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Abstract: The effects of climate change are growing more and more evident, and this is caused by
the increase in CO2 emissions. Fossil fuel exhaustion and the need for electricity in remote areas
have encouraged researchers to advance and develop the renewable energy sector. One type of clean
energy technology is vertical water turbines that have low efficiency. This paper aims to design
and simulate a novel close-ended, guided deflector to improve the efficiency of vertical turbines.
This research used the dynamic mesh technique to evaluate the concept after the deflector was
designed, and a grid independence study, a boundary sensitivity study, and a timestep sensitivity
study were implemented to ensure the accuracy of the results. Then, we used the sliding mesh model
to determine the performance of four rotors. The results from the dynamic mesh model showed
that the straight rotor with the proposed deflector was not suitable for operating in the deflector,
and the concept is static and does not rotate. However, the others showed a valid concept in the
proposed deflector. For the sliding mesh technique, the results indicated a common trend: all the
rotors’ performances increased when tip speed ratio (TSR) increased, and the highest amount of the
power coefficient (Cp) was found at higher TSRs, such as 1.3 and 1.4, with around 0.45 in the cross
flow type. A three-dimensional simulation was conducted of the cross flow type with the proposed
deflector, and a similar trend was found. Nevertheless, around a 5% difference was found between
the 3D and 2D results for cross flow. The deflector can significantly improve the performance after
0.7 TSR to reach over 0.42 Cp at 1.3 TSR, whereas, without the deflector, the performance reduces to
approximately 0.1 Cp at the same TSR.

Keywords: computational fluid dynamics (CFD); tip speed ratio; small-scale turbine; vertical turbines;
close-ended deflector

1. Introduction

Social and economic growth is strongly related to improvements in the energy sec-
tor [1]. There are many methods for generating electricity. The primary way to produce
electricity is by burning fossil fuels because their cost is relatively reasonable, and they
can be exploited easily. Nevertheless, over the last decade, the rapid increase of fossil fuel
usage has caused a global fossil fuel crisis and many environmental issues [2,3]. Using
environmentally friendly energy sources is an effective technique for mitigating fossil fuel
exploitation and carbon emissions [4,5]. Small-scale hydropower turbines can help to
provide electricity to rural areas in developing countries since 10% of the global population
lived without electricity according to 2019 data [6]. In addition, many areas in Malaysia,
especially East Malaysia, suffer from a lack of electricity due to their distant location from
cities [7]. These rural areas depend on fossil fuel generators. Pulau Perhentian, for example,
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one of the minor Malaysian islands, is powered by approximately 200 kW generators [7,8].
Other significant examples of islands in Malaysia that do not have enough electricity are
Pulau Tioman, Pulau Redang, and Pulau Layang-Layang [9]. Moreover, there are a lot
of off-grid areas on the mainland, like Kemar in Perak [10], Kalabakan in Sabah [11], and
Kampung Opar in Sarawak [12]. On top of that, operation and maintenance (O&M) costs
over the long-term are expensive [7], and it is worth mentioning that the fuel cost could be
around four times more expensive in these areas due to the transportation cost [13–15].

Water turbines produce electricity from the moving water of the sea, river, or canal by
changing the kinetic power in the stream into electrical energy [16]. Hydropower turbines
can be divided into two categories: horizontal turbines (HAWT) and vertical turbines
(VAWT) [17]. Vertical water turbines are preferable in small-scale water turbines because
they can respond to the water stream from any direction, and their maintenance cost is
relatively low [18]. The vertical turbine has many rotors, such as the in-plane axis, Darrieus,
Gorlov, and Savonius.

1.1. The State of the Art

The two common methods of developing and enhancing turbines are to improve the
turbines’ fluid efficiency or increase the incoming velocity by using a nozzle, establishing
man-made channels, locating the turbine after a slope, or using a duct to make the turbine
rotate faster. For these two methods, researchers have performed numerous experimental
and computational studies to improve vertical turbines. On one hand, researchers like
Hassanzadeh and Mohammed Nejad studied the overlap ratio of a typical Savonius turbine,
with overlap values of−0.1, −0.2, −0.3, 0.1, 0.2, and 0.3, and they found that the 0.2 inward
overlap ratio accounts for the best efficiency, while −0.3 offers the lowest efficiency [19].
Others studied the aerofoil for the Darrieus turbine, which has a significant impact on
the performance of vertical turbines. The main objective was to evaluate the effect of
twelve aerofoil-controlling parameters by implementing an orthogonal algorithm and
computational fluid dynamic (CFD), and the result showed the best aerofoil power of
coefficient (Cp) to be 13.6, which is higher than the NACA 0015 aerofoil [20]. In another
study, numerous variations were used to optimize the Gorlov type of turbine by using
laminar flow analysis by Ansys Fluent, and variables, with an error of 10%,of a pitch angle
at 30◦ and 40◦, a dimension ratio of 450 in diameter, a hydrofoil type of S1210, and the
number of blades being 2, 3, 4, 5, or 6. The simulation result for the study found that the
highest turbine performance is acquired by the NACA 0012 hydrofoil, with a 40◦ pitch
angle [21]. On the other hand, Elbartran et al. studied the use of a duct nozzle on a
Savonius turbine, at a Reynolds number of 1.32 × 105. The researchers found that the
nozzle could improve the efficiency of the turbine such that it reached 78% [22]. Another
researcher investigated an impinging jet duct system on a Savonius turbine and concluded
that using such a duct can increase the efficiency such that it reached 0.5 at 0.6 TSR [23].
In the study by Mosbahi et al. [24], an experiment and a CFD analysis were carried out
to assess the use of a deflector in an irrigation channel. The authors investigated three
different deflector types, and the results found that the peak value of performance with the
deflector in use was increased by 17.47%. Other researchers predicted the optimal mean of
the tip speed ratio (TSR) due to the effect of TSR on the performance of a vertical turbine
with a deflector by implementing the Taguchi method and high-fitting neural network [25].
They found that the Cp value could be improved up to 3.58-fold under the optimal mean of
TSR. Researchers like Beaumont et al. investigated the inclusion of the deflector [26]. Their
results found that an optimized axisymmetric deflector enhanced the power of coefficient
over the whole operating range of the turbine, and they also found that the average starting
torque increased by 30%.

The tidal power in Malaysia is not well used or understood due to the complexity of
the geographical area [27]. Furthermore, water levels are not deep enough and have low
water velocity, which makes it hard to generate a huge amount of electricity from small-
scale turbines in Malaysia [14]. Even though there are many studies on improving large-
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scale turbines, the number of studies on improving small-scale turbines is limited [15,28].
In addition, the majority of designed water turbine deflectors are not directional and only
work in the stream direction. Therefore, this study aims to make a CFD analysis for a novel,
close-ended, guided deflector to increase the water velocity and improve vertical turbines,
like the Savonius, which is widely known for its poor performance [29–31].

1.2. Methodology

The primary methodology used in this study was that, after conducting a literature
review, the deflector was created with the required parameters and designed by SolidWorks.
Then, a CFD simulation using ANSYS Fluent 19.2 was conducted for the deflector. Several
rotors—straight, cross flow, H-Darrieus, and Savonius—were used to assess the deflectors’
performance. Before the performance was assessed, a grid independence study, a boundary
sensitivity study, and a timestep sensitivity study were implemented to ensure accuracy.
The dynamic mesh technique was utilized to verify the concepts of each rotor with 2D and
3D simulation, and then a 2D sliding mesh technique was used to determine the perfor-
mance. For the comparison of the results, rotors were simulated without the deflector, and
3D simulation was conducted for the highest performance rotor in the proposed deflector.

2. The Design

A typical cross-flow turbine is made of a runner with a horizontal shaft, having a
certain number of blades (from 11 up to 37) [32], arranged radially and tangentially. At the
core of the turbine, there is a rotor whose blades have a circular cross-section [33]. Cross
flow turbines can achieve high efficiency easily, such as 80% or above [31], whereas vertical
turbines for freestreams, like Savonius and Darrieus, cannot reach such high efficiency.
However, the cross-flow turbine needs special equipment to be installed, a stationary place,
high pressure and velocity, and a duct or slot to direct water in a close stream. For this
reason, this study adopted the deflector from the cross-flow turbine, as Figure 1 shows, and
developed it so as to be suitable for open-stream applications with much lower velocities
than the cross-flow stationary turbine. The main idea of the design is to transform the
nozzle from the typical cross-flow turbine into a deflector for the proposed deflector, with
different inlet points, as Figure 2 shows. The process of the design can be summarized as:
First, the nozzle of the typical cross-flow was rotated by 30o to touch the x-axis of the rotor
(W1W2 line), and then, the inlet duct of the cross-flow typical turbine was modified to be
the close-ended type. After that, the whole new deflector was reflected around the y-axis
(RE) within an angle. The duct was reflected for the second time around the W1W2 line
to have a symmetrical shape with the first deflector around point F, as shown in Figure 2.
When the water comes from the left-hand side to the right-hand side, it enters the deflector
from points A and B and follows curves AC and BD. The majority of the water leaves the
deflector between points C and D. This symmetrical design and the guided deflector allow
the rotor to rotate in the same direction, regardless of the stream direction.

The deflector was then extruded to have three dimensions. The deflector for a small
size can be used as a floating turbine, as shown in Figure 3, or it can be ground-fixed in a
river or the sea, as illustrated Figure 4.

The simulation was performed, taking into consideration the Malaysian environment,
with an inlet velocity of 0.56 m/s, the lowest water velocity in Malaysia [32]. The maximum
mechanical power in Watts contained in a freestream is given by [33–35]:

Pmax =
1
2

ρAv3 (1)

where Pmax is the maximum available power in Watts, ρ in kg/m3 is the medium density,
and the velocity of the fluid is defined by v in m/s. The cross-sectional area in this equation
is defined by A, which can be defined as the product of diameter (D) and height (H)
in meters.
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On the other hand, the power extracted from the rotor in Watts, Protor is given by:

Protor = Tω (2)

where T in N.m is the torque extracted by the turbine, and ω is the angular velocity of the
turbine in rad/s.

From these equations, the performance of the turbine, which is dimensionless, Cp is
defined as:

Cp =
Protor

Pmax
(3)

Another measure of the turbine performance is the torque coefficient, which is given by:

Ct =
T

1
4 ρD2Hv2

(4)

The performance coefficient of the turbine depends on the tip speed ratio that is the
ratio of the tip velocity to the freestream velocity. The tip speed ratio (TSR) is given:

TSR(γ) =
ωD
2v

(5)

2.1. The Rotors

For the Savonius rotor, the dimensions and rotor design were taken from Yaakob et al.’s
study [36], and for the H-Darrieus rotor type, the designing data were taken from the study
of Alaimo et al. [37]. The cross-flow rotor designing data were taken from Du et al. [38],
whereas the straight-blade was designed as a typical blade, straight blade rotor, with
17 blades. All the rotors were scaled down to have comparative advantages, and the
dimensions were selected to be 0.316 and 0.26 m for the diameter and height, respectively.
The scale equation is given by [39]:

γ =
Ls

Lm
=

ds

dm
=

Hs

Hm
(6)

where γ is the ratio scaled version to model in m, L is the length, d is the diameter, H
is the height of the turbine, and the subscripts refer to the scaled version and model
parameter, respectively.

2.2. Mesh and Computational Domain

After modeling in SolidWorks, the deflector and rotor underwent a meshing process,
as displayed in Figure 5. For the mesh generation, an unstructured mesh was constructed
because structured mesh requires a sophisticated setup to be applied. In addition, the
structured mesh has a rigid connectivity motif, whereas the unconstructed does not have
such patterns. The tetra and prism shape of the unconstructed mesh were generated to
obtain more flexibility. Moreover, it was crucial to consider a grid-independence compari-
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son study since it had a significant impact on the solution [40,41]. For all the tests of the
mesh independence study, the same Ansys solver, velocity inlet, TSR boundary conditions,
simulation settings, and timestep were taken to ensure that the mesh size was the only
variable. The unstructured 2D mesh was used to mesh the rotating and outer domains. For
all the meshes, the TSR was 0.8, the water inlet was 0.56 m/s, and the time was 10 sec for
each simulation. In addition, skewness and orthogonality of the mesh were considered.
As shown in Figure 6, the number of cells was gradually increased by a factor of two, and
the right number of cells was chosen when the performance (Cp) remained stable. For
Savonius, 2d cross flow, H-Darrieus, and straight turbines in the proposed deflector, the
suitable number of cells was around 6.1 × 105. Moreover, the number of cells for 3D cross
flow was around 1.6 × 107, as Figure 7 shows.
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In 2D and 3D simulations, the boundary conditions were divided into three sections:
outer domain, inner domain, and rotating domain. The main reason for that was to
increase the mesh at the critical points (the turbine blades) and reduce the computational
time. The minimum size of the stationary domain used 20 times the rotor radius on each
side of the turbine, whereas the outflow boundary should be around 30 times the rotor
radius to minimize the effect of backflow that could occur during the simulation [42,43].
Moreover, a boundary condition sensitivity study was conducted to ensure the accuracy
of the assumption. For this test, the boundary was enlarged gradually to check the effect
of the increase of the boundary on the solution, and it was found after the domains were
enlarged that there was no significant change in the results. To allow the fluid to penetrate
all domains, the interfaces were defined. In this case, there were two interfaces, which were
the rotating-inner interface and the inner-upper.

2.3. Simulation Setting

A dynamic mesh technique was used to check the feasibility of the double-guided
deflector in the floating turbine. Six Degrees of Freedom solver (6DOF) was utilized to give
the freedom to the turbine to rotate to mimic the actual circumstances in a river or the sea.
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The Implicit Update option was enabled to update the mesh to avoid any interruption in
the solver. Three types of mesh motion were implemented: the Smoothing Method, the
Dynamic Layering, and the Remeshing Method. Smoothing was used to modify the mesh,
and the interior nodes of the mesh had the ability to move. However, this did not change
the number of nodes and their connectivity so that the nodes absorbed the movement of
the boundary. For this analysis, diffusion-based smoothing was used. When this type of
smoothing is used, the mesh motion is governed by the equation:

∇.(γ∇u→) = 0 (7)

where u→ is the mesh displacement velocity in m/s, and γ is the diffusion coefficient.
The boundary conditions were assigned by users prescribed or 6DOF boundary

motion. When the boundaries deform, the mesh is tangent to the boundary. Equation (7)
also describes how the boundary motion diffuses into the deforming mesh. γ can be used
to control how the boundary motion has an impact on the interior mesh movement. If the
coefficient is constant, the boundary motion diffuses uniformly in the mesh, but the mesh
tends to move together if it is a nonuniform diffusion coefficient.

Dynamic layering is used to add or remove layers of cells adjacent to the moving
boundary, and this depends on the layer’s adjacent height to the moving surface. A height-
based option was used for this analysis because the cells were split to create a layer of cells
with a constant height and a layer of cells of height. To implement the dynamic layering, the
split factor and collapse factor were specified, which are the factors that determine when a
layer of cells near a moving boundary is split or merged with the adjacent cell layer. The
split factor and collapse values factor were reduced to enhance the layering, with 0.2 and
0.15, respectively. The cells can deteriorate if the boundary displacement is larger than the
local cell sizes. This can lead to deforming the mesh and convergence problems when the
next timestep is initiated, so the remeshing option was activated to avoid this problem.

The choice of turbulence model is based on many factors, like the physics of the flow,
the established practice for a specific class of problem, the level of accuracy required, the
available computational resources, and the amount of time available for the simulation.
For this study, the model K-omega was selected. This model has two helping closures
built into it, which are share-stress transport (SST) and baseline (BSL). The SST model was
chosen for this research because it has extra features that make it more accurate and reliable
for many cases, such as aerofoils, transonic shock waves, and turbines, than the standard
BSL model [44,45]. The choice of this model helped the turbulence damping, inclusion
of curvature correction, inclusion of compressibility effects, and inclusion of production
limiters. In addition, this model can accurately capture shear stress distribution in the
boundary layer and predict adverse pressure gradient flows [46].

The primary method used for this study was pressure-implicit with splitting of op-
erators (PISO), which is based on the higher degree of the approximate relation between
the corrections for pressure and velocity. PISO offers extra corrections to the problem, and
these corrections are neighbor correction and skewness correction. In addition, this method
is proven to be a lot more suitable for all transient cases, especially when a large timestep is
needed [47].

For this study, the initialization method was the hybrid initialization method because
it consists of a collection of ways and boundary interpolation methods, which are solved by
Laplace’s equations to find the velocity, temperature, turbulence, pressure, species fractions,
etc. These were automatically patched, depending on the domain averaged values or a
specific interpolation collection.

To find the suitable timestep size and the number of timesteps, a timestep sensitivity
study was conducted. The simulation was initiated by a very large number of timesteps,
and the output was observed until the solution became stable so that further iterations
would not alter the solution. It was found that, after reaching approximately 1000 timesteps,
the solution was stable, and a further increase in the number of timesteps would not have
an effect on the average of the output solution, as shown in Figure 8. According to the
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number of timesteps acquired from the simulation, the effect of changing timestep size was
calculated by Ansys, and it was found that 0.005 is the optimum size for timesteps for all
the rotors in 2D and 3D simulations, concerning the simulation time.
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3. Results and Discussion
3.1. Deflector Simulation

As presented in Figure 9, the first simulation was for the deflector itself, and it can
be seen that the core of the deflector is divided into two parts, low- and high-velocity
regions. That is the same prediction made while designing the deflector, as illustrated in
Figure 2. The high-velocity arc follows AC and BD designing curves, and this can be seen
in Figure 10, where the streamlines follow AC and BD designing curves. The primary
behavior of the water in the core of the deflector can be seen in Figure 11. The water was
directed to behave as a vortex to rotate the turbine, which could positively affect the overall
performance because the water velocity significantly increased inside the deflector.

3.2. The Rotors Simulation

All four of the rotors in the deflector were tested by the dynamic mesh technique to
prove the concept. The dynamic mesh model moved the boundary of a cell zone in sync
with other boundaries of the zone to modify the mesh accordingly. The nodes of the cells
were updated in the unsteady mode, and the volume mesh was automatically updated by
Ansys Fluent at each point of the timesteps, depending on the updated positions of the
boundaries. The angular velocity of the rotor was calculated from the force balance on the
turbine rotor, which is established by the 6DOF solver. For the straight blade rotor, the
result of the dynamic mesh showed that the concept was not valid, the rotor was static,
and it did not rotate. In addition, this turbine experienced negative and positive torque,
so that it stopped rotating, and it can be seen in Figure 12 that the velocity around the
rotor was almost zero, or very low. For the rest, all of them were proven to be valid by
using the dynamic mesh technique. After that, as shown in Figures 13–15, they underwent
the sliding mesh technique to assess the performance. The nodes in the sliding mesh
rigidly moved in a specified mesh region, and multiple cell zones were bonded with one
another by non-conformal interfaces. For this model, the mesh motion was prescribed so
that the zones stayed connected through the non-conformal interfaces. As can be seen
from the velocity contour figures, the velocity at the deflector was at its highest point.
From the vector contour figures, the water behavior can be seen. In addition, there was
a high-velocity area at the entrance of the deflector, while a low-velocity area was at the
damping area. This can reduce the torque on the returning blade and increase the torque
on the advancing blade. That can significantly improve the performance. Figure 16 shows
the performance of the rotors with the deflector in action. It can be seen that all the rotors
had the same trend, and this is to say, the higher the TSR is, the higher the performance
will be. The cross flow rotor with the deflector in action accounted for the highest tested
performance among the three turbines.
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3.3. The Effect of the Deflector

The Savonius rotor was used to simulate the turbine with and without the deflector
to assess the effectiveness of the deflector. Figure 17 shows the difference in performance
between the Savonius turbine with and without the deflector. Without the deflector, the
performance of the turbine decreased after approximately 0.8 TSR and reached its lowest
performance at around 1.2 TSR, as shown in Figure 17, while, with the use of the deflector,
the turbine performance rose dramatically from 0.2 Cp at 0.8 TSR to reach 0.45 Cp at
1.3 TSR.

To understand the reason for the performance increase after 0.8 TSR, the concept of
negative torque acting on a vertical turbine should be considered. A typical Savonius
turbine has two blades fixed into a central shaft, creating an S-shape. A blade with a
concave surface facing the coming inlet is known to be the advancing blade, while another
with a convex surface is called the returning blade. As presented in Figure 18, the working
principle of a vertical turbine is that there is a force difference between the two blades [48].
When the turbine rotates, the advancing blade collects water from the inlet, while another
deflects the water. As a result, the drag force acting on the advancing blade is more than
that on the returning blade [49]. These drag forces create a positive torque on the advancing
blade (taking the counter-clockwise direction as positive) and a negative torque on the
returning blade that hinders turbine rotational motion [50]. Since there is a difference
between the forces, a net positive torque can be acquired. For the proposed deflector, there
is a double-guided deflector so that the negative torque will be reduced. This is the reason
that the performance in the turbine is higher after 0.8TSR compared to the others. In other
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words, the rotating turbine will not need much force to deflect the incoming water, and this
is considered an advantage and a possible way to improve the vertical turbines, especially
those turbines that have a high negative torque, as do Savonius turbines.
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3.4. 3D Simulation

A 3D simulation was also conducted to validate the 2D results. Figure 19 in wireframe
mode shows the fluid flow, and Figure 20 in solid mode shows the velocity contour. The
performance of the 3D cross flow rotor with the deflector, as shown in Figure 21, was almost
the same as the 2D cross flow rotor with the deflector. The difference between the 2D and
3D was approximately 6%, which is considered insignificant and negligible. The same
trend can be obtained from the 3D simulation. When the TSR increases, the performance
increases as well. The sudden increase at point 0.8 TSR can be justified as simulation noise,
which is a common by-product of CFD [51].
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4. Conclusions and Recommendation

This study started with finding the parameters from the literature review, such as
water speed and depth in Malaysia, and designing the deflector, inspired by the typical
stationary cross flow turbine. For the concept evaluation, four different rotors (straight,
cross flow, H-Darrieus, and Savonius) were used after simulating the flow behavior of the
deflector. Then, a 2D simulation by dynamic mesh approach was implemented to verify
the concept. Before that, a grid independence study, a boundary sensitivity study, and
a timestep sensitivity study were conducted to ensure that these parameters would not
affect the solution. From the dynamic mesh analysis, it was found that a straight blade
turbine is not suitable for the deflector, and the concept is not valid. However, all the rest
were unmistakably valid concepts in the proposed deflector. A sliding mesh technique
was utilized to assess the performance from 0.2 to 1.4 TSR, and each test was repeated
four times. There was a common trend that all rotors’ performances increased when TSR
increased. Then, to validate the 2D, a 3D simulation was conducted on the cross flow type,
and a similar trend was found. Nevertheless, around a 5% difference was found between
the 3D and 2D results for cross flow. The highest Cp was obtained at higher TSRs, such as
1.3 and 1.4, with around 0.45 in the cross flow type. Therefore, it can be concluded that the
studied deflector is suitable for high TSR. The deflector can boost the performance when
used after 0.7 TSR and reach over 0.44 Cp in Savonius rotors, while, without the deflector,
it cannot reach more than 0.25.

To explore the full potential of the deflector, this research recommends the following:
it is recommended to use a DOE (design of experiment) approach to conduct a parametric
study of the deflector. This could be done by using a full factorial design or the Taguchi
method. It is also recommended to explore the full range of performance over 1.4 TSR
to observe the peak point of the performance, including small- and large-scale deflectors.
Further research should be done on investigating the negative torque on the blades because
it plays an important role in determining the performance. More dynamic-mesh analysis
should be conducted for the floating deflector type to improve the stability of the turbine,
with different types of waves and turbulence. Finally, an experimental approach should be
considered to verify the simulation results.
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