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Abstract The objective of this report is the better understanding of the physics
of the aeroelastic motion of wind turbine blades in order to improve the numerical
models used for their design. In this study, the case of the RIS�-B1-18 airfoil
which was equipped and measured in an open jet wind tunnel is studied. Two and
three-dimensional Navier-Stokes calculations using thek � ! SST and Detached
Eddy Simulation turbulence models are conducted. An engineering semi-empirical
dynamic stall model is also used for performing calculations. Computational re-
sults are compared to the experimental results that are available both for the
static airfoil and in the case of pitching motions. It is shown that the Navier-
Stokes simulations can reproduced the main characteristicfeatures of the ow.
The DES model seems also to be able to reproduce some details of the unsteady
aerodynamics. The Navier-Stokes computations can then be used to improve the
performance of the engineering model.

ISBN 87{550{3298{2 (Internet)
ISSN 0106{2840

Print: Pitney Bowes Management Services Denmark A/S� 2004



Contents

1 Introduction 5

2 Numerical Models and Experimental Data 7
2.1 Navier-Stokes Solver 7
2.2 Dynamic Stall Model 8
2.3 Wind Tunnel Tests of the RIS�-B1-18 Airfoil 8

3 Preliminary Study 9
3.1 Static Airfoil 9
3.2 Pitching Airfoil 9
3.3 Conclusions 10

4 Grid and Time-Step Dependency Analysis 12
4.1 Grid Re�nement 12
4.2 Choice of the Final Grid 14
4.3 Time-Step Analysis 15
4.4 Grid Generation for 3D Computations 15

5 Static RIS�-B1-18 Airfoil 16
5.1 Description of the Test Case and Numerical Computations 16
5.2 Analysis of the Results 16

6 RIS�-B1-18 Airfoil in Pitching Motion 23
6.1 Description of the Test Case and Numerical Computations 23
6.2 Analysis of the Results 23

7 Semi-Empirical Dynamic Stall Model 35
7.1 Comparison with the Dynamic Stall Model 35
7.2 Tuning of the Dynamic Stall Model 36

8 Computation of Aerodynamic Damping 38
8.1 Computing the Aerodynamic Work 38
8.2 Assessment of the Equivalence Pitching/Plunging Motions 39
8.3 Comparison of the Results 40

9 Conclusions 42

Acknowledgements 42

References 43

Ris�{R{1448(EN) 3





1 Introduction

The aim of this work is the better understanding of the physics of the aeroelas-
tic motion of wind turbine blades in order to improve the numerical simulation
of such dynamical systems. In previous works, both aerodynamic damping cal-
culations and fully-coupled aeroelastic simulations of wind turbine blades were
performed by using the CFD code EllipSys3D as a uid ow model, and the aeroe-
lastic code HAWC as a structural model [1, 2]. The results were compared with
semi-empirical dynamic stall engineering models, such as the Beddoes-Leishman
model [3]. However, the lack of experimental results in suchcon�gurations made
it di�cult to conclude which model was performing better. In order to clarify this
issue, it was decided to come back to more basic cases for which experimental
results exist in the litterature. Not many experimental campaigns exist for which
the operational conditions (including Reynolds number, Mach number, etc...) are
close to our concern, namely wind turbine applications. Oneof the rare experi-
mental set-ups that meets these requirements is the measurements performed by
Ris� in the VELUX wind tunnel [4]. The airfoil pro�le that has been chosen for
our comparative tests is the RIS�-B1-18 airfoil designed by Fuglsang et al [5].

The so-called Direct Numerical Simulation of the uid ow dy namics (for which
all the scales of the turbulent ow are simulated by the numerical code) around a
turbine blade is still far out of reach of modern computers. Therefore, turbulence
models have to be implemented in the numerical codes in orderto reduce the com-
putational costs to an acceptable size. Two types of turbulence modelling, which
have been implemented in the Navier-Stokes code EllipSys3D, are considered in
this paper. In a �rst place, the so-called Reynolds AveragedNavier-Stokes (RANS)
approach using thek � ! SST turbulence model by Menter [6] has been imple-
mented. The simulation of a wind turbine rotor with this mode l has proven to give
sensible results [7] compared to the well-detailed measurements obtained during
the NREL Unsteady Aerodynamics Experiment Phase VI performed by NREL
at the NASA-Ames wind tunnel [8]. However, a more detailed study showed that
the RANS approach alone was unable to correctly simulate thethree-dimensional
patterns in the ow�eld around the 2D section of a pitching ai rfoil [9]. Conversely,
the so-called Detached Eddy Simulation (DES) [10], which isa combination of a
RANS approach in the vicinity of the blade and a Large Eddy Simulation (LES) in
the far �eld, gave promising results [9]. Finally, two-dimensional simulations using
the k � ! SST model will be performed, mainly due to their low computational
costs, and in order to evaluate the discrepancies that can beexpected with such
simulations compared to three-dimensional and experimental results.

The ultimate goal of this work is to gain enough con�dence in our Navier-Stokes
solver so that it can be used as a tool for wind turbine airfoil design. However,
the computational costs of 3D calculations are still prohibitive for realistic daily
engineering applications. Our strategy is actually to use this detailed model in
order to improve and tune already existing engineering models, which are currently
used in the design processes for modelling aerodynamic forces exerted on wind
turbine blades. The only model of this type that will be considered in this work
is the dynamic stall model by Beddoes-Leishman [3].

The text is organised as follows. After presenting our numerical models and the
experimental set-up, a preliminary study where several cases of a pitching airfoil
are computed with our two-dimensional Navier-Stokes solver is performed. The
numerical parameters (grid re�nement, time step, etc...) for these computations
are chosen on the basis of our previous experiences of such con�gurations, and
may therefore not be optimal. Results are compared to experimental measure-
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ments. The discrepancies are highlighted and will direct the following study which
goal is to better understand the origin of such discrepancies, and improve our
numerical models. A grid and time-step dependency analysisis performed with
two-dimensional simulations, as three-dimensional computations are far too ex-
pensive to perform such a study. Therefore, the conclusionsof this study will have
to be extrapolated to the subsequent three-dimensional computations, being aware
that three-dimensional e�ects were not included in the previous re�nement analy-
sis. The next step is the computation of a static airfoil at speci�c angles of attack
in order to validate our Navier-Stokes solver in this more simple con�guration.
Thereafter, the case of a pitching airfoil is studied. The mean angle of attack will
be chosen in the stalled range, as it was observed that the discrepancies were larger
for the 2D simulations in this case. The next step is the validation and tuning of
the engineering semi-empirical dynamic stall model. It will be shown how some
parameters of the model can be modi�ed in order to improve itsresults. Finally,
the previous computational and experimental results obtained for the pitching
airfoil are processed in order to compute the aerodynamic work exerted on the
airfoil.

6 Ris�{R{1448(EN)



2 Numerical Models and Experi-
mental Data

In this section, the di�erent numerical models that are used at Ris� for aeroelastic
simulations are presented. The main focus of this work is thestudy of so-called
Computational Fluid Dynamics (CFD) codes that solve the ful l Navier-Stokes
equations for a uid ow. The second class of models that are more often used by
engineers for designing wind turbine airfoils, due to theircomputational e�ciency,
are the so-called semi-empirical dynamic stall models. In addition, the experimen-
tal facilities and measurements that will be refered to in this study to validate and
compare our numerical models are described.

2.1 Navier-Stokes Solver
The uid ow solver EllipSys3D, and its two-dimensional ver sion EllipSys2D, were
used for this study. This in-house code was developed in a co-operation between the
Department of Mechanical Engineering at DTU (Technical University of Denmark)
and the Department of Wind Energy at Ris� National Laborator y. A detailed
description of the numerical code can be found in the references [11, 12, 13].

It is designed to solve both the two-dimensional and three-dimensional Navier-
Stokes equations for an incompressible uid. It uses a cell-centered grid arrange-
ment for the pressure �eld and the cartesian velocity components. The equations
are discretised by means of a �nite volume formulation. The well-known velocity-
pressure decoupling is circumvented by using the Rhie and Chow interpolation
technique [14]. For unsteady computations, the PISO algorithm is used for sol-
ving the momentum and pressure equations in a predictor-corrector fashion [15].
The Second order Upwind Di�erencing Scheme (SUDS) is applied to compute the
convective uxes [16], whereas viscous terms are discretised with the classical se-
cond order central di�erence scheme. A subiteration technique is implemented in
order to increase the critical time step.

In order to model turbulence, a model must be implemented in the uid ow
solver. In our case, thek � ! SST turbulence model by Menter [6] in its orig-
inal version was used to obtain the turbulent viscosity. In the case of three-
dimensional simulations, a Detached Eddy Simulation (DES)technique was also
implemented [17]. This model uses the above mentionedk � ! SST model in the
vicinity of the airfoil, avoiding the need for highly re�ned grid cells in this region of
the ow, whereas a Large Eddy Simulation (LES) model, namelya Smagorinsky-
like model [18], is used in the far �eld. LES models fully simulate the unsteady
dynamics of the larger scales of the ow, whereas the smallereddies which can-
not be captured by the computational grid (also refered to assubgrid scales) are
modelled by an algebraic turbulent eddy viscosity class model.

It is emphasized that in all our computations, the ow was assumed to be fully
turbulent and no transition model was implemented.

The numerical code requires that the computational domain must be mapped
onto a boundary-�tted structured grid. In order to facilita te the mapping and to
take advantage of the new generation of parallel computers,a domain decompo-
sition technique has been implemented in the numerical code. The meshes of the
individual subdomains must be conformal, i.e. the grid lines must match at the
interfaces between the subdomains. In a parallel computingplatform, each pro-
cessor is handling a certain number of subdomains. The communications between
the several processors are performed by using the MPI-library.

Ris�{R{1448(EN) 7



2.2 Dynamic Stall Model
In this study, only one engineering semi-empirical dynamicstall model was tested:
the Beddoes-Leishman model [3]. This model uses as an input the static lift, drag
and moment characteristics as a function of the angle of attack. Based on these
data, and by adjusting a certain number of modelling parameters, the model is
able to predict the aerodynamic forces, namely lift and drag, and moment, exerted
by the uid ow on the airfoil during the dynamic motion of the airfoil, such as
a plunge, lead-lag or pitching motion. In this study, only th e case of a pitching
airfoil will be studied.

Note that the original Beddoes-Leishman model was slightlymodi�ed for our
particular purpose [19]. In particular our implementation does not include leading
edge separation, and the e�ects of dynamic moment were ignored.

2.3 Wind Tunnel Tests of the RIS�-B1-18 Airfoil
The VELUX wind tunnel is an open jet test section which has a cross section of
7:5� 7:5m and a length of 10:5m. The cross section of the quadratic jet blowing
into the test section is 3:4� 3:4m. The maximum ow velocity is 42 m=s. It has a
background turbulence intensity of 1%. A more complete description of the wind
tunnel and the test stand for 2D airfoil sections can be foundin Fuglsang et al [4].

The RIS�-B1-18 airfoil was equipped and measured in the VELUX wind tunnel
by Fuglsang et al [5]. The airfoil section had a chord C = 0 :6m, the inlet ow
velocity was set toV1 =42 m=s, resulting in a Reynolds number equal to 1:6� 106.
The two-dimensional airfoil span was 1:9m and end plates were used at each
extremity to minimize 3D ow e�ects. Measurements comprised both static and
dynamic inow. Dynamic inow was obtained by pitching the ai rfoil in a harmonic
motion around an axis located at 40% of the chord (starting from the leading edge)
resulting in a harmonic variation of the angle of attack. The reduced frequency of
the periodic motion was:

k =
!C
2V1

= 0 :09

where ! is the angular velocity. The amplitude of the pitching motio n was A =
� 2o, with small variations from one test case to the other due to experimental
conditions.

In this work, we will mainly refer to the pitching motion meas urements per-
formed for a mean angle of attack of� m = 15:9o and an amplitude of A = 2 :2o.
However, a preliminary study and a mesh re�nement study will also be using the
static measurements and several pitching con�gurations.

Note that all results that will be displayed in the �gures in t his report involve
dimensionless quantities (except for angles of attack thatwill be measured in
degrees). The reference quantities used for non-dimensionalisation will always be
the airfoil chord length, the inow velocity, and the air den sity and viscosity.
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3 Preliminary Study

As a starting point for our study, two-dimensional simulati ons of the ow around
the RIS�-B1-18 airfoil were performed with the Navier-Stok es solver EllipSys2D.
A 2D mesh, which will be refered to in the following as the preliminary grid, was
generated as follows. It is an O-mesh involving 256 cells around the airfoil and
128 cells away from the airfoil. The outer boundary is located at 20 chords away
from the airfoil. The height of the �rst grid cell (non-dimen sionalised by the chord
length) is equal to 1� 10� 5. This con�guration was chosen as this kind of grid
has proven to be re�ned enough in most of the numerical test cases performed in
previous studies (see [20] for example).

3.1 Static Airfoil
Firstly, steady state computations were performed for various angles of attack
varying from 0 to 24o. The computed lift and drag are compared with averaged
experimental measurements on Figures 1(a-b). It can be seenthat the lift is very
well predicted by our numerical model, whereas the computeddrag is slightly lower
before stall and higher after stall compared to experimental results. However, these
discrepancies remain relatively small.
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Figure 1. Polar Characteristics

3.2 Pitching Airfoil
Secondly, the cases of a pitching airfoil at several mean angles of attack were
studied. The con�gurations correspond to the experimental cases as described in
Fuglsang et al [5]. Naturally, the computations were unsteady and the time step
was set to � t = 1 � 10� 3 (non-dimensionalised by the airfoil chord length and the
inlet velocity). The computed lift and drag loops as a function of the angle of attack
are compared with experimental results on Figs.2 and 3. The results obtained with
the Beddoes-Leishman model are also reported. Note that thelatter model has
been �tted as an input with the steady state data originating from the lift and
drag coe�cients computed with the Navier-Stokes solver as mentioned above.

It can be observed that the lift loops are in relative good agreement before stall
occurs, i.e. up to � m = 11o, although the opening of the loops obtained with the
Beddoes-Leishman model is smaller. Conversely, for mean angles of attack equal
and larger than 15:9o, the loops start to di�er in shape, opening and slope. The
loops from Beddoes-Leishman model have a tendency to followthe shape of the
polar characteristic curve.

Ris�{R{1448(EN) 9



As for the drag, larger discrepancies can be observed. Before stall, the drag
loops have quite di�erent openings. Moreover, and as it could be expected from
the previous static airfoil computations, there exist quite big di�erences in the
average levels of drag after stall, namely the computed dragis smaller than the
experimental one. Finally, the opening of the loops becomesvery small for the
Beddoes-Leishman model.
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Figure 2. Characteristic Loops for Pitching Airfoil

3.3 Conclusions
As a conclusion, if the experimental results can be taken as areference (which
is in itself questionable as the measurement data involve uncertainties and also
numerous corrections due to the experimental set-up, see [4]), it is quite di�cult
to conclude which of the Navier-Stokes solver or the Beddoes-Leishman model is
performing better. This motivates the remainder of this paper, namely a closer
study of the numerical simulation of a static and pitching airfoil.
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Figure 3. Characteristic Loops for Pitching Airfoil (conti nued)

Ris�{R{1448(EN) 11



4 Grid and Time-Step Dependency
Analysis

Due to the high computational costs of three-dimensional computations, this study
is performed with the two-dimensional version of the Navier-Stokes solver Ellip-
Sys2D. It is therefore expected that it is not fully relevant for the three-dimensional
dynamics of the uid ow around the airfoil section that will be studied in the
remainder of this work. However, a grid which is already too coarse for a 2D
computation is obviously unsuitable for 3D computations. Therefore, this study
can give some indications on the re�nement requirements when performing 3D
computations.

4.1 Grid Re�nement
All the grids tested have the following characteristics. These are O-type mesh
extending to 20 chord lengths from the airfoil. The grid generation is such that
the cells are roughly square from 1/10 of the chord length away from the airfoil
up to one chord length (see pictures of the reference grid de�ned below in Fig.4).
This last particular feature is required for the DES computations that will be
performed in the following of this study. Indeed, the use of aLES model in the
far �eld requires that the cells are square in order to improve its accuracy.

(a) Extended View (b) Detailed View

Figure 4. Reference Grid

Our reference grid involves 256 cells on the airfoil and 128 away from the airfoil.
The height of the �rst cell on the airfoil is 1 � 10� 5 (non-dimensionalised with
respect to the chord length). The grid is stretched toward both the trailing and
the leading edge of the airfoil (Fig.4).

In order to check that the grid generation strategy (involvi ng the de�nition
of square cells in the neighbourhood of the pro�le) does not inuence too much
the results of our preliminary study, the polar characteristics obtained with the
present reference grid are compared to those of the originalpreliminary grid of the
previous section. Both computations were performed as steady state. As it can be
seen on Fig.5, the main di�erence is that the computed lift from the reference grid
is slightly overpredicted after stall.

Our re�nement study strategy consists in two steps. The reference grid was
�rst re�ned in the direction along the airfoil, then in the di rection away from the
airfoil. All results presented in this re�nement study are obtained from steady
state computations.

Re�nement of the Mesh Along the Airfoil
In the �rst step, three grids are de�ned in addition to the ref erence grid. The

12 Ris�{R{1448(EN)
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Figure 5. Polar Characteristics - Comparison of Original and Reference Grids

�rst grid is obtained by doubling the number of cells around t he airfoil (i.e. 512
cells). The second one involves 768 cells. Finally, as it is believed that more points
are needed on the suction side of the airfoil when performingthree-dimensional
unsteady computations in order to better capture the dynamics of the detached
unsteady vortices, a third mesh involving the same number ofcells as the reference
mesh, was created by removing some points from the pressure side and adding
them to the suction side. This last one will be refered to as 'i-adapted mesh
256x128'.

Lift and drag coe�cients as a function of angle of attack are reported on
Figs.6(a-b). As it can be seen, there are few di�erences between the di�erent
meshes. The two re�ned meshes give very similar results, whereas the reference
mesh and the i-adapted mesh give very close results as well. The small discrepan-
cies are only noticeable at high angles of attack.
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Figure 6. Polar Characteristics - Mesh Re�nement in i-Direc tion

Re�nement of the Mesh Away from the Airfoil
In the second step, four additional meshes are de�ned in addition to the reference
one. The two �rst meshes are de�ned by increasing the cell numbers away from
the airfoil, respectively to 256 and 384. The extend of the region for which the
cells are maintained roughly square is kept constant, so that the two meshes point
distributions remain similar and can be compared. In other words, the heights of
the �rst cell and of the cells in the above mentioned region decrease as the total
number of cells increases. A third and fourth mesh are de�nedby removing some
points in the far �eld (where it is believed that the dynamics of the vortices is
not so important for the characteristics of the airfoil) and adding them in the
vicinity of the airfoil. They respectively involve 128 and 384 cells away from the
airfoil. They are respectively named 'j-adapted mesh 256x128' and 'j-adapted mesh
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256x384'.
The results are reported on Figs.7(a-b). It can be seen that the lift and drag

are sensitive to the mesh re�nement in, and particularly after, the stall region.
Lift noticeably increases in the post-stall region when themesh is re�ned. The
j-adapted mesh 256x128 is performing slightly better (i.e.results closer to those
of the re�ned meshes) in the stall region than the reference mesh, but similar
results as the reference mesh are recovered in the post-stall region. Contrarily
to the j-adapted 256x128 grid, the j-adapted 256x384 grid does not modify the
results in the stall region, compared to the corresponding re�ned 256x384 mesh.
Therefore, it is considered that both these �nest grids giveconverged results. The
intermediate re�ned grid containing 256x256 cells exhibits results intermediate
between the coarser grids (reference and j-adapted grid 256x128) and the �ner
grids (256x384 mesh and j-adapted 256x384 mesh), and these are actually a bit
closer to those of the �nest grids.
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Figure 7. Polar Characteristics - Mesh Re�nement in j-Direc tion

4.2 Choice of the Final Grid
In view of the previous results, a combination of the i-adapted 256x128 grid and the
grid containing 256 cells away from the airfoil is created. It then contains 256x256
cells. The reasons for this choice are as follows. The i-adapted grid con�guration
was chosen in order to increase the number of cells on the suction side of the airfoil
where most of the dynamics relevant for the airfoil characteristics is supposed to
take place.

Even if the previous results proved that the grid containing 256 points away from
the airfoil didn't exhibit quite converged results (compared to the grid even �ner in
this direction), this con�guration was nevertheless chosen for computational cost
reasons. Indeed, the three-dimensional DES computations that will be performed
in the following are very time-consuming and a more re�ned mesh would require
far too long computational times. However, the quality of the results obtained
with the grid containing 256 points were considered as satisfactory regarding the
small improvements that can be obtained by increasing the number of cells (see
results of grid involving 384 points away from the airfoil). This also implies that
the height of the �rst cell on the airfoil is 5 � 10� 6.

This grid, which will be refered to as the �nal grid, will be us ed for all 2D
computations in the remainder of this work.

14 Ris�{R{1448(EN)



4.3 Time-Step Analysis
The inuence of time step is studied by performing both steady state and unsteady
computations using the above described �nal grid. As it can be seen on Figs.8(a-
b), reducing the time-step from � t = 2 � 10� 2 to 5 � 10� 3 (non-dimensionalised
by the chord length and the inow velocity) does not signi�ca nlty change the
computational results, except for the lift at high angles ofattack. By reducing the
time-step, the lift curve converges toward the steady stateresults. However, it can
be seen that unsteady computations predict higher lift at high angles of attack
compared to the steady state computations, which already predict too high lift
compared to the experimental results after stall. Very small discrepancies between
the di�erent Navier-Stokes computations can be observed onthe drag coe�cient.
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Figure 8. Polar Characteristics - Final Grid - Time Dependency Analysis

In the remainder of this work, all computational results that will be presented
originate from unsteady computations, and the time step will always be set equal
to � t =2 � 10� 2.

4.4 Grid Generation for 3D Computations
The grid used for all 3D computations in this study (unless otherwise speci�ed) is
based on the �nal grid that just has been de�ned above for the 2D computations.
It is simply generated by lining up the same 2D grid in the spanwise direction.
The cell size in the spanwise direction, i.e. the distance between 2 identical two-
dimensional grids next to each other along the airfoil span,is equal to 2� 10� 2,
and there are 128 cells in that direction. Consequently, thetotal mesh extends
over a length of 2:56 airfoil chords in the spanwise direction. Periodic boundary
conditions are enforced at the two extremities of the blade section. Even if this
con�guration is not fully identical to the actual experimen t (for which there exist
solid walls at each end of the airfoil section to prevent the occurence of three-
dimensional e�ects), one may hope that the middle section ofthe experimental
setup where the measurements are performed will be free of the inuence of the
walls, and therefore computational and experimental results can be compared.
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5 Static RIS�-B1-18 Airfoil

The objective of this section is �rstly to validate our Navie r-Stokes solver for the
computation of a static airfoil. Secondly, as the case of a pitching airfoil will be
studied in the following, it is important to evaluate how far the ow �eld for the
static airfoil computed by our numerical model deviates from experimental results.
It will thereby provide a basis for our comparisons when simulating the pitching
motion in the following.

5.1 Description of the Test Case and Numerical
Computations
The experimental results that are available for this con�guration are quasi-steady
measurements. They were performed by continuously varyingthe angle of attack,
slowly enough so that the inow velocity can be considered assteady for each
measurement step [5].

Both 2D and 3D Navier-Stokes computations were conducted. In both cases, the
simulations are unsteady computations and the time step wasalways set equal to
� t =2 � 10� 2 (non-dimensionalised by chord length and inow velocity).

The 2D computations make use of the �nal grid described in section 4.2, and of
the k � ! SST turbulence model. The angles of attack that are considered range
from 0o to 24o.

As for the 3D computations, the 3D grid generated from the previous 2D �nal
grid as described in section 4.4 was used. As the pitching airfoil con�guration for
a mean angle of attack� m = 15:9o will be studied into details in the following of
this study, we will concentrate on angles of attack within this region (scanning
the whole range of angles of attack being too expensive for 3Dcomputations).
Moreover, the angle of attack for which stall occurs for our 3D Navier-Stokes model
will be evaluated. The DES technique (which is supposed to bethe most accurate
turbulence model at our disposal) will be used for most of thecomputations.
Five angles of attack are considered:� = 10o; 12o; 13o; 13:5o and 15:9o. In the
experiment, these angles scan the region in which stall occurs. Nevertheless, the
k � ! SST model will also be used for a single angle of attack� =15:9o in order to
evaluate the inuence of the three-dimensional e�ects compared to 2D simulations
with the same turbulence model.

5.2 Analysis of the Results
2D k � ! SST and 3D DES Computations

Polar Characteristics
As it can be seen on Figs.9(a-b), the 2D Navier-Stokes model overpredicts the
lift and underpredicts the drag after stall compared to the experimental results.
Stall is predicted approximately at the same angle of attackas in the experiment.
There is a good agreement before stall.

The 3D DES Navier-Stokes computations is matching almost perfectly the ex-
perimental results before stall (� = 10o; 12o). However, stall is predicted slightly
earlier (between 12o and 13o) than in the experiment, and the loss in lift and
increase in drag due to stall are more abrupt. For the angle ofattack � = 15:9o,
the 3D DES results and the measurements are again in very goodagreement.

It should be noted that these 3D DES computations were performed without
transition modelling. However, it is well known that the imp lementation of a
transition model has two important e�ects on Navier-Stokes computations. Firstly,
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it increases the computed lift and decreases the drag, and secondly, it postpones
the stall toward higher angles of attack. Therefore, it can be expected that a 3D
DES computation with transition modelling would probably b etter capture the
angle of attack for which stall occurs, at the expense of a toohigh computed lift
and too low drag.
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Figure 9. Polar Characteristics for Static Airfoil

Times-Series and Spectrum Analysis
In order to have a closer look into the details of the ow, time-series of lift and
drag are presented in Figs.10(a-b). The discrepancies in lift and drag levels between
2D and 3D DES computations are recovered. It can be noticed that the 3D DES
computation is much less regular in time than the two-dimensional one, even if 2D
results exhibit a periodic pattern. A Fast Fourier Transfor m (FFT) analysis of the
signals shows that this periodic pattern is also present in the 3D ow, though at
a slightly lower frequency (Figs.11(a-b)). It is identi�ed as a vortex shedding from
the trailing edge of the airfoil, as it will be shown more clearly in the following.
However, visualisations of the computed 2D ow made this conclusion quite clear.
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Figure 10. Time-Series of Lift and Drag for Static Airfoil ( � = 15:9o)

Spanwise Slices
The distribution of lift and drag along the airfoil in the spa nwise direction for the
3D DES computation is studied next. Time-series of lift and drag at four speci�c
stations along the airfoil are plotted on Figs.12(a-b). TheFFT of these signals are
reported on Figs.13(a-b).

It can be seen that the ow �eld clearly exhibits three-dimen sional patterns.
Indeed, Fig.12 shows that the lift and drag forces computed at the several stations
exhibit long time scale oscillations (i.e. longer than a characteristic time period
of 1, non-dimensionalised by the airfoil chord and the inlet velocity) which are
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Figure 11. Power Spectrum of Lift and Drag for Static Airfoil (� = 15:9o)

not correlated in time between the di�erent stations. This c learly indicates the
presence of vortex structures at some stations on the airfoil which are not present
at other places. Therefore, they can be assimilated to 3D structures.

In addition, the FFT analysis shows that the 2D pattern observed on the lift
and drag averaged over the whole airfoil span is present at all stations along the
airfoil (see the spectral energy peaks for all curves at a frequency approximately
equal to 1 on Fig.13) . Looking closely at these short time scale variations (i.e.
of characteristic time period approximately equal to 1) of lift and drag on Fig.12,
it is quite clear that these 2D patterns at all stations along the airfoil are quite
well correlated in time. This indicates the presence of sucha 2D vortex shedding
phenomenon, on the top of the uncorrelated 3D structures along the airfoil span.
Compared to the 2D results from Figs.10(a-b), these 3D patterns are then clearly
responsible for the loss in averaged lift and increase in drag observed in the 3D
DES computations.
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Figure 12. Time-Series of Lift and Drag Spanwise along Static Airfoil ( � = 15:9o)

Local Testing Points
To get a better idea of what is happening locally on the airfoil for the 3D DES
computation, eight testing points are de�ned at the middle section of the airfoil
located at the spanwise locationz=1 :14. The testing point locations on the pro�le
are displayed on Fig.14. Time-series of pressure and skin friction are reported on
Figs.15 and 16 respectively, on the pressure and on the suction side. Results for
the three last points on the suction side (points #6, #7 and #8 ) clearly show that
the ow remains separated at all time on this part of the airfo il. Indeed, pressure
and skin friction coe�cient levels for these three points are signi�cantly lower than
for point #5, indicating the presence of the detachment point between point #5
and point #6, and a separated ow region downstream.

The respective FFTs corresponding to these signals are displayed on Figs.17
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