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Abstract  
 
Designing smart rotor systems for wind turbines is a promising way to reduce loads and influence 
blade-stability. Current research focuses particularly on trailing edge flaps, in particular on their 
system integration, aero-elastic and aerodynamic behaviors. Complex flap configurations with 
moving geometries require special care when it comes to grid generation for aerodynamic 
calculations. Within the field of computational fluid dynamics the immersed boundary method is a 
numerical procedure in which forcing terms in the governing equations are used to impose 
boundary conditions. This gives more flexibility to treat moving geometries by using non body-fitted 
and stationary meshes.  
An immersed boundary method with direct one-point forcing for the momentum equations and 
forced values for the turbulent scalars is implemented in the incompressible flow solver EllipSys2D. 
Calculations of flow around a NACA0012 airfoil with a 10% trailing edge flap are performed by 
solving the Reynolds averaged Navier-Stokes equations with a k-ω SST turbulence model at a 
Reynolds number of 1.000.000. The main part of the geometry without the flap is modeled with a 
body-fitted mesh, whereas the trailing edge flap is modeled with an immersed boundary inside a 
non-fitted mesh. The flap geometry was chosen to be smoothly curved. Unsteady calculations were 
carried out at different angles of attack and flap angles. It was shown that this method delivers good 
results when comparing the pressure distributions with those calculated on full body-fitted meshes. 
  
Keywords: ATEF, trailing edge flap, immersed boundary method, one-point direct forcing  
 
 
1. Introduction  
 
For the future generation of wind turbines, the 
use of smart rotor systems with distributed 
aerodynamic actuators is a promising way to 
reduce loads and influence blade aero-elastic 
stability. This leads to benefits of bigger rotor 
diameters, closer turbine spacing or 
placement in complex terrains, etc. 
Smart rotor systems are undergoing heavy 
researches at the moment [1, 2]. In Denmark 
the Adaptive Trailing Edge Flaps (ATEF) 
project sponsored by Danish High 
Technology Foundation is a research project 
in collaboration between Vestas Wind 
Systems A/S and Technical University of 

Denmark (Risø DTU & DTU Mechanics) 
covering research in system integration, aero-
elasticity and aerodynamics of trailing edge 
flap systems. 
Computations of the unsteady aerodynamics 
that occur at a wind turbine blade become 
especially challenging when moving flap 
geometries are included. The unsteady 
effects are mainly covered by empirical or 
semi-analytical models [3, 4] inside of aero-
elastic codes. For a better understanding of 
the prevailing aerodynamic phenomena 
especially the three-dimensional flow field of 
blades equipped with trailing edge flaps in 
turbulent inflow is of interest. Usually such 
configurations are treated with moving or 



 

overlapping/overset grids [5]. For complex 
and moving geometries, mesh generation 
might be hard to handle and unstructured 
meshes are often used. To keep the inherent 
benefits of structured meshes and a straight 
forward mesh generation, one may use fixed 
grids together with an immersed boundary 
method  
 
 
2. Immersed Boundary Method 
 
The immersed boundary method [6] was 
introduced as a way to simulate the flow 
inside the beating human heart in 1972 [5]. 
The body boundary conditions do not rely on 
the shape of the mesh but are introduced as 
forcing terms in the governing equations. This 
also makes the method very flexible for 
moving geometries.  
A general procedure (Fig.1) for an immersed 
boundary method is to first identify and tag all 
cells with their cell-centers located inside the 
body domain. Afterwards all cells neighboring 
these inside-cells are identified and tagged 
accordingly so that the inner cells are 
completely surrounded. To represent the 
body, forcing terms have to be introduced in 
the governing equations. The incompressible 
Navier-Stokes equations read: 
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with ρ, u, p and µ being the density, the 
velocity vector, the pressure and the dynamic 
viscosity, respectively. The value of the 
forcing term f is calculated so that the 
boundary condition (e.g. no-slip condition) is 
fulfilled on the body. The general forcing term 
f in Eqn.1 is evaluated such that: 
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where Pp and Sp denotes the pressure and 
body forces, the subscript P indicates the 
evaluation at the present cell and i is the 
index of the neighboring cells. 
The forcing velocity uIB at the immersed 
boundary is set to be zero in the case of a 

stationary immersed boundary passing 
through the cell center. In general the 
immersed boundary does not coincidence 
with the cell centers and interpolation 
procedures to the present cell center become 
necessary. In the following a linear/bilinear 
interpolation is used depending on the 
neighboring cells of a forcing cell. 
 

 
Figure 1: Immersed boundary example; 
x inside cells, • forcing cells, -- body 

 
 
3. Implementation 
 
The incompressible flow solver EllipSys2D 
was developed at Technical University of 
Denmark (DTU) and Risø-DTU National 
Laboratory for Sustainable Energy [8, 9, 10, 
11, 12]. It uses domain decomposition and 
multi-grid methods to solve the 
incompressible governing equations.  
Most applications of the immersed boundary 
method at high Reynolds numbers were 
using direct numerical simulation (DNS) or 
large-eddy simulation (LES). This work 
focuses on the Reynolds Averaged Navier-
Stokes (RANS) equations for industrial 
relevant flows at high Reynolds numbers. The 
chosen turbulence closure is a k-ω SST 
model [13]. A first version of the EllipSys 
code for handling immersed boundaries can 
be found in [14]. A reviewed scheme using 
direct one-point forcing approach was 
implemented in the present work. The 
procedure at each time step is that first the 
grid cells that lie inside/outside of the fictive 
body are identified and tagged; afterwards 
forcing terms are applied to the momentum 
equations in such way as to fulfill the no-slip 
and impermeable wall condition at the 
stationary or moving fictive body surface.  



 

The main challenge of applying the immersed 
boundary method to wind turbine blades is to 
treat turbulent flows at high Reynolds 
numbers. Here the treatment of turbulence 
models requires special attentions because of 
non-linear behaviors of the turbulent scalars 
close to the wall. While LES calculations can 
redirect this problem to the sub grid model, it 
is necessary for RANS models to apply 
additional boundary conditions, 
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These boundary conditions for the k-ω SST 
model are the wall values of the specific 
dissipation ωwall and the turbulent kinetic 
energy kwall (4, 5), where ß1 is a model 
constant [13], ρ is the density and n is the 
calculated normal distance from the forcing 
cell center to the immersed boundary (Fig.2). 
 

 
Figure 2: Computed normal distances 

 
The flow field is then solved in the whole 
computational domain including all cells 
inside the fictive body boundaries, which of 
course is a drawback of this method but 
might be considered a plus for moving 
boundaries where fresh forcing cells can 
have appropriate initial values assigned.  
The flow inside the immersed boundary may 
grow as time increases. In our current 
approach, the neighboring coefficients of 
each inside cell are set to zero, see Eqn. (3) 
such that flow is blocked from the outside of 
the immersed boundary and the velocity 
components are kept as zero. 
 
 
4. Geometries 

 
The airfoil used in the following has a 
symmetric NACA 0012 shape. The open 
trailing edge of the analytical airfoil shape is 
closed by a circular arc. The flap angle ß is 
defined as the angle between the line s – 
connecting the hinge point H with the trailing 
edge point - and the x axis.  
It was shown that a smoothly curved trailing 
edge flap of 10% chord length is beneficial for 
control applications [15].  
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 Figure 3: Flap geometries 

 
Deflections in both coordinate directions at 
90% chord are set to zero, while at the trailing 
edge the deflection is performed so that the 
length of s does not change. The distribution 
in between is then done by a square function. 
Resulting shapes for three different flap 
angles can be seen in Fig.3. 
  

  
 

 
Figure 4: Grid setup: a) flap as body fitted grid 
(top); b) flap as immersed boundary (bottom) 

 
Two different types of mesh are used. While 
the main part of the airfoil geometry is 
meshed by applying a body-fitted grid, the 
trailing edge flap was represented by an 
immersed boundary in a non body-fitted grid 
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block (Fig. 4b). The reference meshes for 
each flap angle are standard body-fitted 
meshes for the whole airfoil chord (Fig. 4a) 
and will be used for comparisons with the 
immersed boundary method. 
The mesh consist of 22/23 blocks of 64*64 
cells resulting in 90.112/94.208 cells inside 

the domain. The chord wise number of points 
is 320 per side for the body-fitted mesh Cells 
in normal direction are 128 with a far-field 
distance of greater than ten times the chord. 
 
 
5. Results 
 
In the present work calculations for unsteady 
flow at a Reynolds number of 1.000.000  
were conducted. The QUICK and SIMPLE 
schemes were for differencing and pressure 
correction. Start time steps were set to a low 
value of ∆t=0.1*10

-3
 low time step then higher 

one. The same time step for immersed 
boundary and reference calculations were 
used for comparison reasons. The number of 
sub iterations was varied between two and 
three. 
Several fixed angles of attack were used and 
different fixed flap angles were investigated. 
The presented distributions of the pressure 
coefficient cp are time averaged values of the 
flow after a settling period. At the body fitted 
part of the airfoil the wall pressure coefficient 
cp is obtained from the pressure values in the 
cells next to the boundary while at the flap it 
is calculated from the pressure values in the 
forcing cells. The results of the immersed 
boundary calculations are presented in red, 
while body-fitted results for reference are 
presented in blue. 

 
Figure 5: Total velocity for flow at α=0º and ß=0º 
where the immersed boundary is marked in red 

 

At a flap angle of β=0º the body was well 
represented (Fig. 5) and good agreements 
with the pressure distribution on the body-
fitted mesh were obtained for various angles 
of attack (Fig.6&7). 
When comparing the pressure distributions at 
an angle of attack α=0º and flap angles of 
β=2.5º and β=5º one can see that with bigger 
flapping angle the results show larger 
deviation from the body fitted ones (Fig. 8&9). 
The same holds for the configuration at α=5º 
and ß=-5º (Fig. 10). 
This deviation is caused by the flap now 
being in an area where the grid is too coarse 
and less aligned with the grid cells. Thereby 
the flap geometry is no longer captured as 
accurate as for zero flap angles (Fig. 11) and 
the off wall spacing is increasing. One can 
see streamlines passing in flow direction 
through the body. The hard bends in one of 
the streamlines indicates the actual body 
boundary the flow experiences. 
Looking at Fig. 12 one can see that at a flap 
angle of ß=5º and an angle of attack α=5º the 
pressure distributions fits well again. This 
indicates that the calculation is sensitive to 
the form of the pressure gradient along the 
flap when a coarser mesh is used. 
 

 
Figure 6:  Pressure distribution cp for flow at  

α=0º; ß=0º  

 

6. Conclusion 
 
The comparison of the airfoil pressure 
distributions calculated from the two methods 
showed good agreements and showed the 
need for a decent grid resolution. Full 
immersed boundary representations of an 



 

airfoil is still challenging at high Reynolds 
numbers. Based on the results we can 
conclude that the immersed boundary 
method is a promising tool for calculation of 
airfoils with flaps. This especially holds when 
thinking of applications to three dimensional 
geometries with moving flaps in complex 
configurations. 
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Figure 7:  Pressure distribution cp for flow at  

α=5º; ß=0º  
 

 
Figure 8:  Pressure distribution cp for flow at  

α=0º; ß=2.5º  

 
Figure 9:  Pressure distribution cp for flow at  

α=0º; ß=5º 

 

 
Figure 10:  Pressure distribution cp for flow at  

α=5º; ß=-5º 
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Figure 11:  Body representation for flow at 

α=5º, ß=5º;  
- immersed boundary; • forcing points 

 



 

 

 
 
 

 

Figure 12:  Pressure distribution cp for flow at 
α=5º; ß=5º 
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