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Abstract: This study aims to investigate the aerodynamic analysis of a Darrieus-type vertical axis
wind turbine (VAWT) using the Lattice Boltzmann Method (LBM). The objective is to assess the
accuracy and performance of the meshless LBM approach in predicting torque coefficients, velocity,
turbulence intensity, and vorticity distributions for VAWT aerodynamic analysis. Two turbulence
modelling approaches, Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS),
are employed to model the flow domain. The central problem revolves around comparing the
performance of different turbulence models based on their agreement with experimental results for
power and torque coefficients. The findings demonstrate the effectiveness of the WALE turbulence
model in achieving the best agreement with experimental data. Overall, the study provides valuable
insights into applying LBM in VAWT aerodynamic analysis and highlights the advantages of the
meshless approach compared to traditional CFD methods.

Keywords: Lattice Boltzmann Method (LBM); turbulence modelling; Large Eddy Simulation (LES);
Reynolds-Averaged Navier-Stokes (RANS); meshless approach

1. Introduction

Most wind turbines are installed in open rural areas due to their better wind potential.
Horizontal axis wind turbines (HAWTSs) are the preferred configuration and have become
a mature technology for converting wind energy into electricity. However, vertical axis
wind turbines (VAWTs) also offer their advantages. One notable advantage is that VAWTs
can generate power independently of the wind direction, eliminating the need for a yaw
control device. VAWTs can be broadly categorized into two types: Savonius and Darrieus.
The straightforward blade design of the Darrieus-type vertical axis wind turbine (VAWT)
makes it a popular choice in the small-scale wind turbine market [1]. However, one of
the challenges with VAWTs is the impact of wake effects, as the blades periodically pass
through the wakes generated by other blades. Accurately predicting and understanding
these wake interactions is crucial for analysing VAWT aerodynamics.

One major advantage of VAWTs is their versatility in terms of location. They can
be used in various locations within open rural areas. Additionally, VAWTs are often
considered standalone systems, allowing the generator to be placed at ground level for
easier access and maintenance [1]. It is important to note that wind turbine technology
is constantly evolving, and ongoing research and development efforts are focused on
improving the efficiency, reliability, and cost-effectiveness of both HAWTs and VAWTs. The
choice between HAWTs and VAWTs depends on the specific application, site conditions,
and project requirements.

Thanks to advancements in computer technology, we can now perform accurate and
detailed flow field simulations using three-dimensional computational fluid dynamics
(CFD) analyses. These technologies have enabled a wide range of studies on blade shape
development. However, traditional numerical methodologies used in CFD, such as fi-
nite volume and finite element methods, still face significant challenges in solving real
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industrial problems [2]. This study introduces a novel approach that involves solving
the Boltzmann equation, which describes the statistical distribution of particles in a fluid
in phase space, instead of using the Navier-Stokes equations that describe the flow of a
Newtonian fluid under the continuum assumption. Particle-based approaches offer several
advantages in obtaining discrete solutions for flow fields. The lattice Boltzmann method
(LBM) is a valuable tool for linking the behaviour of particles at both macroscopic and
microscopic scales. It accomplishes this by utilizing microscopic models and mesoscopic ki-
netic equations. Essentially, LBM constructs simplified kinetic models that encapsulate the
essential physics of microscopic phenomena. These models are designed to ensure that the
macroscopic properties derived from them conform to the desired macroscopic equations,
thereby facilitating a comprehensive understanding of the system under investigation.

Furthermore, LBM allows for reduced computational costs by utilizing a lattice struc-
ture. This approach effectively simulates continuum flows, unlike traditional particle-based
methods that can produce unstable solutions when the number of particles increases.
Additionally, traditional particle-based approaches may have limited accuracy in multi-
dimensional flows, and it can be challenging to derive error estimates as the sample points
do not have fixed positions. Overall, the application of the Boltzmann equation solved us-
ing the lattice Boltzmann method presents a promising alternative to traditional numerical
methodologies in CFD, overcoming some of their limitations and providing new insights
into flow field simulations.

LBM offers several advantages over traditional CFD methods, particularly in handling
complex geometries and boundaries. Researchers have shown that LBM is highly suitable
for simulating intricate geometries and complex boundary conditions [3,4]. The flexibil-
ity of the lattice-based grid structure in LBM allows for easy representation of irregular
geometries and accurate capture of flow features.

Moreover, LBM excels in simulating multi-scale and multiphase flows. Recent studies
have demonstrated the capability of LBM in microfluidics applications [5] and multi-
phase flows with phase change phenomena [6]. The mesoscopic nature of LBM enables
accurate modelling of flow behaviour at different length scales, leading to improved
accuracy in numerical predictions. Efficient parallelization is another strength of LBM,
enabling high-performance computing for large-scale simulations. This is particularly
advantageous for turbulent flow simulations and aerodynamic analyses. Researchers have
successfully employed LBM in simulating turbulent flows with excellent scalability and
computational efficiency [7,8].

Furthermore, LBM provides a natural framework for incorporating complex physics,
such as thermal effects and fluid-structure interactions. Recent work has shown the capa-
bility of LBM in accurately capturing heat transfer phenomena in porous media [9] and
simulating fluid-structure interactions [4]. These advancements in modelling complex
physics contribute to more realistic and comprehensive numerical results.

LBM has emerged as a powerful tool for enhancing the quality of numerical results
in CFD applications. Its ability to handle complex geometries, simulate multi-scale and
multiphase flows, efficient parallelization, and incorporate complex physics makes it a
promising choice for researchers.

The emergence of computational fluid dynamics (CFD) solutions using the Lattice
Boltzmann method (LBM) has led to advancements in meshingless approaches in CFD
simulations [6,10]. While LBM is often referred to as a mesh-free method, it is essential to
note that it does utilize lattice structures, such as Cartesian grids, for simulation purposes.
Therefore, “meshingless” is more appropriate in describing the method’s characteristic of
not requiring a body-fitting mesh during CFD solutions. In meshingless CFD simulations,
lattice structures are present around the geometry in the flow field, with the size of the
lattice depending on the virtual wind tunnel size or flow area for internal/external flow
analysis. The resolution of the Cartesian grids is determined by a given value at the
resolved scale. Refinement algorithms can control the solution, enabling different methods
based on near-static walls and solution adaptivity. This solution-adaptive meshingless
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approach is beneficial for addressing challenges related to complex geometries, moving
structures in the flow field, and fluid-structure interaction [11,12]. The absence of mesh
generation and the capability to solve adaptively make meshingless techniques, especially
LBM, increasingly popular in CFD [10]. Traditional CFD methods based on meshing
techniques have limitations, as they heavily rely on the quality of the mesh, which can be
time-consuming to generate.

Also, handling changes in the domain topology, such as problems involving moving
parts or fluid-structure interaction, can be challenging. The LBM overcomes many of
these drawbacks and offers a promising alternative, as it is based on a particle-based,
fully Lagrangian approach and does not require a mesh for discretization. Commercial
CFD software like XFlow (Next Limit Technologies) utilizes LBM to simulate complex
problems such as aerodynamics, aero-acoustics, and fluid-structure interaction [13]. The
simulation of wake effects in straight-bladed wind turbines presents a challenge due to
the shedding and trailing vortices system. Adaptive wake refinement techniques can be
employed to capture the wake by refining the lattice structures around the blades in both
coarse and fine resolutions, allowing for the investigation of the aerodynamic performance
of the blades. XFlow incorporates an adaptive wake refinement feature based on the
vorticity field in the lattice elements, triggering automatic refinement when a threshold
value is reached [11]. Previous studies have examined the performance of vertical axis wind
turbines (VAWTs) using various simulation methods. Ref. [3] compared wind tunnel tests
and three-dimensional numerical analysis of a Darrieus VAWT, finding that 2D simulations
performed significantly better than 3D simulations, primarily due to large tip vortices
in the real turbine. Ref. [14] utilized LBM to simulate a 2D incompressible flow over
Savonius VAWTs with different shapes, successfully implementing bounce-back boundary
conditions at large lattice sizes to simulate curved boundaries. Experimental measurements
and computational simulations have also been employed to understand the flow structures
and performance of VAWTs. Ref. [2] used large eddy simulation (LES) with a dynamic
Smagorinsky subgrid-scale model to accurately predict the performance of VAWTs with
fixed- and variable-pitch mechanisms. Ref. [15] compared CFD solutions using the RNG
k-¢ turbulence model to experimental data, revealing interesting observations at different
tips. In this study, the Lattice-Boltzmann method was applied to solve the flow field around
a straight-bladed Darrieus-type 500W VAWT using Reynolds Averaged Navier-Stokes
(RANS) and Large-Eddy Simulation (LES) approaches to model the turbulence in the flow
field. Spalart-Allmarass one equation turbulence model was selected for the RANS, while
Wall-Adapting Local Eddy (WALE) and Smagorinsky sub-grid scale models were used for
LES. Predicted power and torque coefficient at three tip speed ratios (TSR) were compared
to the experimental data from [15]. CFD solutions with a coarse and fine lattice structure
were applied using XFLOW commercial CFD software.

2. Numerical Methodology
2.1. Lattice-Boltzmann Method

The Lattice-Boltzmann method follows a mesoscopic approach wherein the dynamics
of fluid particles are approximated by interactions between particles on a regular lattice.
The fluid flow is modelled by the collective behaviour of these particles. The Boltzmann
equation exists as a single particle distribution function f takes the following form:

of o,
= T 0.Vf=Q(f) 1)

where f (?, ;,t) related to the probability of encountering particles with the continuous.
The velocity of microscopic particles at a specific position x and time f is denoted
by ¢, while the collision operator Q)(f) governs the rate of change in the distribution
function f during collisions. In many applications involving the kinetic theory of fluid
dynamics, the collision term QF¢K is commonly represented as Q(f) using a complex
integral formulation. However, to simplify calculations, a widely used approximation



Appl. Sci. 2023, 13, 8800

40f18

known as the “BGK approximation” was introduced by Bhatnagar, Gross, and Krook.
This approximation, integrated by [16], replaces the integral term with a simpler form, as
demonstrated in Equation (3).

() = - (£ ) @

The collision operator models the collision’s effect as the relaxation of the distribution
function f towards a steady-state distribution, known as the Maxwellian distribution fieq.
The parameter T represents a characteristic time determining the frequency at which the
distribution function relaxes towards equilibrium.

To discretize the Boltzmann equation, the continuous velocity space is discretized
- = —

2
into a finite set of velocities, denoted as V = { co,C1y ++-, C n—1}- Consequently, the
distribution function f (?, 5), t) is reduced to f,(?, t), which describes the distribution on a
finite lattice.

BGK converted with the Boltzmann equation is simplified to LBGK, which is the
discrete Boltzmann equation in [17];

%'Fci-vfi:%(figq_fi) ®)

The f° in Equation (3) is the equilibrium distribution function for density. The
equation undergoes a discretization process using a spatial step size Ax and a temporal
step size At, which are related by the following expression: % = ¢;. This discretization

ensures that the particles in a node x move in time At toward a neighbour node x + c;At
along the vector ?i and the equation is [16];

—

FiG A+ St dn) — fi(Z,0) = 27~ fi(7,) @

This method consists of the following two steps:

1.  Streaming: During each time step At, the particles undergo movement along the
lattice bonds to adjacent lattice nodes. The distribution function f;* (}), t) propagates
along the vector ?i, and at the updated time ¢ + At, the distribution function at a
neighbouring fl(? + Cdt t+dt) = fi*(?, t)

2. Collision: At time t, the particles located at a specific node x interact, leading to
changes in their velocity directions. As a result of this collision, the distribution
function transitions from fl(;, £) to f,*(;, 1) =1( ffq - fl(?, t)), where T is a char-
acteristic time representing the relaxation rate of the distribution function towards its
equilibrium state ffq.

In the three-dimensional lattice Boltzmann method (LBM), the physical space is dis-
cretized into uniform Cartesian cells known as lattices. Each lattice unit consists of nodes
interacting with their neighbouring nodes through a set of lattice velocities determined as
part of the solution. LBM schemes are categorized based on the spatial dimension (d) and
the number of distribution functions (b), denoted as DdQb. The commonly used schemes
in two dimensions are D2Q7 and D2Q9, while in three dimensions, schemes such as D3Q13,
D3Q15, D3Q19, and D3Q27 are widely employed. The XFlow solver, for instance, utilizes
the D3Q27 lattice model, which consists of twenty-seven velocities, as depicted in Figure 1.

By employing these lattice models, the LBM can accurately simulate fluid flow and
capture complex flow phenomena in three-dimensional space. Each lattice node carries
information about the fluid’s local characteristics, such as velocity and density, allowing
for the simulation of various fluid dynamics problems.
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Figure 1. The lattice structure of the D3Q27 model. Each colour shown velocity direction is associated
with a lattice node, and the arrangement of these nodes forms a 3D grid.

Usually, the discretized equilibrium distribution function for D3Q27 adopts the fol-
lowing expression [2]:

£ = pwi(1+ C?:%(eiaua) + i(eiﬂ”ﬂ)z - i(”“)Z) ©)

4 2
2cg 2cs

where e;, discrete velocity, ¢ is the sound speed, u the macroscopic velocity, w; are built to
preserve the isotropy.

For this purpose, the D3Q27 scheme has been implemented for the analysis of
VAWT and Wall-Adapting Local Eddy-viscosity (WALE), Spalart-Allmaras and Smagorin-
sky turbulence models have been selected to analyse static pressure, velocity, and tur-
bulence models. The WALE has good properties both near to and far from the wall
turbulent flows [17,18].

2.2. Darrieus VAWT Numerical Model

Vertical axis wind turbines (VAWTs) are commonly categorized into two main types:
drag-driven turbines, such as the Savonius design, and lift-driven turbines, like the Darrieus
design. While drag-driven turbines tend to have better initial start-up performance, they
exhibit lower power generation efficiency than lift-driven turbines. This investigation
evaluates the performance of a Darrieus-type wind turbine operating at a wind speed of
12 m/s. The straight blades of the turbine utilize the NACA 0015 airfoil profile. The specific
characteristics of the VAWT employed in the virtual wind tunnel simulation conducted
by [15] are as follows: the chord length is 150 mm, the rotor diameter (D) is 740 mm, the
length (L) is 600 mm, and the aspect ratio (L/D) is 0.81. The turbine consists of three blades.
Figure 2 illustrates a schematic CAD representation of the Darrieus VAWT employed in
this study, with dimensions matching those of the experimental research conducted by [15].
The Reynolds number for the given air velocity values at 12 m/s is approximately 120,000.

Figure 2. CAD geometry of Darrieus Vertical Axis Wind Turbine.
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2.3. Turbulence Models

Selecting a turbulence model is essential to ensure that accurate numerical solutions
can be obtained in a reasonable time. Two turbulence modelling approaches were used
during the computations: LES and RANS.

2.3.1. Large Eddy Simulation (LES)

In Large Eddy Simulation (LES), an essential aspect is the representation of sub-grid
scale stresses. This study employed two different models, namely WALE and Smagorinsky
models, to address this task. During LES simulations, turbulent eddy viscosity v; is
introduced as an additional viscosity to capture the characteristics of turbulence. The value
of this eddy viscosity is determined by the chosen model [19].

vy = C2Ax*% (6)

Here, Cy represents a constant specific to the chosen LES model, Ax refers to the
spacing between lattice points, and @ corresponds to the LES model operator. In the lattice
Boltzmann model, the viscosity is connected to the relaxation time 7. This relationship gov-
erns the rate at which the distribution function approaches equilibrium. By appropriately
adjusting the relaxation time, the desired viscosity can be achieved, influencing the flow
behaviour in the simulation.

21, — 1 T
6 3

@)

Vtotal = Vo + 0t =

The relaxation time 7 can be decomposed into molecular and turbulent components,
analogous to the separation of the viscosity term. This allows for distinguishing the
contributions of molecular viscosity v, and turbulent effects. The total relaxation time
encompasses both these aspects, as expressed by the following equation:

Ttotal = 3Vtotal + 0.5 8)
By applying Equation (8), we arrive at:
Tiotal = 3(vo + C2AX%@ 4 0.5) 9)
Derived the operator @ exclusively from the shear stress tensor for Smagorinsky
as follows: B
w= Zi,j 5ijSij

The WALE model considers the shear stress tensor, including the rotation tensor. The
operator @ is defined as follows:

The difference between WALE and Smagorinsky, LES model constant was given the
value of Cy, 0.325 and 0.12, respectively, in Equation (6).

2.3.2. Reynolds-Averaged Navier-Stokes (RANS)

In the context of RANS simulations, the Spalart-Allmaras turbulence model is a
one-equation model solving a transport equation for a variable called ¥, representing
an approximation of viscosity [20,21]. This variable is then used to adjust a turbulent
viscosity v;. Within the lattice Boltzmann method (LBM), the turbulent viscosity can be
employed to modify the relaxation time in the collision operator. In this investigation, a
modified version of the model, presented in Equation (10), was implemented to enhance
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the numerical behaviour near the wall within the laminar sublayer. The transport equation
and the complete set of parameters associated with the model are provided below:

Il — — — —
% 4 (30) - 1[7 (1) wea(55)

2

—\ 2
+ 15 — Caot fao (Z) (10)

XS
=~ 3.3’
X3+4c,

Ut = 5fvlr fvl

v

’Z)’
2

e =01355, 0=3, ¢p=0622, x=041,

2
e | 1+
Cwl = X + o’ w2 =03, cyz3 =2, ¢, =0.1

2.4. Virtual Wind Tunnel Analysis and Boundary Conditions

The computational analysis consists of lattice structures shown in Figure 3. The
dimensions of the numerical wind tunnel were selected as 3 m x 2mx 6 m (width x height
x length) to observe better analysis because it gives a suitable environment depending on
turbine size, investigating the wake effect inside in virtual wind tunnel. Two cases were
chosen to see the effect of several cells on the solutions: lattice structures with element
numbers of about 2,500,000 and 5,000,000. In this simulation, an inlet wind velocity of
12 m/s is applied to predict the aerodynamic characteristics with various turbulence
models in accordance with the reference [15]. An adaptive wake refinement technique
observed detailed wake development around the blades. The XFlow engine incorporates
an automatic scale adaptation feature that adjusts the resolved scales based on user-defined
criteria. This adaptive process enhances the solution accuracy in regions near the walls
by refining the mesh, effectively capturing strong gradients within the flow. Additionally,
the engine dynamically adapts as the flow progresses to refine the wake region, ensuring
an accurate representation of the evolving flow patterns. This behavior is illustrated in
Figure 4, showcasing the adaptability and effectiveness of the XFlow engine in optimizing
the solution quality throughout the computational domain.

Figure 3. Cell Configuration of Darrieus Vertical Axis Wind Turbine (5,000,000 lattice cells).
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Figure 4. Adaptive Wake Refinement for Darrieus Vertical Axis Wind Turbine (5,000,0000 lattice cells).
The spatial resolution varied from 0.00125 m to 0.05 m in this case. The wind direction using a white
arrow, and we’ll also represent the plane’s orientation using a red arrow for the x-axis and a blue
arrow for the z-axis.

The design parameters of the turbine and boundary conditions were specified according
to the reference [15]. One of the performance parameters of wind turbines is the tip-speed ratio
(TSR), which is the blade-tip speed against wind speed defined in Equation (10). Typically,
the power performance of the rotor can be presented by variation of power coefficient with
TSR. In a wind turbine, power obtains by multiplying the torque generated on the blades
by the aerodynamic forces with the rotation speed. The torque coefficient (Cp) and power
coefficient (Cp) were calculated using Equations (11) and (12), respectively [15].

Tip Speed  w x R

ISR = Wind Speed U (1
_ Q
Co= 0.50ARUe, 12)

In Equation (11), Q is torque [Nm], p denotes the air density [kg/ m?3], and A is the
cross-sectional area of the rotor [m2] [15].

__ Qu

— 1
Cr 0.50AUxo3 (13)

To investigate the performance characteristics, three tip-speed ratios (TSRs) of 1,
1.2 and 1.6 were chosen for the calculations. Ref. [15] obtained the maximum power coeffi-
cient at TSR of 1.2 in their experimental results.

3. Results and Discussion
3.1. Solution Times with Different Turbulence Modelling Approaches

This study performed CFD solutions on an Intel® Xeon® CPU Process @3.50 GHz,
16 GB RAM, NVIDIA Quadro K4200 workstation operating on 12 CPUs. Mesh structures
and their qualities may increase computational cost, and a higher-performance computer is
required. However, LBM based on a particle-based approach uses a uniform Cartesian grid
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that can be refined as it is required depending on geometry and flow field. To see the effect
of the number of lattices on the solution time, the CPU times of solutions with different
turbulence modelling approaches were given in Table 1.

Table 1. Overall CPU time (s) concerning several lattices in different turbulence models.

Overall CPU Time (s)

Number of Lattices RANS LES LES
Spalart Allmaras WALE Smagorinsky
2,500,000 1.13 x 10% 1.16 x 10* 1.18 x 104
5,000,000 1.64 x 10* 1.77 x 10* 1.87 x 10°

The Courant Number plays a crucial role in governing the choice of time step scheme.
By increasing the time step size, computational speed can be accelerated, making it desirable
to set the Courant Number as high as feasible. On the other hand, smaller numbers
mean a more stable solution but will be slower since it is doing more steps. The relation
between the courant number and stable solution can be taken into consideration of the
stability parameter. The stability parameter must be less than 1, so the configuration of the
simulation time was adjusted to the given value of the Courant number of 0.8.

When the solution time displayed in Table 1 is compared, the RANS solution
with the Spalart-Allmaras model had a lower computational time than the others
for 2,500,000 and 5,000,000 lattices. Large-Eddy Simulation (LES) method, WALE and
Smagorinsky turbulence models have greater values owing to the influence of time-
dependent solution, as shown in Table 1. In other words, The RANS approach relies on
ensemble-averaged equations, which limits its ability to predict local flow fluctuations.
In contrast, the LES approach utilizes spatially filtered equations, allowing for capturing
large-scale flow structures based on the chosen filter size.

3.2. Torque and Power Coefficients

Torque coefficients were obtained using the XFlow software by time averaging the
instantaneous torque predictions. Results obtained with 2,500,000 lattices are displayed
and compared with experimental data in Figure 5.

0.24
& LES-WALE
0.22
=
o 0.20
5 ¢
E 0.18 1 RANS- Spalart-
) Allmarass
(@]
é 0.16 3
£ 014 1 LES-
= Smagorinsky
0.12
0.10 : Experimental
0.08
0.8 1 1.2 1.4 1.6 1.8

TSR

Figure 5. Variations in torque coefficients according to turbulence models and experimental re-
sults [15] for 2,500,000 lattices.

Figure 5 shows that the results do not all agree with the referenced experimental
results. Here solutions with the Spalart-Allmaras model showed the worst agreement,
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while the other predictions remained within the error bars of the measurements for TSRs of
1 and 1.2. Among the solutions, LES predictions with the Smagorinsky model yielded the
best agreement.

To see the effect of several lattices on predictions, numerical solutions were repeated for
a lattice size of 5,000,000. The corresponding torque coefficient predictions are displayed in
Figure 6, along with the experimental data. The improvement in the predictions is evident
from this figure, where all of them appeared inside the error bars of the measurement.
Solutions obtained with the WALE method showed the best agreement with the experiment
for this configuration.

@ LES-WALE

0.22

0.20 T
= 3 RANS-Spalart-
= 1l
S 018 Allmarass
[N
w
w
8 0.16 T
w < LES-
) :
g 0.14 L Smagorinsky
[«
N

0.12

Experimental
0.10 s
0.08
0.8 1 1.2 14 1.6 1.8
TSR

Figure 6. Variations in torque coefficients according to turbulence models and experimental re-
sults [15] for 5,000,000 lattices.

Overall, the agreement between the numerical predictions and experimental measure-
ments was satisfactory for 5,000,000 lattices. Therefore, this lattice size was used in the rest
of the study.

Figure 7 demonstrates the agreement between the WALE turbulence model and
experimental results. Additionally, it can be observed that the power coefficient reaches a
maximum at TSR 1.2 for 5,000,000 lattices.

0.25 e \\/ALE Spalart-Allmaras Smagorinsky Experimental

'—
5 / v
2 0.15 &
[N,
w
o)
(&)
& 0.10
=
o
a.

0.05

0.00

1 1.2 1.6
TSR

Figure 7. Variations in power coefficients according to turbulence models and experimental re-
sults [15] for 5,000,000 lattices.
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3.3. Comparison of Flow Field Predictions with Different Turbulence Models

It is known that the structure of a VAWT causes more wake-blade interactions than
a HAWT. Based on this idea, this study aimed to reveal the effect of different turbulence
models on the wake predictions for a VAWT.

Contours distributions were taken from XFlow CFD software involving velocities and
turbulence intensities at TSR1 and azimuthal angle, 6 of 77°, as shown in Figures 8 and 9.

(a) LES-WALE (b) RANS-Spalart-Allmarass

(c) LES-Smagorinsky

Figure 8. Velocity contours around VAWT in different turbulence models for TSR 1 and 6 = 77°.

The velocity distributions on the cutting plane are demonstrated in Figure 8. It shows
that the boundary layer of the WALE and Spalart-Allmaras model gives a similar separation
flow from the blade’s surface. In contrast, the Smagorinsky turbulence model exhibits
earlier flow separated from the blade surface. Figure 9 gives better results that enable us to
understand changing viscosity effect on VAWT. Turbulence intensity provides to observe
better wake predictions, the wake is separated from the trailing edge of the blade earlier,
and LES-WALE model contours have a more intense wake structure than the other.
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Turbulence ir

Turbulence i

(a) LES-WALE (b) RANS-Spalart-Allmaras

(c) LES-Smagorinsky

Figure 9. Turbulence Intensity (%) around VAWT in different turbulence models for TSR 1 and 6 = 77°.

For TSR 1.2 and 6 = 90° velocities contours are found the higher values at RANS-
Spalart-Allmaras turbulence model as shown in Figure 10. LES models show that WALE
and Smagorinsky demonstrated more turbulence density around the blade, like each other,
as shown in Figure 11.

As for TSR 1.6 and 6 = 180°, RANS and LES modes reveal similar wake structures, and
the higher rotor speed can be visualized to demonstrate wake predictions using vorticity
structures. The RANS model, Spalart-Allmaras, agrees with the LES-WALE model at
a higher rotor speed. LES-Smagorinsky showed that the wake is cutting from the flow
separation of the trailing edge earlier, as shown in Figures 12 and 13.
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(a) LES-WALE (b) RANS-Spalart-Allmaras

(c) LES-Smagorinsky

Figure 10. Velocity contours around VAWT in different turbulence models for TSR 1.2 and 6 = 90°.

Turbulencs

(a) LES-WALE (b) RANS-Spalart-Allmaras

Figure 11. Cont.
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(c) LES-Smagorinsky

Figure 11. Turbulence Intensity (%) around VAWT in different turbulence models for TSR 1.2 and 6 = 90°.

(a) LES-WALE (b) RANS-Spalart-Allmaras

(c) LES-Smagorinsky

Figure 12. Velocity contours around VAWT in different turbulence models for TSR 1.6 and 6 = 180°.
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Figure 13. Turbulence Intensity (%) around VAWT in different turbulence models for TSR 1.6
and 0 = 180°.

3.4. Investigation of Vorticity at Maximum Power Coefficient

At high angles of attack and low TSR, VAWTs undergo dynamic stalls, leading to com-
plex flow structures around the blades. This phenomenon involves large, separated flow
regions, vortex shedding, and potential blade vortex interactions. Despite the challenging
aerodynamics, VAWTs can still generate power at low TSR due to these flow characteristics.
Understanding and accurately modelling these flow phenomena are crucial for optimizing
VAWT design and performance under dynamic stall conditions.

Vorticity behind the blades and turbine is a significant factor, performing at maximum
power and torque coefficient, to enable the examination of the influence of different turbu-
lence models. As seen in Figures 14-16, the vorticity measurements while the wind passes
around the turbine and blades raise the value of vorticity around the blade as it rotates and
entry to the path of the other blade flowing in the wind tunnel.
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Figure 16. Vorticity coloured by field Velocity for LES-Smagorinsky turbulence models for TSR 1.2.
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One of the basic schemes, vorticity coloured by field velocity, was used to observe the
wake structures in the flow field. It is beneficial when compared with RANS, LES turbulence
models reveal existing wake structures and velocities behind the VAWT. Furthermore, LES
models, WALE and Smagoringsky, demonstrate individually the different wake structures
even if they are in the same class. The visualization in Figures 14-16 depicts the turbulent
structures, showcasing distinct vortex shapes formed behind the rotating blades under
varying turbulence models (WALE, Smagorinsky, Spalart-Allmaras). These figures provide
insights into the characteristic features of the vortices when the wind originates from the
left side. In the figures, when the TSR is 1.2, the WALE turbulence model shows long
vorticity intensity compared to the RANS-Spalart Allmarass and Smagorinsky turbulence
models. Thus, it was clear that LES WALE turbulence models enable us to observe the
wake predictions behind the VAWT.

4. Conclusions

This work investigated Darieus-type 500 W straight-bladed Vertical axis wind turbine
(VAWT) using XFlow commercial software, using a meshingless Lattice Boltzmann method
for different turbulence models in fine and coarse lattices.

To assess the validity of the proposed numerical modelling, offering the meshingless
lattice Boltzmann method, which users can avoid the remeshing process for CFD simulation,
enables the investigation of the aerodynamic performance of wind turbines with fewer
lattices, saving time and computational costs.

Firstly, the influence of different turbulence modelling approaches on solution time
was investigated depending on lattice sizes. It appeared that the RANS model could give a
faster solution than the LES approaches even when the number of lattices is increased. The
increase in the number of lattices is not changing the solution time proportionally.

Secondly, experimental data on torque coefficient obtained from [15] were com-
pared with different turbulence models in fine and coarse lattices. LES models, WALE
and Smagorinsky, demonstrated the best agreement with experimental data. Especially,
Smagorinsky model can be useful when less computational cost is required, and WALE is a
suitable turbulence model that best agrees with experimental data to capture the maximum
torque and power coefficient as users analyse the VAWT at the fine lattices.

The effect of turbulence models is achieved by the velocity and turbulence intensity
contours at different TSR values. RANS and LES models give an observable wake structure
behind the rotating blades, especially at maximum torque coefficient. However, the LES
model is useful when compared to the result with experimental in fine lattices.

The result is also given by investigating vorticity at maximum power coefficient at
varying azimuthal angles. LES models exhibit considerable differences in the wake predic-
tions when compared with RANS. LES-WALE model has more intense wake structures, it
is the reasonable effect of the LES model constant and its operator based on the formula,
including the rotation tensor.

In addition, a comprehensive sensitivity analysis has been conducted to investigate
the behaviour of VAWTs further. Surprisingly, the study reveals that capturing the flow phe-
nomenon does not require an excessively fine grid, despite the significant flow separation
observed. The simulation results are compared with both numerical and experimental data,
and although some discrepancies exist, they are relatively minor when using fine lattices.

Moreover, the study highlights an interesting finding: the power performance of
the VAWT increases as the TSR rises, particularly at low TSRs. However, at high TSRs,
the interaction between vortices and blades becomes more prominent and significantly
influences the blade’s performance.
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