near the tops of the short trees at all those locations lying inside
or surrounding the layer of short trees.
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The motion of flow was upward at locations 1–4 near the tops of the short trees in
cases 1–2 (Figure 6a,b), while the negative maximum values in the plots of velocities at
locations 5–8 in cases 1 and 2 indicate the downward movement of flow at these locations.
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The behavior of depthwise velocities at locations 9-10 was almost constant up to the tops of
the trees.

Meanwhile, the velocities at locations 1–4 in cases 3–4 were almost constant from bed
to top.

Similarly, an interesting trend of velocity was observed at locations 5–8 in cases 3 and
4 (Figure 6c,d), because these locations were amongst the short trees. The vertical velocities
were increased along with the water depth and reached their maximum positive values
inside the short trees (Z < 0.035 m), and above Z≥ 0.035 m the velocities tended to decrease
up to the free surface.

The increasing pattern of velocities inside the short trees is a depiction of upward
flow, while the decreasing pattern of velocities after Z ≥ 0.035 m represents the downward
direction of flow. From the plots of locations 9 and 10, it is visible that the velocities at these
locations are near to zero and constant up to the top of a free surface, indicating no vertical
movement of flow at these locations.

From the above discussion, it can be concluded that the upward and downward move-
ment of flow was observed upstream and downstream of the trees, respectively, whereas the
behavior of velocities amongst the taller trees was almost constant from bed to top.

4.2. Vertical Distribution of Reynolds Stresses

To learn more about turbulence, the Reynolds stresses in the computational model were
calculated. Figures 8 and 9 illustrate the vertical profiles of the computed Reynolds stresses
(u’u’, v’v’, w’w’, and u’w’) at various specified locations, where u’, v’, and w’ represent
changes in the streamwise, lateral, and vertical directions of the velocity component,
respectively. Reynolds stresses, normalized by U2, are shown on the X-axis, while flow
depth, normalized by hs (the smaller trees’ height), is shown on the Y-axis.
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4.2.1. Normal Stresses (u’u’)

It is visible form Figure 8a–d that the normal stresses (u’u’) are maximal near the bed
at all locations during all cases. The normal stresses are relatively higher at locations 7–10,
which lie inside and downstream of the taller layers as compared to locations 3–6 in the
smaller layers in cases 1–2, and at locations 3–6 (located in the taller layers) as compared to
locations 7–10 (located in the smaller layers) in cases 3–4. The Reynolds normal stresses are
almost constant form the beds to the tops of the cylinders at those points that are located
amongst the taller trees (i.e., locations 1–4 in cases 3–4, and locations 7–10 in cases 1–2).
The plots of locations that are located amongst the short trees (locations 1–4 in cases 1–2;
locations 7–10 in cases 3–4) consist of three different behaviors: initially, normal stresses
are very low near the bed up to a certain flow depth; in the second zone of the plots these
stresses become constant before the tops of the trees, while in the third zone of the plots
inflection points occur, where sharp variation is visible near the tops of the trees (Z/hs = 1)
due to the exchange of momentum between flow layers.

4.2.2. Normal Stresses (v’v’)

In all cases, the normal stresses (v’v’) are minimal at upstream locations 1–2 as com-
pared to downstream, and they remain constant up to the tops of the trees, as shown in
Figure 9a–d. A sharp inflection point is visible in plots of normal stresses at the interface of
trees and flow, due to the high turbulence at all those locations lying inside and downstream
of the submerged trees (locations 3–6 in cases 1–2; locations 7–10 in cases 3–4). In contrast,
the normal stresses (v’v’) are relatively higher at those locations lying inside the tall trees
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(i.e., locations 7–10 in cases 1–2; locations 3–6 in cases 3–4) as compared to the locations
of the short trees. The stresses inside the short trees in the vegetated zone (Z/hs < 1) are
higher as compared to the unvegetated zone (Z/hs > 1), while the increasing pattern of (v’v’)
normal stresses inside the tree patches (i.e., Z/hs ≤ 0.8831 below the tops of submerged
trees) at specified points can be arranged as 2 < 1 < 5 < 4 < 6 < 3 < 8 < 9 < 10 < 7. Meanwhile,
the plot of normal stresses v’v’ depicts that the overall (v’v’) normal stresses near the tops
of the short trees (i.e., Z/hs ≥ 0.8831) follows the pattern 2 < 1 < 5 < 4 < 6 < 3 < 9 <10 < 8 < 7.
The overall stresses in case 2 are larger as compared to case 1 at specified points.

4.2.3. Normal Stresses (w’w’)

The normal stresses, w’w’ are minimal at locations 1–2 as compared to downstream and
all other locations in all cases (Figure 10a,d), because these locations lie directly upstream
of the trees, where the hindrance due to trees and backwater reflection occurs. The plot of
these locations (1–2) in cases 3–4 is almost constant from bed to top, because in these cases
resistance continues up to the top along with the tall trees, whereas the plot of locations 1–2
in cases 1–2 shows different behavior—initially it is relatively constant, while the inflection
point is visible near the tops of submerged trees due to momentum exchange between
the flow layers. The overall Reynolds normal stresses are relatively larger at those points
located amongst the tall trees (i.e., locations 7–10 in cases 1–2; locations 3–6 in cases 3–4) as
compared to those lying amongst the short trees.
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4.2.4. Reynolds Shear Stresses (u’w’)

Figure 11 depicts the vertical distribution of Reynolds shear stresses for all cases. In
all four cases, the plotted Reynolds shear stresses consist of three parts. In the first portion
(Z/hs < 020), in cases 1–2 (Figure 11a,b), the stresses near the bed are greater at locations
7–10 as compared to the other locations, and the value of the stresses is positive, with
a decreasing trend up to Z/hs < 0.20, whereas in cases 3-4 (Figure 11c,d) the stresses are
maximally negative at all locations in the first portion of the plot (Z/hs < 0.20). Meanwhile,
in the second portion, the stresses are almost constant from bed to top at locations 9–10
(located downstream of the taller layer) in cases 1–2 and locations 1–4 in cases 3–4. In the
third portion of the plot, a sharp inflection in the Reynolds shear stresses can be observed
at the interface of the short trees at locations 3–6 in cases 1–2 and locations 5–10 in cases
3–4. From the above discussion, it can be concluded that the Reynolds shear stresses were
maximal amongst the trees of the second patch (taller trees in cases 1–2 and shorter trees in
cases 3–4) near the bed (i.e., z/hs < 0.20).

Mathematics 2023, 11, x FOR PEER REVIEW 16 of 21 
 

 

4.2.4. Reynolds Shear Stresses (u’w’) 
Figure 11 depicts the vertical distribution of Reynolds shear stresses for all cases. In 

all four cases, the plotted Reynolds shear stresses consist of three parts. In the first portion 
(Z/hs < 020), in cases 1–2 (Figure 11a,b), the stresses near the bed are greater at locations 
7–10 as compared to the other locations, and the value of the stresses is positive, with a 
decreasing trend up to Z/hs < 0.20, whereas in cases 3-4 (Figure 11c,d) the stresses are 
maximally negative at all locations in the first portion of the plot (Z/hs < 0.20). Meanwhile, 
in the second portion, the stresses are almost constant from bed to top at locations 9-10 
(located downstream of the taller layer) in cases 1–2 and locations 1–4 in cases 3–4. In the 
third portion of the plot, a sharp inflection in the Reynolds shear stresses can be observed 
at the interface of the short trees at locations 3–6 in cases 1–2 and locations 5–10 in cases 
3–4. From the above discussion, it can be concluded that the Reynolds shear stresses were 
maximal amongst the trees of the second patch (taller trees in cases 1–2 and shorter trees 
in cases 3–4) near the bed (i.e., z/hs < 0.20). 

  
(a) (b) 

  
(c) (d) 

Figure 11. (a–d) The vertical profiles of shear stresses (−u’w’) at specified locations: (a) case 1; (b) 
case 2; (c) case 3; (d) case 4. 

4.3. Distribution of Turbulence Kinetic Energy 
The contour plots in Figure 12a,b show the distribution of kinetic energy in turbu-

lence along longitudinal section 1 for cases 1 and 3, respectively. The X-axis represents the 
channel’s length, while the Y-axis represents the water’s depth along the channel (Z). In 
cases 1 and 3, there is a distinct variation in the turbulence kinetic energy values between 
the patch of trees and the regions upstream and downstream of it. The magnitude of the 
turbulence kinetic energy within the patch of trees was substantially bigger than the 

Figure 11. (a–d) The vertical profiles of shear stresses (−u’w’) at specified locations: (a) case 1;
(b) case 2; (c) case 3; (d) case 4.

4.3. Distribution of Turbulence Kinetic Energy

The contour plots in Figure 12a,b show the distribution of kinetic energy in turbulence
along longitudinal section 1 for cases 1 and 3, respectively. The X-axis represents the
channel’s length, while the Y-axis represents the water’s depth along the channel (Z). In
cases 1 and 3, there is a distinct variation in the turbulence kinetic energy values between
the patch of trees and the regions upstream and downstream of it. The magnitude of
the turbulence kinetic energy within the patch of trees was substantially bigger than the
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magnitude of the turbulence kinetic energy upstream and downstream of the patch of trees.
As a direct result of this, the TKE significantly increased in the region that encompassed
the patch of trees, illustrating a correlation with the data presented in an earlier study [32].
The turbulence kinetic energy of the patch of trees increased by a percentage difference
that ranged from 46 to 70% for case 1 and from 38 to 57% for case 3, when contrasted with
the upstream and downstream regions without any trees. This is in stark contrast to the
lack of trees that may be found in the regions that are upstream and downstream. The
increased magnitude of turbulence kinetic energy that was seen within the patch of trees
was the result of the resistance that was supplied by the tree cylinders. This was the source
of the increased magnitude of turbulence kinetic energy. This resistance was not present in
the locations that were either upstream or downstream of the point of study. Because of
the continuous resistance of the cylinders, the behavior of the turbulence kinetic energy
contained within the tall and short trees remained virtually the same from the bottom to
the top of the cylinders, although it was observed that there was a sudden shift in the
turbulence kinetic energy directly above the short trees in cases 1 and 3. The magnitude of
the turbulence kinetic energy directly above the short trees was significantly lower when
compared to the turbulence kinetic energy found inside the patch of trees. Based on these
findings, it appears that the patch of trees contains a greater amount of turbulence within
the trees.
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4.4. Turbulence Eddy Dissipation Rate

Figure 13a,b depict the profile of the turbulence eddy dissipation rate inside the
tree patch (Z/hs < 1), at the tops of the short trees (Z/hs = 1), above the short trees
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(Z/hs > 1), and along the centerline of the tree patch (Section 1) for case 1 (short and
tall trees) and case 3 (tall and short trees), respectively. The kinetic energy of the flow
turbulence relates to the eddies, and this turbulence energy is lost as a result of the larger
eddies dissipating into smaller ones at a faster rate than it is converted to heat by the
viscous forces. The trend of the turbulence eddy dissipation rate is quite similar to that of
the turbulence kinetic energy in many respects, as shown in Figure 12. A distinct contrast is
clearly visible between the tree region and the region that does not have trees, i.e., upstream
and downstream. When comparing cases 1 and 3, the behavior of the eddy dissipation
rate is essentially same across a range of flow depths—specifically at Z/hs < 1, Z/hs = 1, and
Z/h > 1. At the locations upstream and the downstream of the patch of trees, the turbulent
eddy dissipation was essentially non-existent; as the flow proceeded through the tree
region, there was a sawtooth pattern seen in the rising trends of the energy distribution
that was being lost. In cases 1 and 3, the continuous flow obstruction up to the tops of the
trees caused the magnitude of the eddy dissipation rate to be higher inside the patch of tall
trees as compared to the short trees.
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5. Conclusions

Detailed knowledge and comparison between flow characteristics along the flow
depth in a horizontal double layers of trees with varying arrangements of short submerged
trees (PS) and tall emergent trees (Pt) have still not been investigated. Hence, the numerical
analysis of flow structure through different arrangements of horizontal double layers of
trees was carried out with the application of the numerical code Fluent (ANSYS) and
Reynolds stress modeling (RSM) to replicate the vertical profiles of velocities, Reynolds
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stresses, turbulence kinetic energy, and turbulence eddy dissipation rate. The current com-
putational study effectively computed the appropriate results of internal flow properties
along the flow depth, and it showed great accordance with experimental outcomes of [19].
The main findings acquired from this study are as follows:

1. In all cases, the mean streamwise (u’), lateral (v’), and vertical (w’) velocity profiles
consisted of a sharp inflection point in the zone 0.035 m < z < 0.04 m at all those
locations lying inside, upstream, and downstream of the short trees (PS). This was
due to the maximum generation of vortices that gave rise to the momentum transfer
between the overlying flow and the tops of the shorter trees, which indicatively
represent a gradient of velocity in this zone. There was an approximate 31–65%
increase in the streamwise velocities at locations 1-6 in cases 1–2 and a 54–77% increase
at locations 7–10 in cases 3–4 in the unvegetated zone (z > 0.035 m) compared to
the vegetated zone (z < 0.035 m) below the short trees. In contrast, the trend of
streamwise velocities amongst the taller trees was almost constant from bed to top
due to continuous resistance up to tops of the tall trees.

2. In all cases, the normal stresses were higher at those locations lying amongst the taller
trees and almost constant from bed to top as compared to the locations of submerged
trees, where sharp inflection points were observed at the interface of the submerged
trees due momentum exchange between the flow layers. Meanwhile, the normal
stresses were lesser directly downstream of the cylinders at locations 3-7 as compared
to locations 4 and 8.

3. The magnitude of the turbulence kinetic energy was significantly larger inside the
short and tall tree cylinders as compared to the unvegetated regions, i.e., the upstream
and downstream regions. Similarly, the production of turbulence kinetic energy was
approximately 50% and 70% greater inside the tree region (Z < 0.035) as compared to
above the shorter trees during cases 1–2 and cases 3–4, respectively.

4. The sawtooth pattern in the turbulence eddy dissipation rate was noticed in all cases
inside the tree region, while a greater eddy dissipation rate was observed amongst the tall
trees as compared to the short trees. This was due to the significantly higher continuous
flow resistance offered by the tall trees up to the tops of the taller tree cylinders.

The purpose of this research was to examine the potential of a horizontal double layer
of trees (HDLT) made up of both short and tall layers, as a defense mechanism against
tsunami floods in inland areas. The outcomes of the present numerical study clearly show
the effectiveness of a horizontal double layer of trees arranged in patches of short and
tall trees to withstand the spread of tsunamis and floods. The horizontal double layer of
trees arranged with short upstream and tall downstream trees was more favorable in terms
of greater flow resistance and better dissipation of turbulence energy as compared to the
arrangement with tall upstream and short downstream trees. Hence, this particular pattern
of HDLT has the potential to be very useful during times of high flow and floods. In order to
facilitate future research, it is possible to presuppose a variety of flow depths and discharges
in order to examine the effects of various patch combinations on the flow structures. In
addition, more measurement positions in the streamwise direction (as well as in other
directions) should be sought, in order to study these variances in greater detail. Moreover,
additional experimental research is required to further investigate the phenomenon and
the consequent flow pattern of scouring behind the downstream forest under movable bed
conditions and larger flows.
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