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Abstract. This work is devoted to the dynamic analysis of an incompressible fluid flow over a wind turbine blade using
the AMR3D platform to perform the numerical simulation. AMR3D is a computational Fortran90 code used to
accomplish computational simulations of incompressible flows. The LES approach (Large Eddy Simulation) is used to
model the inherent flow turbulence and profile NACA 0012 is considered to design the blade.
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1. INTRODUCTION

Fluid dynamics is an important area to solve a lot of practical problems. One can quote aerodynamics,
thermodynamics, hydraulics, and other areas which problems involve this subject. Fluid dynamic analyses are
accomplished with experiments and theoretical methods. An important example of theoretical methods are the
computational methods which are used to perform numerical solutions applied to fluid dynamics.

Mathematical model for fluid flows is established on balance equations of momentum, mass, and energy. When
these equations are submitted to appropriate boundary and initial conditions they represent mathematically a particular
problem. The analytical solution of these equations are only possible to very simple flows. Numerical methods are used
for analyse real problems.

The laminar flows’ models are very simple because the Navier-Stokes’ equations and that of balance of mass and
energy are resolved. But most of the flows that occur in nature and in the industry environment are turbulent, and these
are very complex and should be used turbulence mathematical models. Turbulence models rely on statistics variables
because they are very chaotic so statistics variables are used to represent turbulent flows.

The Immersed Boundary Method (IBM) is adopted to model the proposed problem. The results presented in this
work represent the flow behaviour and the geometry isn’t the entire wind turbine, but a single blade.

2. DIFFERENTIAL MATHEMATICAL MODELING

There are presented the differential equations to solve the dynamic behaviour of the fluid flow. The Eq. (1)
represents the mass balance considering incompressible flow in Cartesian coordinates and using indicial notation.

ou, _
Zi_0,j=123 (1)
OX;

]

where X; are the coordinates X, y and z, respectively of the referential of the fluid domain and u; is the velocity of the

fluid in j direction. The Eqg. (2) represents the momentum balance considering Newtonian fluid and constant specific
mass wrote in divergent form, in Cartesian coordinates and indicial notation.
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where i and j=1,2,3, P is the pressure and t is the temporal variable. The Egs. (1) and (2) are enough to solve the
dynamic behaviour of the fluid flow, but solve all scales of the flow is not computationally viable.

With this, were used LES methodology to solve the large scales and the interactions between the large and the small
scales. To use LES methodology is necessary to filter the Egs. (1) and (2) two times, to get the transport’s equations of

the filtered velocities that corresponds to large scales that are solved. Applying in the Egs. (1) and (2) the first filter G
with characteristic length A one obtains the Egs. (3) and (4).

ou.
OX;
8ui a(uiuj) 1 oP 0 6ui auj
— = — | V| L+ —
ot oX. pr OX;  OX; oX;  OX;

J i

: (4)

where the top bar represents the filtering operator with the filter G . Defining tj; as the tensor sub-mesh stress (or
Reynolds stress) that can be written as shown in Eq. (5).

T; = WU, —Uu;. (5)

The Eq. (4) can be written as shown in Eq. (6).
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The Eqg. (5) models the interaction between the resolved scales and the ones that must be modeled and depends on

the expression u;u; that is not solved in the Egs. (3) and (6). The second filter E has characteristic length Z>Z
should be applied in the Eq. (4), to obtain Eq. (7).
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Defining the tensor of the stresses related to the second filter (also called sub-test tensor) as shown in Eq. (8).
T;=uu;—u.u; 8
So the Eq. (7) can be written as shown in Eqg. (9).
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Applying in the Eq. (6) the filter E one obtains Eq. (10).
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According to Lesieur (2008) the most simple way to model the Reynolds tensor (Eq. (5)) is supposing the turbulent

viscosity proposed by Boussinesq with the deviating part of the tensor can be modeled as a function of a turbulent
viscosity and the filtered deformation rate tensor (using the filter G) as shown in Eq. (12).

l N
T; —§8ijrkk = —2vtSij, (12)

where v, is the turbulent cinematic viscosity, d; is the Kronecker’s delta and S_,J is the deformation rate tensor written
as a function of the filtered velocities as shown in Eq. (13).
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The turbulent viscosity can be modeled as in Eq. (14).
v, =c(x, )A" |S], (14)
where |§ |= 2SS. So, it’s possible writing the Eq. (12) as shown in Eq. (15).
1 AT
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The deviating part of the sub-test tensor (Eg. (8)) can be modelled as shown in Eq. (16).
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Filtering the Eq. (15) using the filter E one obtains Eq. (17).

T, —%si@ = —2¢(x,t)A"|S|S;. )

With the Eqgs. (11), (12), (15) and (16) and doing mathematics manipulations, one obtains Eq. (18).
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where Mj; =Zz |§|S._ij—Z2 |§|S_ij. Replacing the Eqg. (12) and the Eq. (13) in the Eq. (4), one obtains Eq. (19).
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The top bar of the sub-mesh tensor can be incorporated in pressure as shown in Eq. (20).
PfSikak ) (20)

where B is the modified pressure. Replacing the Eq. (20) in the Eqg. (19), one obtains Eq. (21).
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where v, is the effective cinematic viscosity calculated as the sum of the molecular cinematic viscosity with the

turbulent cinematic viscosity, v,. The turbulent viscosity is obtained through the Eq. (14) that comes from the model of
Germano et al. (1991). Therefore the Eq. (21) is the one that will be numerically solved.

3. RESULTS AND DISCUSSION

Figure 1 shows the blade geometry (NACA 0012 profile) which has a 50 cm span and 20 cm chord. The boundary
condition is clamped-free and just the surface was considered. The fluid domain has 4 m x 0.8 m x 0.8 m in X (principal
direction of the flow), Y and Z directions, respectively. The fluid domain’s discretization has 7 physical levels of
refinement of the mesh as shown in Fig. 2. The base mesh has 20 cells x 4 cells x 4 cells in X, Y and Z directions,
respectively, from which it has the subsequent mesh refinements.

Figure 1. Blade surface which has 50 cm span and 20 cm chord
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Figure 2. Visualization of the mesh and its refinements and the tridimensional flow over a blade using the value of Q
criteria of 0.1 colored by the velocity in the X direction (velocity u) at the time of 40 s

The calculation of the case was divided in 5 sub-domains using a total of 4,063,842 computational volumes. The
boundary conditions are the Dirichlet’s boundary condition (imposed velocity) at the domain’s entrance using the value
of u=1.0 m/s, which corresponds to the flow’s principal direction.

The fluid’s specific mass is 1.0 kg/m® and the dynamic viscosity is 1.82x10"° Ns/m?, therefore it was used the air as
the fluid. Figure 2 shows the visualization of the Q criteria (tridimentional vortex) colored by u velocity (velocity in the
X direction) and the simulation time is 40 s.

This flow is dynamically characterized by a value of Reynolds number of 2.747x10*. According to literature this
type of flow usually becomes turbulent at Reynolds number of 4x10° Therefore, the flow safely transitions to
turbulence as one can see at Fig. 2 instabilities next to the domain’s exit.

Figure 3 shows with more details Fig. 2 to evince the instabilities formed after the flow passes through the blade tip.
This phenomenon is named by wing tip vortex and characterizes the vortex formed by the wing tip.
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Figure 3. Visualization of the instabilities formed by the blade tip

The recommendations for futures works are for the purpose to compare the obtained results with literature and
possibly to emphasize the detected phenomenon analysis at the blade tip.
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