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Abstract. Computational studies of wind turbines have been growing considerably in recent years. This is due to the
fact that the reduction of analysis time, costs in the development of wind turbines and the high reliability of the results.
Then, a survey of mesh convergence was conducted, consisting of a mesh with a static external domain and a rotating
internal domain for the simulation of a 5 m diameter wind turbine. The turbine studied is a model with three blades,
designed with the help of software SDPA 1.0 - Development System for Wind Turbine Blades - developed in the
Laboratory of Aerodynamics and Fluid Mechanics. The SDPA computes chord and the twist angle for optimum blade
sections according to the theory of BEM. The blade is optimized for a specific speed value . = 7. with NACA 63215
profile. The meshes were generated by software ANSYS ICEM CFD to different values of downstream distance,
upstream distance, static domain diameter, maximal size of elements over the blades, minimal size of elements over the
blades, maximal size of external domain and maximal size of internal domain. Simulations were performed by sofiware
ANSYS CFX using RANS k-w SST turbulence model. Solution independence to mesh has been achieved and the
resulting mesh has been used to plot the power curve of the wind turbine. The values of power coefficient were
calculated with reasonable precision and the obtained mesh has been considered adequate to the proposed study. At
the end of the study, we compare the results obtained with the BEM available and it could be verified that simulation
represented very well problem proposed.
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1. INTRODUCTION

The wind energy has become an appreciable source of energy for many countries. Its recognition as a source of
energy used in a commercial scale is due to the necessity to use alternative sources of energy that are renewable, clean
and commercially viable (Martins ef al., 2008; Khan and Igbal, 2005; Da Silva et al., 2005; Lund and Mathiesen, 2009;
Ozerdem et al., 2006). The wind power generation has taken an important role in the energy matrix of various countries.
The worldwide capacity reached 32 GW in the early 2000s. Brazil presented, in 2010, a installed wind capacity of 931
MW, a small number in front of other countries with similar potential. However, this figure also indicates the growth
potential of the Brazilian wind market, a fact confirmed by the growth rate of the same year, which reached 35%. Ceara
has a prominent role in this scenario, since it has more than 104 MW of installed capacity (Silva, 2003).

In this context, tools to improve some aspect of the design and operation of wind turbines are very useful. The
computational fluid dynamics (CFD) has shown a robust, accessible and little cost to predict the behavior of wind
turbines in various situations (Baxevanou et al.,, 2008, Li et al, 2012, Lanzafame and Messina, 2013; Kishore et
al.,2013; Hu et al.,2006). The adjustable parameters in a CFD mesh are numerous and careful study of their values can
lead to a better compromise between computational effort and outcome uncertainty. In addition, one can choose
between different possible configurations for the fluid domains used, which allows a large number of approaches being
studied.
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Given the importance of this tool for the sector and its straightforward application, this paper aimed to study the
influence of some of the most important parameters of a grid with two domains for the simulation of a wind turbine.

It is expected in this study to develop a tetrahedral mesh with a static domain and a rotating domain to simulate a
small wind turbine and study the influence of the values assigned to its parameters on the outcome of simulations by
finite volume method.

More specifically, this work proposes to:

e  Study the influence of the geometrical characteristics of the mesh on the simulation;

e  Obtain values for these parameters that make the simulation independent of the mesh;

e Get a mesh that meets a good compromise between computational effort and uncertainty of simulation
results.

2. MATERIALS AND METHODS

This paper was carried out with the aid of a computer with the CFD solver ANSYS CFX 12.1 and mesh generation
software ANSYS ICEM CFD. Seven parameters were evaluated for a Sm diameter turbine: downstream distance,
upstream distance, diameter of the static domain, maximum size of an element on the blade, minimum size of an
element on the blade, maximum size of an element in the static field and maximum size of an element in the rotation
domain.

Each parameter was studied for seven distinct values, which means 49 simulations. It was determined for each
parameter the value that makes the solution independent of the mesh, known as the convergence value mesh. This value
was used in the simulation of the following parameters.

At the end of the parameterization, a grid was obtained that minimally interferes the simulation result without,
however, resulting too much computational effort. This mesh was used to plot the power curve of the turbine.

The turbine studied is a three bladed model, designed with the aid of software SDPA 1.0 - Sistema de
Desenvolvimento de Pds de Aerogeradores - developed in the Laboratory of Aerodynamics and Fluid Mechanics
(Modolo and Rocha, 2009). The SDPA computes the chord and twist angle for optimum blade sections according to the
theory of BEM (Burton et al., 2001). The blade is optimized to a value of tip speed ratio A = 7.

The rotor diameter is 5 m, and it uses the NACA 63215 profile. The turbine is designed so that at each point of the
profile blades are in optimum attack angle, i.e., the angle at which the profile has the highest ratio between the values of
lift and drag. Under these conditions, the profile has the following characteristics:

e Optimal angle of attack: a,; = 5,5 ;
e Lift coeficiente C;, = 0.76;

e Drag coefficient: C, = 0.02;

e Lift/drag ratio: L/D = 34.5.

The choice of a three bladed model is because it provides good compromise between the maximum value and the Cp
operating range width of the turbine, as illustrated by Figure 1.

Figure 1 - Effect of the number of blades on the power curve of the turbine. (Burton, ez al., 2001).
The methodology leads to two curves that completely describe the geometry of the turbine. The first curve defines

the value of the chord represented by c, for each point of the blade, while the second defines the angle . All lengths are
dimensionless dividing by R. The graphics with the design aspects are presented in Figure 2.
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Figure 2 - Design parameters of the turbine.

It is necessary to make a numerical model for the turbine in a file format recognized by the ICEM CFD. For this, we
used the software SolidWorks from Dassault Systémes. In addition to the three blades, it was also drawn up the central
element of the turbine (hub) for the model to be composed of a single volume. The hub was obtained by the same
revolution of the upper surface used in the airfoil blades. Figure 3 presents the geometrical model of the turbine.

Figure 3 - Final design of the turbine.
The model was exported in parasolid format (. X _t) to be used by the ICEM CFD.
2.1. Mesh Generation

In this study, it was used exclusively tetrahedral element meshes. The following parameters were object of the mesh

convergence study. In parenthesis are given when necessary, the terms used to describe them in this work.
e  Length of the downstream static domain (Ly).

Length of the upstream static domain (L,).
Diameter of the static domain (D).
Maximum size of the element on the blade (L ax plade)-
Minimum size of the element on the blade (L i, plage)-
Size of the largest element in the external domain (L ax ex)-
Size of the largest element in the internal domain (L ir)-
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The other geometrical parameters were kept constant throughout all the meshes generated. It is important to note
that no dimension of the rotating domain was varied and that this was sized to circumscribe the turbine with a margin of
10% of the rotor radius in all directions. Figure 4 illustrates one mesh used in this study.
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Figure 4 - Mesh generated by ICEM CFD.

The convergence study was conducted by analyzing the values of the pressure momentum (Mp) and viscous
momentum (Mv) of the turbine. The typical behavior of such magnitude is a pronounced oscillation of the parameter
values that result in coarse meshes and convergence to a constant value as the mesh becomes more refined. The values
that present little deviation from the average, which lie outside the region of oscillation and resulting in minimal
computational effort will be privileged.

Each case was simulated in two steps. The first consisted of a steady-state simulation whose purpose was to provide
starting values for the second stage, the transient simulation. In both cases, it was adopted as boundary conditions to the
fluid inlet of 5 m/s and output at atmospheric pressure. The turbulence model of two equations k-w Shear Stress
Transport (SST) was used in both cases. This turbulence model is a mix of the k-¢ and k- models — it uses a blending
function to change from the k-w near the wall to the k-¢ in the region far from the wall (Versteeg ¢ Malalasekra, 2007;
Wilcox, 2006; Carneiro, 2011). The k- model is very sensitive to the turbulence at inlet regions, so the k-& model is
most indicated to be used in the free-flow regions (Menter, 1992a, b, 1994, 1997). A number of modifications in order
to optimize the model have been presented in Menter et. al. (2003). These modifications included: revised model
constants; blending functions; eddy viscosity and turbulent kinetic energy production limiters.

In the first step, there was no relative rotation between the two domains. The turbine was stationary and a steady-
state simulation was performed. With the results of this simulation, it was held the second step. The internal domain
rotated with angular velocity 14 rad. s, which implies on the specific project (1 = 7).

The discretization of time in the transient simulation was done adaptively, i.e., the time step varied to achieve better
computational effort. This method makes the time step higher when there are no large temporal variations of the
calculated variables. The criterion adopted was based on the Courant number, defined as (CFD Online, 2012):

t((S+=+2)
X y z

Where u, v, w represent the velocity components in a grid cell, x, y, =z are the dimensions of the cell, and tis
the time step. At each iteration the code computes the Courant number and compares it with a maximum value set by
the user in this study, tha was C,, = 5, since it is suggested by the CFX value and believes that it provides a good
compromise between accuracy and stability of the numerical solution. If the Courant number exceeds the maximum
value, the code decreases the time step in order to keep it below the set value.

Roughly, the Courant number assesses the set formed by the mesh and the computational code to perceive
phenomena on different time scales. Let us assume a condition in which high speeds occur in a cell of small size, or a
very high Courant number. In such a situation it can occur some phenomena in a portion of fluid of interest, in and out
of the control volume at a time less than the time step of the code, which is unwanted.

3. RESULTS AND DISCUSSION

3.1 Domains Characterization
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The length of the static domain was measured downstream of the system origin at the center of the rotor, the face of
the cylinder downstream of the turbine. This distance is of great importance to the independence of the result with
respect to the mesh, since it is in this portion of the domain that the wake is generated by the turbine and therefore much
of the phenomena relevant to the characterization of the problem is present.

As previously noted, the turbine draws energy flow in the form of pressure, and this quantity is gradually recovered
as the wake is re-energized by surrounding free stream. By adopting a too short downstream distance, the wake will not
be sufficiently covered by the domain and the phenomena that occur in this space will not be taken into account in the
simulation. On the other hand, the adoption of a length that is too long implies in counterproductive computational
effort, since the calculations are performed for a portion of the flow that has reached equilibrium with the free stream.

According to Burton et al. (2001), the influence on the flow of the turbine downstream and upstream is practically
nonexistent for distances greater than ten times the diameter of the turbine. Due to the nature of the problem, it is
expected that a similar value is obtained in this study and therefore 10D was used as the center of the interval studied
for this parameter. The values used, based on the diameter of the turbine were:

e 25D e 10D e 25D
e 5D e 15D
e 75D e 20D

The simulations indicated that the values of the pressure and viscous moments have the lowest deviation from the
average length when measured downstream 15D, or 75m. It also appears that this value lies outside the zone of
oscillation. Also, take a length of 15D is a conservative choice in relation to the suggested value of 10D. We adopted
the value of 75m (15D).

Figure 5 - Convergence for the downstream distance

Similarly to above, the length of the static domain is measured upstream of the source system to the face of the
cylinder downstream of the turbine. This region is little disturbed by the wind turbine, except in high-pressure region in
the vicinity of the rotor, it is predominantly characterized by free-flow conditions. Thus, it is estimated that the
convergence loop occurs to a value lower than the value found for the distance downstream.

Also according to Burton et al., (2001) a value for the length equal to ten times the diameter of the rotor is sufficient
for the influence of the turbine in the flow to be negligible. Once again this value is used as the center of the interval of
study and the same values used for the downstream length were used here.

e 25D e 10D e 25D
e 5D e 15D
e 75D e 20D
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It is observed in the graphs below which a length of 7.5 D presents results with little deviation from the
average. As expected, the distance of influence of the wind turbine outlet is lower on the upstream.

Figure 6 - Convergence for the upstream distance.

Like the geometric parameters previously studied, the diameter of the simulation domain must be large
enough so that its border find itself outside the area of influence of the turbine.
The values used, in non dimensional form were:

e 2D e 8D e 14D
e 4D e 10D
e 6D e 12D

It can be observed that the values of the viscous and pressure momentum fluctuations have significantly
lower values for diameters greater than 10D, or 50m. This is an indication that for diameters greater than 50 m,
the boundary of the domain does not intersect the region of the expansion cone.
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Figure 7 - Convergence for the external diameter.
3.2 Mesh Characterization

By limiting the maximum size of the elements adjacent to the turbine we proceed a further refinement of the
mesh over this region and hence smaller errors compared to the real solution of the problem. The surface of the
turbine is a critical region where further refinement is required due to the complex geometry and the large spatial
variation of flow properties in its neighborhood.

As the center of the interval parameter it was adopted the minor chord of the blades, which corresponds to the
shortest length present in the studied geometry. The minor chord measures 0.1240 m. The studied interval was
defined from fractions of that reference length, as follows:

e 5/8 e 8/8 e 16/8
e 6/8 e 10/8
o 7/8 o 14/8

Figure 8 - Convergence of the maximum size of the elements over the blade.

Since the behavior of the pressure momentum in relation to the parameter studied was markedly
periodic, it is not possible to conclude which value should be adopted. Remained so the initial value.
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Subsequently, it was examined that the ICEM CFD manual (ANSY'S, 2009) recommends a reference
value that corresponds to ten times the minimum length of the analyzed geometry, which corresponds in
the case studied to 1,240 m.

Similarly, it is important to limit the minimum size of the elements on the blades to prevent excessive
consumption of the computational resources without significant benefits to the solution.

According to the ICEM CFD manual (ANSYS, 2009), a suggested value for this parameter is 1/20 of
the shortest length of the studied geometry, i.e., the lowest chord. Therefore, the center of the interval
used was 6.20 mm. The parameter interval was defined similarly to the previous parameter, that is, by
fractions of the reference value.

Figure 9 - Convergence of the minimum size of the elements over the blade.

It was observed a trend of stabilization for values less than 6/8, which is believed to continue to values
outside the range. It was adopted for this parameter 5/8 of the reference value, i.e., 3.88 mm, being the
lower end for the parameter range.

For the maximum size of the elements in the external domain, the ICEM CFD manual (ANSYS,
2009) suggests a value of 20 times the lowest chord, which equals to 2.48 m. Maintaining a consistent
method adopted in the previous parameters, the parameter range was determined by the same fractions of
the reference value.
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Figure 10 - Convergence for the maximum size of the elements in the external domain.

It was adopted the central value of the parameter range because it presents the lowest deviation from

the average for both momentums.

The methodology used to determine the maximum size of the elements for the internal domain is

identical to that adopted for the previous parameter.

Figure 11 - Convergence of the maximum size of the elements for the internal domain.

It was adopted the value of 6/8 because it presents the lowest deviation from the average for both
momentums. Table 1 illustrates the values in meters for each parameter evaluated in addition to the

adopted convergence value:

Table 1: Summary of the values applied in the parameterization

Parameter Values [m]

Lj [m] 12.5 25
Lm [m] 12.5 25
De [m] 10 20
Lmax pa [mm] 77,5 93,0
Lmin pa [mm] 3,88 4,65
Lmax ex [m] 1,55 1,86
Lmax in [m] 1,55 1,86

37.5
37.5
30

108
5.43
2,17
2,17
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50
50
40
124
6,20
2,48
2,48

75
75
50
155
7,75
3,10
3,10

100
100
60
217
10,85
4,34
4,34

125
125
70
248
12,40
4,96
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3.3 Power Coefficient

After the parameter adjustment procedure, the obtained mesh was used to evaluate the power
extracted from the turbine for different values of the tip speed ratio. It was expected that the power peak
would occur at A 7, the value to which the turbine is designed to provide optimum efficiency. It was
remained the free stream velocity constant and equal to 5 m/s, while the angular velocity of the turbine
was varied. For the power extracted it was multiplied the resulting momentum, i.e., the sum of the viscous
and pressure momentums, by the angular velocity. The results obtained by CFX simulation are shown in
Figure 17 and compared with the results calculated iteratively by the Blade Element — Momentum theory
(BEM).

Figure 12 - Power curve of the wind turbine.

The curve exhibits a behavior consistent with the expectation. The model of project adopted
disregards friction losses and results in a turbine with theoretical yield equal to the Betz limit. Peak power
occurred on the designed tip speed ratio and approached significantly the Betz limit, which is consistent
with the simplification of the project template. If the viscous momentum is overlooked, it is obtained a Cp

0.5658 for A 7, which is 4.5% lower than the Betz limit ( p 0.5926).

4. CONCLUSION

Seven different parameters were adopted to study the convergence of a mesh with two domains for the
simulation of a small wind turbine. The work resulted in a mesh that produces an independent solution.
After the convergence study, it was determined the power curve of the turbine under study. When
comparing the power curve obtained by simulation with the values expected for the turbine under study, it
was observed that the parameterization was successful and that the obtained mesh is appropriate for the
case studied.

In this paper, a number of difficulties were encountered and it is believed that the results obtained in
this study can be significantly improved, once it is observed the best practices in relation to these
problems.

Due to time constraints associated with this work, the simulation parameters were truncated after a
week, before the convergence of the numerical solution was achieved. To avoid errors, all simulations for
a parameter have been truncated at identical time steps. It is suggested longer simulations, preferably until
they reach numerical convergence, because they have lower residual error and expected to lead to better
results.

Furthermore, discretization of time in the transient simulation was performed adaptively to the
Courant number. A possible improvement would be to limit the Courant number towards lower values,
thus obtaining smaller time steps, which can lead to more accurate results with respect to time. Other
approaches are possible to the time discretization and deserve to be considered as options.
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