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Abstract 

In the present work, CFD simulations of the 
DU96-W-180 airfoil at 26 and 24 deg. angles of 
attack were performed. 2D RANS and 3D DES 
computations with non-moving and prescribed 
motion airfoil suspensions were carried out. 
The openings of the lift coefficient loops 
predicted by CFD were different than those 
predicted by engineering models. The average 
lift slope of the loops from the 3D CFD had 
opposite sign than the one from 2D CFD. 
Trying to model the 3D behaviour with the 
engineering models proved difficult. The 
disagreement between the 2D CFD, 3D CFD 
and the engineering models indicates that 
further investigations are needed and that 
caution should be taken when applying 
engineering models in connection with 
aeroelastic simulations. Nonetheless, the 
results of the 2D CFD, 3D CFD and the 
engineering models indicate that the 
associated aerodynamic damping may be 
higher than that predicted by state of the art 
aeroelastic codes. 

1 Introduction 

Deep stall vibrations during standstill may be 
divided into two groups: vortex-induced 
vibrations and stall-induced vibrations. In the 
former, a bluff body vibrates when the 
frequency of vortex shedding coincides with the 
frequency of any of the modes of this body. In 
the latter, a body vibrates if the change of the 
aerodynamic loading on this body during its 
displacement is such that it facilitates the 
displacement. The current work deals with stall-
induced vibrations exclusively. Stall-induced 
vibrations are currently well recognised in the 

context of blade standstill vibrations [1]. This is 
mainly because such vibrations appear in the 
state of the art aeroelastic codes. Whether the 
aeroelastic codes accurately predict vibrations 
is problematic because the underlying 
aerodynamic models usually assume 
quasisteady aerodynamics in deep stall. This, in 
turn, is problematic for several other reasons. 
Assuming that the actual aerodynamic 
response is quasisteady, Gaunaa and Larsen 
[2] show that changes made in the underlying 
polars below the level of their accuracy can 
significantly change the prediction of the 
aeroelastic stability limits in deep stall. Further, 
the accuracy of the measurements may be 
compromised by possible occurrence of wind 
tunnel effects like tunnel blockage. Such effects 
are pronounced at high angles of attack and 
may cause experimental results to vary 
depending on the tunnel at which the 
measurements are taken. On the other hand, 
CFD computations may be laden with 
inaccuracies due to modelling limitations.  

Moreover, Skrzypiński and Gaunaa [3] show 
that even a relatively low amount of temporal 
lag in the aerodynamic response of an airfoil 
model in deep stall may dramatically decrease 
the range of angles of attacks at which the 
aerodynamic damping of this model is negative. 
Under the assumption that the actual 
aerodynamic response of airfoils in deep stall is 
slower than quasi-steady, this indicates that 
present aeroelastic codes may over-predict 
deep stall standstill vibrations. 

The focus of the current work was on 
determining the amount of temporal lag of an 
airfoil in deep stall. For this purpose, one 
specific angle of attack in 2D and another in 3D 
were chosen. The chosen angles were the ones 
related to the highest risk of stall-induced 
vibrations. In order to find these angles, the 
equation for the aerodynamic damping 
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proposed by Gaunaa and Larsen [2] is applied 
by Skrzypiński et al. [4] on the full polars of the 
DU96-W-180 airfoil designed at the Delft 
University of Technology [ 5 ]. The 
measurements of airfoil performance were 
carried out by Timmer [6] in the wind tunnel of 
the Delft University of Technology. Then, the 
same equation is applied by Skrzypiński et al. 
on the aerodynamic data obtained by 2D and 
3D time-marching CFD simulations. The 
analysis indicates that 26 and 24 degrees 
angles of attack are where the 2D and 3D CFD 
models are the most prone to vibrations, 
respectively. The angles deviate because of a 
difference in steady airfoil characteristics. In the 
present work, the same airfoil was subjected to 
forced translatory edgewise oscillation which 
allowed for a thorough study of the involved 
physical phenomena. Computations were 
performed in 2D and 3D, at the aforementioned 
angles of attack. The tools used for the 
simulations were 2D RANS and 3D DES CFD 
solvers, i.e. EllipSys 2D/3D [7,8,9,10] codes 
developed at the Risø DTU National Laboratory 
for Sustainable Energy and Technical 
University of Denmark. The effective 
differences between the 2D and 3D simulations 
were investigated.  

Flows in the stall regime are inherently three 
dimensional.  It is therefore reasoned that it is 
necessary to compute these using 
computationally expensive 3D DES simulations. 
The reasoning behind including 2D simulations 
in the present work was to study whether 
relevant flow characteristics may be properly 
resolved by 2D RANS computations. This 
would be beneficial because of their high 
computational efficiency compared to the much 
heavier 3D simulations. 

Moreover, the possibility of analytically 
modelling the aerodynamic response with the 
tools previously proposed by Skrzypiński and 
Gaunaa [3] was studied. 

Note that the present work performed in the 
context of blade standstill vibrations, simplifies 
the problem by omitting the effects of blade 
twist and taper as well as the shear and 
turbulence in the incoming flow. The reason for 
this is to learn about the most basic 
mechanisms involved in vibrations of wind 
turbine blades, before embarking on the full 
very complex problem as it occurs on actual 
turbines. 

2 Tools and Methods 

2.1 Description of the procedure 

All the simulations were performed at the 
relatively high Reynolds number of 6·10

6
. This 

was because the application of the present 
research is on large wind turbine blades 
potentially subject to high wind speeds.  

In the present work, temporal lag of the 
aerodynamic response was quantified by 
means of the engineering aerodynamic model 
proposed by Skrzypiński and Gaunaa [3]. In the 
model, the parameters were adjusted to match 
the dynamic lift coefficient and dynamic drag 
coefficient loops obtained during the CFD 
simulations. Then, these parameters were 
considered representative of the respective 
CFD simulations. 

Note that the angles of attack used in the 
present work were defined with respect to the 
flow velocity relative to the airfoil. The motion of 
the airfoil was therefore taken into account. The 
rotor induction was not considered. 

2.2 2D and 3D Navier-Stokes 
solvers and computational 
setup 

All the computations were unsteady, made both 
in 2D RANS and 3D DES. The turbulence 
model used was the k-ω shear stress transport 
(SST) [11]. It was used in both its standard 
RANS form and as a DES model as proposed 
by Strelets [12] with the delayed DES (DDES) 
technique of Menter and Kuntz [13]. The effects 
of laminar to turbulent transition in the boundary 
layer on the airfoil were modelled with the 

       correlation-based transition model of 
Menter [14]. For the present implementation, 
see Sørensen [15,16].  

The airfoil motion was simulated by a moving 
mesh method. The grid points in the 
computational mesh were all moved together as 
a solid body. EllipSys2D and EllipSys3D are 
second order accurate in time. The codes use a 
second order backward differencing time 
discretization. Sub-iterations are used within 
each time step. In the present 2D and 3D 
computations, the diffusive terms were 
discretized with a second order central 
differencing scheme. The convective fluxes in 
2D and 3D RANS regions were computed using 
the third order accurate QUICK scheme of 



 
 

Leonard [ 17 ]. The convective fluxes in 3D, 
where the DDES model switched to the large 
eddy simulation technique, were computed with 
a fourth order central differencing scheme. 

The 2D computations were made in an O-grid 
with 32.8·10

3
 grid cells. The height of the 

domain in both 2D and 3D was 30 chord 
lengths. The dimensions of the 2D grid were 
256 cells (parallel to the airfoil surface) by 128 
cells (perpendicular to the airfoil surface). The 
3D computations were made in an O-grid with 
12.6·10

6
 grid cells. The mesh was extruded in 

the span-wise direction by a single chord 
length. The dimensions were 256 cells (parallel 
to the airfoil surface) by 384 cells (perpendicular 
to the airfoil surface) by 128 cells (spanwise 
direction). The grids for the 2D and 3D 
computations were made in HypGrid2D [10]. 
The grid around the profile used in the 2D 
computations is presented in Figure 1.  

The angles of attack were 26 and 24 deg in 2D 
and 3D, respectively. The boundary condition 
on the 3D lateral boundaries was periodic. The 
aim of setting such a boundary condition was to 
limit the effect of finite span. The airfoil surface 
was specified by a no slip condition. Outlet 
condition was specified at angles +/- 45 deg. 
downstream the airfoil, in the perimeter of the 
O-grid. The rest of the perimeter was specified 
by the inlet condition. 

The time steps were 0.005 and 0.01 seconds in 
2D and 3D, respectively. The Reynolds number 
of all the computations was 6·10

6
. The airfoil 

boundary layer was simulated assuming free 
transition with ambient flow turbulence intensity, 
I, of 1.1·10

-3
%. This corresponded to the 

turbulent kinetic energy, k, of 1.5·10
-4
 m

2
/s and 

the specific dissipation, ω, of 10
6
 s

-1
 at the inlet.  

The lift and drag coefficients obtained from the 
3D computations were averaged in the 
spanwise direction.  

 

 
 

Figure 1: CFD grid around the DU96-W-180 
airfoil, used in the 2D CFD computations 

 

2.3 Description of the engineering 
model 

In the engineering model proposed by 
Skrzypiński and Gaunaa [3], the dynamic lift 
coefficient is calculated as the static lift 
coefficient at the effective angle of attack. The 
original equation included four added mass 
terms, i.e. edgewise acceleration, flapwise 
acceleration, pitch rate and pitch acceleration 
terms. However, Skrzypinski and Gaunaa [3] 
show that only the pitch rate and flapwise 
acceleration terms have any influence on the 
stability limits while there was no motion in the 
flapwise direction or rotation in the present 
model. Therefore, all the added mass terms 
were excluded in the present application: 

  

  
   

   
       ( 1 ) 

  
The effective angle of attack      is the lagged 
angle of attack, defined as: 

  
                       ( 2 ) 

  
where α3/4 is the angle of attack as observed at 
the three-quarter chord. In the present 
implementation, the angle of attack was 
constant along the chord because no rotation of 
the airfoil was present. The use of the effective 
angle of attack resembled that in the dynamic 
stall model described by Hansen et al. [18]. A1 
and A2 constitute the first half of the parameters 
defined in the following description of the unit 
response function,  , defined as: 
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where s is the dimensionless time, 
  

 
 . Further, 

x1 and x2 are the aerodynamic state variables 
governed by the differential equations: 

  

    
     

 
         

     

 
              ( 4 ) 

  
where Vrel is the flow velocity relative to the 
airfoil, and bi constitute the second half of the 
parameters defining the unit response function. 
The choice of four parameter values 
characterizes temporal behaviour of the 
aerodynamic model, represented by the unit 
response function.  

The dynamic drag coefficient was calculated as: 
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The first term is the steady drag coefficient 
defined with respect to αE. This term ensures 
that the dynamic drag converges to the static 
value. The second term represents the induced 
drag which is a concept stemming from thin 
airfoil theory [19,20]. This term arises due to the 
change of the effective inflow direction due to 
the effect of shed vorticity. When the airfoil is in 
motion, the angle of attack is defined with 
respect to the relative flow velocity taking into 
account the motion. 

3 Results 

3.1 Time-marching 3D CFD 
computation of the non-moving 
DU96-W-180 airfoil 

The complex nature of the flow field is shown in 
Figure 2 where the vorticity magnitude of the 
3D flow over the non-moving DU96-W-180 at 
24 deg angle of attack is presented. The flow 
was computed using a 3D DES. The figure 
represents a single section of the extruded 
profile. The dark areas represent high vorticity 
magnitude. Generally, separation of the 
boundary layer corresponds to high velocity 
gradient and therefore high vorticity magnitude. 
The latter is visible in the figure. Separation of 
the boundary layer is visualized by the dark 
stream starting at the suction side 
approximately at one third of the chord length 
from the leading edge. The turbulent wake 
behind the profile is also visualized in the figure. 

 

 
Figure 2: Vorticity magnitude of the 3D flow over 

the DU96-W-180 at 24 deg angle of attack; 
extruded from a single section of a 3D DES 

simulation 

 
In order to provide background for the 
prescribed motion computations presented in 
the following chapter, Figure 3 presents polars 
of the DU96-W-180 airfoil computed in time-

marching 2D RANS and 3D DES simulations. 
As it is seen in the figure, in the 3D 
computations the airfoil stalled faster than in the 
2D. The values of the drag coefficient computed 
by the 2D and 3D simulations were relatively 
close. 

 

 

 
Figure 3: Polars from the 2D and 3D time-

marching CFD computations of the DU96-W-180 
airfoil; Re=6·10

6
 

 

3.2 Time-marching 2D CFD 
computation of the DU96-W-180 
airfoil performing prescribed 
linear oscillation in the 
edgewise direction 

The reduced frequency of the prescribed 
oscillations was k=0.079 (with k=ωC/2U). The 
amplitude of the oscillation was A=0.4C. Figure 
4 presents the following curves:  
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 Static lift coefficient resulting from the 
time-marching 2D CFD with the non-
moving DU96-W-180  

 Dynamic lift coefficient loop resulting 
from the prescribed motion 2D CFD 

 Dynamic lift coefficient loop modelled to 
match the dynamic 2D CFD response 
based on the 2D CFD polars 

 Dynamic lift coefficient loop modelled 
assuming inviscid response; based on 
the 2D CFD polars  

 Dynamic lift coefficient loop modelled 
using Beddoes-Leishman type [21,22] 
dynamic stall model; based on the 2D 
CFD polars 

The direction of the presented loops was 
clockwise. The results showed that the dynamic 
lift response resulting from prescribed motion 
2D CFD was slower than the one modelled 
using the inviscid parameters for the temporal 
response. Neither the dynamic lift coefficient 
loop modelled using the Beddoes-Leishman 
type dynamic stall model resembled that of the 
prescribed motion CFD computations.  

The approximate dynamic 2D CFD response 
was modelled by tuning values of two (A1 and 
b1) out of four available parameters in the 
aforementioned engineering model [3]. The 
other two were set to zero. However, the exact 
shape of the CFD response was impossible to 
obtain. The dynamic lift coefficient loop resulting 
from the prescribed motion 2D CFD was 
averaged over 20 periods of oscillation in order 
to decrease the influence of the higher 
frequency fluctuations associated with vortex 
shedding. 

 

 
Figure 4: Lift coefficients from the 2D CFD with 

the non-moving DU96-W-180, 2D prescribed 
motion CFD and from two engineering models. 

 
Figure 5 presents:  

 Static drag coefficient resulting from the 
time-marching 2D CFD with the non-
moving DU96-W-180 

 Dynamic drag coefficient loop modelled 
using the same parameters as for 
modelling the dynamic 2D CFD 
response of CL 

 Dynamic drag coefficient loop modelled 
assuming inviscid response; based on 
the 2D CFD polars 

 Dynamic drag coefficient loop resulting 
from the prescribed motion 2D CFD 

 Dynamic drag coefficient loop modelled 
using Beddoes-Leishman type [21,22] 
dynamic stall model; based on the 2D 
CFD polars 

 
Figure 5: Drag coefficients from the 2D CFD with 

the non-moving DU96-W-180, 2D prescribed 
motion CFD and from two engineering models. 

 
The direction of the presented loops was 
counter clockwise. The opening of the loop 
resulting from the prescribed motion 2D CFD 
simulation resembled that of the inviscid 
response and the one modelled using the 
Beddoes-Leishman model. However, the mean 
slope of the CFD loop was higher than of that 
representing inviscid response and the 
Beddoes-Leishman model.  

From the results it was evident that it was not 
possible to model CL and CD simultaneously 
with the model from [3] as after tuning the 
parameters to match the prescribed motion 
CFD dynamic lift, the opening of the 
corresponding dynamic drag loop was larger 
than that of the prescribed motion CFD. On the 
other hand, Skrzypiński and Gaunaa [3] show 
that the aerodynamic damping is more sensitive 
with respect to the lift than drag. Therefore, it is 
possible that modelling the dynamic lift is 
sufficient in order to predict stall-induced 
vibrations.  
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3.3 Time-marching 3D CFD 
computation of the DU96-W-180 
airfoil performing prescribed 
linear oscillation in the 
edgewise direction 

Figure 6 presents: 

 Static lift coefficient resulting from the 
time-marching 3D CFD with the non-
moving DU96-W-180 

 Dynamic lift coefficient loop resulting 
from the prescribed motion 3D CFD 

 Dynamic lift coefficient loop modelled 
assuming inviscid response; based on 
the 3D CFD polars 

 Dynamic lift coefficient loop modelled 
using Beddoes-Leishman type [21,22] 
dynamic stall model; based on the 3D 
CFD polars 

The direction of the presented loops was 
clockwise. The results were surprising as the 
characteristic of the prescribed motion CFD 
dynamic lift loop was completely different from 
the corresponding 2D loop. The loop averaged 
over 30 oscillation periods had the opposite 
slope, as if the static values were of positive 
instead of negative slope. Modelling the 3D 
CFD dynamic lift with the tools from [3] used in 
the present work or the Beddoes-Leishman 
model [21,22] was difficult and will require 
further investigation and possibly another 
approach. This is because these models are 
not developed to model loops with a slope of 
opposite sign to that of the steady values. 

 
Figure 6: Lift coefficients from the 3D CFD with 

the non-moving DU96-W-180, 3D prescribed 
motion CFD and from two engineering models. 

 
Figure 7 presents: 

 Static drag coefficient resulting from the 
3D CFD with the non-moving DU96-W-
180 

 Dynamic drag coefficient loop resulting 
from the prescribed motion 3D CFD  

 Dynamic drag coefficient loop modelled 
assuming inviscid response; based on 
the 3D CFD polars 

 Dynamic drag coefficient loop modelled 
using Beddoes-Leishman type [21,22] 
dynamic stall model; based on the 3D 
CFD polars  

 
Figure 7: Drag coefficients from the 3D CFD with 

the non-moving DU96-W-180, 3D prescribed 
motion CFD and from two engineering models. 

 
The direction of the presented loops was 
counter clockwise. The opening of the CFD 
loop was similar to that representing inviscid 
response. The opening of the loop obtained by 
the Beddoes-Leishman model [21,22] was 
larger. The slope of the CFD loop did not follow 
the slope of the static drag coefficient while the 
slope of the loops representing the two models 
did. 

Generally, both 2D and 3D simulations showed 
some temporal lag of the dynamic lift and 
dynamic drag coefficients indicating that the 
state of the art in modelling the dynamic lift and 
drag in deep stall in the aeroelastic codes may 
be inaccurate. Therefore, the present results 
indicate that the aeroelastic codes may to some 
degree overpredict edgewise vibrations as 
Skrzypiński and Gaunaa [3] show that temporal 
lag in the aerodynamic response of an airfoil 
model increases the level of aerodynamic 
damping. Further, Skrzypiński et al. [4] indicate 
that the positive slope of the lift loop of 3D 
computations may correspond to an increased 
aerodynamic damping compared to the 
negative slope of 2D computations. This is 
because in [4] a prescribed motion 3D CFD 
computation with similar behaviour to the one in 
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the present work is shown to poses the positive 
aerodynamic damping while a corresponding 
prescribed motion 2D CFD computation is 
shown to poses the negative aerodynamic 
damping.  

Further, it should be investigated whether 2D or 
3D CFD simulations reflect the actual stall 
characteristics better as it was not explicitly 
shown in the present work that 3D simulations 
represent the real life flow conditions better than 
2D. However, Shur et al. [23] and Strelets [24] 
indicate that 3D DES computations resolve 
stalled flows around airfoils better than 2D 
RANS. 

It should also be investigated whether it is 
possible to tune the parameters of the 
Beddoes-Leishman [21,22] model to accurately 
represent the dynamic lift and drag loops 
obtained by CFD. The inability of the present 
model [3] to model the dynamic lift and drag 
using the same set of parameters indicates that 
the present engineering approach may be 
insufficient. 

4 Conclusions 

In the present work, CFD simulations of the 
DU96-W-180 airfoil at 26 and 24 deg. angle of 
attack, using 2D and 3D, non-moving and 
prescribed motion airfoil suspensions, were 
performed.  

The openings of the lift coefficient loops 
predicted by 2D and 3D CFD were different 
than predicted by the engineering model [3] 
with constants based on inviscid attached flow 
or the Beddoes-Leishman type [21,22] 
engineering model. 

The characteristics of the dynamic lift coefficient 
and dynamic drag coefficient loops were 
studied. The approximate average loop 
resulting from the 2D CFD simulation was 
modelled by the engineering model in [3]. 

The average slope of the dynamic lift loops 
from the 3D CFD simulation had opposite sign 
compared to the 2D CFD simulation. Trying to 
model the 3D behaviour with the engineering 
models proved difficult, indicating that the 
present engineering approach may be 
insufficient.  

The opening of the average 2D CFD dynamic 
lift loop and the opposite slope of the average 
3D CFD dynamic lift loop indicated that the 

associated aerodynamic damping may be 
higher than that predicted by state of the art 
aeroelastic codes. 

The disagreement between the 2D, 3D and the 
engineering models indicates, first of all, that 
further investigations are needed and that 
caution should be taken when applying 
engineering models in connection with 
aeroelastic simulations. 

5 Further work 

Based on the current study and literature review 
a number of issues were identified that need to 
be investigated in future work. Below is the list 
of the most important of: 

 Perform similar investigation at other 
angles of attack. 
 

 Analyze the effect the change in the 
sign of the lift slope has on the 
aerodynamic damping.  
 

 Investigate whether 2D or 3D CFD 
simulations reflect the actual stall 
characteristics better. 
 

 Investigate the influence of ambient 
turbulence, skewed inflow and inflow 
varying along the blade span on the 
relevant aerodynamic characteristics. 
 

 Investigate the influence of blade twist 
and taper on the relevant aerodynamic 
characteristics. 
 

 Investigate whether it is possible to 
tune the parameters of the Beddoes-
Leishman model to accurately 
represent the dynamic lift and drag 
loops obtained by CFD. 
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