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An 0OA209 airfoil equipped with an innovative deployable vortex generator device is investigated through static
stall numerical simulations. Computations are performed by solving the Reynolds Averaged Navier-Stokes equations
with the elsA code, which is developed by the Office National d'Etudes et de Recherche Aérospatiale-the French
Aerospace Lab. Deployable vortex generator computations are compared to a wide set of experimental data, and the
actuator effect on the airfoil boundary layer is highlighted. Detailed flow analysis provides an understanding of the
vortex generation mechanisms, and the influence of initial vortex interactions and merging over the control effect is
shown. The influence of the deployable vortex generator thickness on static stall control efficiency is finally
investigated through simulations featuring a deployable vortex generator of reduced thickness.

Nomenclature

distance between vortices, m

friction coefficient

lift coefficient

pitching moment coefficient

pressure coefficient (%)

airfoil chord length, m

distance from the wall, mm

deployable vortex generator thickness, mm
generic functions

boundary-layer shape factor

vortex generator reference height, mm
generic index

turbulent kinetic energy, J

Mach number

dynamic pressure (p Vinf2/2), kg.m™! - s
Re = Reynolds number based on the airfoil chord
(¢ Vinf /v)

freestream velocity, m - s~
velocity components in the x, y, and z directions,
m-s”!

VvV, = vorticity normal to the surface, s~
X, ¥, 2 x, y and z components

x/c relative position along the airfoil
a angle of attack, deg

static stall angle of attack of the clean airfoil, deg
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5* = boundary-layer integral displacement thickness,
m

r = vortex circulation, m? - s7!

r+ = positive part of the circulation, m? - s~

s = turbulent viscosity, kg.m™! - s7!

v = kinematic viscosity, m? - s~!

o* = Dboundary-layer integral momentum thickness, m

I. Introduction

YNAMIC stall is a highly complex phenomenon occurring on

helicopter main rotor blades during high-speed forward flight
and maneuvers. High-blade loading and low-freestream velocities on
the retreating blade side lead to massive unsteady flow separation.
Depending on the airfoil characteristics and the flow parameters,
dynamic stall may produce a temporary increase in drag, as well as
strong negative pitching-moment peaks [1], yielding possible
structural damage on the rotor. Dynamic stall is, thus, limiting
helicopters’ high-speed and maneuver flight capabilities. Therefore,
alleviating dynamic stall has been the subject of numerous studies
using different methods and control actuators [2,3]. Because the most
effective control methods remain difficult to apply, none of them has
been realized on real helicopter blades. Surprisingly, the vortex
generator was only recently tested in this framework [4,5].

A new concept of dynamic stall control actuator (see Fig. 1) has
been recently designed, built, and tested in an ONERA wind-tunnel
facility, successfully reducing static and dynamic stall of an OA209
airfoil [6]. The actuator consists of a mobile row of corotating
deployable vortex generators (DVGs) located at the leading edge of
the airfoil (see Fig. 1). “Deployable” means that the DVG height can
be controlled, getting back to clean airfoil when the height is set to
zero. The DVGs are expected to induce longitudinal vortices above
the airfoil in order to delay stall and to reduce the negative pitching
moment while keeping a sufficient amount of lift. Although
biomimetics was not leading the current device design, its outcome is
expected to be similar to a humpback whale’s pectoral flipper, which
shows leading-edge protuberances that significantly improve the foil
static stall behavior [7,8]. The DVGs also share some similarities with
the Leading-Edge Vortex Generators (LEVoGs) in [4], which were
likewise positioned at the airfoil leading edge and are expected to
generate weak longitudinal vortices. The LEVoGs principle of
operation remains, however, not fully understood and was
investigated in recent studies in [9,10]. The DVG structural design
implies a specific thickness of 1.0 mm, which is large compared to the
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Fig.1 Sketch of the OA209 airfoil equipped with leading-edge DVGs.

boundary-layer size, and is, therefore, expected to have some
influence on the flow control. Because a detailed investigation of
controlled flow could not be experimentally performed, numerical
simulations are used for a deeper analysis of the flow control effect.
As a first step toward future DVG dynamic stall control simulations
DVG static stall control is, thereby, considered.

Since the introduction of the vortex generator (VG) as a flow
control actuator in [11], such devices have been the subject of
numerous studies. Schubauer and Spangenberg [12] described the
mixing process capable of reenergizing the boundary layer, thus,
delaying the separation created by adverse pressure gradient. Pearcey
[13] reviewed the control characteristics and physics of corotating
and counter-rotating vortices created from VG arrays. Much
experimental and numerical work has been done to unveil the local
interaction phenomenon between VG-induced vortices and the
boundary layer. Viscous-inviscid interactions were considered,
providing a detailed analysis of the boundary-layer turbulence
characteristics in view of possible turbulence model improvement
[14-16]. Lin et al. [17] and Lin [18] emphasized the benefits of VGs
submerged in the boundary layer for drag reduction. This method has
been quite successful in many applications and was also successfully
simulated [19]. However, studies on these control actuators are either
concerned with the overall flow control effect, i.e., the possible lift
or drag benefit, or on the local boundary-layer and turbulence
characterization aspect. The present study considers the control effect
from both overall and local viewpoints altogether.

The work described in the present paper focuses on the DVG
physics and the understanding of the airfoil stall control effect
through numerical simulations. The objective is to identify the actual
DVG flow mechanisms and its relation to the airfoil stall control.
Large flow scales, as well as very fine structures, are present, which is
very challenging from the numerical point of view. Steady and
unsteady Reynolds Averaged Navier-Stokes (RANS and URANS)
modeling through the ONERA elsA code are used. Numerical
solutions are extensively validated.

The paper is organized as follows: in Sec. II, the flow parameters
and the numerical methods are described; Sec. III is dedicated to the
grid convergence study and the validation of the numerical
simulations; and in Sec. IV, the results of DVG numerical simulations
are presented, and the role of the DVG thickness is discussed.

II. Numerical Methods and Flow Parameters
A. Numerical Methods

The Computational Fluid Dynamics (CFD) solver used is the
ONERA multiapplication aerodynamic code elsA [20], which solves
the RANS and URANS equations for structured multiblock grids
with a finite-volume method. The space discretization scheme
AUSM + (P) developed in [21] is used for the inviscid fluxes. The
numerical dissipation of this scheme is proportional to the local Mach
number, and, thus, remains low in boundary layers. The viscous flux
discretization uses a classical cell-centered formulation. For RANS
calculations, the pseudotime backward Euler scheme is selected. For
URANS computations, a second-order implicit time discretization
method with Low-Up (LU) factorization and Newton iterations is
applied. In the present work, the two-equation k- model with Kok

cross-derivative terms is used. The Shear Stress Transport (SST)
correction in [22] and the turbulent dissipation rate limiter of Zheng
are also used. In case of clean (i.e., without DVG) computations, the
Arnal-Habiballah—Delcourt transition criterion in [23] is used. It
provides a model for laminar separation bubble transition and
has been successfully used in similar work in [24]. For DVG
computations, laminar-turbulent transition is presumed to be
triggered by the VG at its most upstream position. Thus, the flow is
supposed fully turbulent, and the laminar-turbulent transition is not
not accounted for. External boundary conditions are of the
nonreflecting type and are applied 20 chords away from the airfoil.

B. Geometry and Flow Conditions

Numerical investigations are performed on the rotor blade airfoil
0OA209 [25] equipped with a row of corotating DVGs. The DVG s a
1.0-mm-thick blade extruded from the leading-edge surface in the
chordwise direction. The angle with the vertical reference is 18. The
DVGs are spaced equidistantly at 11.5 mm in the spanwise direction
(Fig. 1). For a DVG height of & = 0 mm the airfoil is similar to the
clean case and has no control effect. Experimental results in [6] on the
same configuration showed a large influence of the DVG height on
static stall control, and 1.5 mm has been found to be the best value for
pitching moment reduction. The DVG height is, therefore, fixed to
1.5 mm in the present study.

Reynolds and Mach numbers are set to Re = 1.8 x 10° and
M = 0.1617, respectively. These parameters are taken from previous
static and dynamic stall studies [26].

C. Specific Postprocessing

To analyze the generated vortices and their characteristics a
specific tool has been developed and can extract vorticity in slices
normal to the airfoil surface (Fig. 2). The main vortex produced by the

Vorticity
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Fig. 2 Vorticity slices and vortex trajectory along the airfoil.
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DVG rotates in the clockwise direction. Therefore, the positive
circulation is integrated for each slice allowing quantitative compar-
isons between different VG computations. For a contour dS closing
the surface S traversed by the velocity V, the circulation I is defined
as follows and expressed as a function of the curl of the velocity:

= 56 Vds = /rot(V) .dS 1
as

N

where dS is the local vector normal to the surface S. Hence, only the
vorticity component normal to the plane V, is accounted for. Vorticity
is transported streamwise above the airfoil, and the corresponding
vorticity axis is assumed to be close to each slice’s normal direction.
The positive part of V/, integrated over the discrete element of surface
AS is then expressed as

Y ViAS;

rt=
. i @)
if V<0 thenV, =0
The positive circulation can be used to analyze the vortex strength and
its streamwise dissipation rate.

III. Clean Reference, Mesh Convergence,
and Validation

A. Clean Reference Case and Convergence Discussion

The large influence of the mesh on numerical simulations of airfoil
at stall or near-stall conditions is well known. For NACAOQ015 static
and dynamic stall numerical simulations, the influence of two-
dimensional (2-D) mesh refinement was investigated [27,28] from
which a grid with 1900 nodes around the airfoil was selected.
However, considering future three-dimensional DVG meshes
numerical simulations using such fine grids would not be affordable.
Considering the present exploration-oriented work, a coarser grid is

necessary. Thus, this section is dedicated to the evaluation of a less
refined 2-D mesh, which will be used 1) to provide a computational
reference case for a clean airfoil (i.e., without DVG) and 2) as the
basis for the DVG mesh development.

Clean case computations are performed on a 2-D grid of an OA209
airfoil. The main block size is 501 X 121 nodes with 316 nodes
around the airfoil (Fig. 3). This mesh includes the airfoil tab in
which the thickness is discretized with 33 nodes, and the tab surface
is modeled with a sliding-wall boundary condition. From the
mentioned studies this simplification is not presumed to alter
significantly the solution and provides an appreciable savings on grid
size. Using the above described numerical methods and parameters
computations of the flow around the 0A209 airfoil at static angles of
attack (AoA) are performed.

The convergence evaluation of the solution is not an easy task and
has to be discussed in order to consider the computations’ validity.
The first criterion used are the residuals of the conservative variables,
which are expected to tend toward zero, at least decreasing of three
orders of magnitude. However, due to the presence of the airfoil
trailing-edge tab, a small recirculation is observed downstream of the
tab. For o = 10 deg this recirculation remains steady, and the
residual convergence level of the computation is very satisfactory.
For @ = 12 deg, 15 and 16.7 deg the tab recirculation begins to
slightly oscillate from iteration to iteration. The flow is physically
unsteady, and the residuals cannot decrease but reach a saturation
level. However, the lift coefficient variation tends to stabilize around
a mean value (Fig. 4a). The ratio AC; /C; remains very low for the
considered AoA, showing that a mean steady flow is predominant
(Fig. 4b). The convergence criterion is not satisfied, but the steady
solution can be considered as a satisfactory approximation and
remains in excellent agreement with experimental pressure data for
a <16.7 deg (Fig. 5). From a = 17.2 deg, however, the lift
variations are much larger, and the flow unsteadiness must be taken
into account.

Fig.3 0A209 clean airfoil 2-D mesh with tab detail; every other second point is displayed.
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Fig. 5 Clean RANS pressure compared with experimental data at
a=16.7 deg.
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Fig. 6 Clean URANS lift temporal evolution.

Further numerical simulations are performed using the URANS
method for @« = 16.7 deg, 17.2 deg, and 18.0 deg with a time step
At/c X Vinf ~107*, providing at least one order of magnitude of
residual decrease in the Newton subiterations. For a = 16.7 deg the
mean value of the unsteady lift coefficient is very close to the steady
lift coefficient with a difference lower than 0.5% (Fig. 6). For
a = 17.2 deg the simulation also reaches a steady solution. For
a = 18 deg the time variations of the lift indicate an unsteady flow.
Those large improvements achieved by URANS computations can be
explained by some specificity of the steady RANS resolution. To
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Fig. 7 Lift and moment coefficient polars for clean steady and unsteady computations.

provide convergence acceleration the steady RANS method uses a
local time step dependent on the cell size. Thus, the solution
convergence rate can be different from cell to cell; artificial gradients
may occur and hamper the residual convergence, which leads to
nonphysical solutions. Using a global time step the URANS method
avoids this problem, and the problem remains well posed.

For the present mesh and flow parameters the solution is
mathematically converged if @ < 10 deg. For 12 < a < 16.7 deg
the steady solution is not converged but can be taken as a fair
approximation of the unsteady-calculated solution. This greatly
reduces the computational cost, because the computational cost of
unsteady calculations is about 100 times higher than for steady
calculations. From «a > 17.2 deg unsteady computations are
necessary. This methodology can be summarized in Fig. 7 as a
combination of steady and unsteady solutions.

The lift and pitching moments are compared to experimental data
(Fig. 7). For a < 15 deg the steady numerical simulation is in very
good agreement with the experimental measurement. For a >
16.7 deg the computed clean airfoil does not present the sudden loss
of lift and drastic decrease of the pitching moment. The computations
are not able to reproduce the airfoil leading-edge stall. This is not
unexpected, because two-equations turbulence models are known to
produce an excessive amount of turbulent viscosity y,, thus, delaying
separation and altering the flow topology. Using the Menter SST
correction and the Zheng limiter the excess of y;, is slightly reduced.
Nevertheless, the present static stall simulation remains inaccurate
for @ > 15 deg. In the framework of the DVG control capability
evaluation, these 2-D computations will be taken as a clean reference
case for AoA lower than static stall, ag ~ 15 deg, only.

B. Deployable Vortex Generator Case and Convergence Discussion
The grids used for the DVG computations are all based on the
previously described 2-D grid. The block topology is aligned with the
DVG direction (Fig. 8), which provides a limited mesh distortion and
adapted cell size on each side of the DVG. Only one DVGis included

Fig.8 View of the DVG and airfoil mesh surface.
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Fig. 9 DVG RANS computations convergence.

in the grid with a spanwise length that represents 2.3% of the chord. A
periodic boundary condition is used between the lateral mesh borders
in order to take the DVG spatial periodicity into account and allow
possible transverse flows.

Preliminary DVG computations are performed, which meet the
same convergence issue. Concerning clean case simulations the tab
initiates unsteadiness and prevents residual convergence. Adding
the DVG geometry in the simulation results in additional flow
unsteadiness. However, because the DVG thickness is of the same
order of length, the unsteady behavior is expected to have the
same effect as the reported tab unsteadiness. The lift coefficient
convergence of the DVG steady simulations proves to be satisfactory
fora < 16.7 deg(Fig.9a). The AC; /C| ratio is compared for steady
computations (Fig. 9b) and provides a criterion in order to set the
choice of steady or unsteady simulations.

For further DVG computations the following methodology is
selected: for @ < 15 deg the RANS convergence is satisfactory;
for @ > 17.2 deg the URANS modeling is necessary. Regarding
the computations at 16.7 deg steady and unsteady preliminary
computations topologies are strongly similar, and the pressure
distribution and aerodynamic coefficient comparison presents only
small discrepancies (~3% at the suction peak). Thus, in order to
reduce the computational cost, steady RANS simulations are
performed at 16.7 deg in the next grid sensitivity study section.
However, because it provides slightly more accurate results, URANS
computations shall be used for further detailed flow analysis.

C. Deployable Vortex Generator Grid Sensitivity Study

The chordwise mesh refinement is not considered in the current
study. The influence of two grid parameters are investigated in this
section: 1) the boundary-layer refinement over the DVG walls and
2) the overall discretization in the airfoil spanwise direction. The
AoA of 16.7 deg s close to but lower than ay, and it is selected for the
grid refinement investigations for which steady computations are
performed.

To evaluate the refinement in the boundary layer of the DVG walls
simulations performed on three different meshes are compared
(Table 1). The size of the first cell to the wall can be tested thanks to
the y+ values. For each tested grid the airfoil wall discretization was

Table1 Meshes discretization and y+ values in the boundary-layer

zone of the DVG
Mesh name Initial mesh Mod 2 Mod 3
Number of points in the DVG surrounding 19 26 33
O block
Number of points in spanwise direction 37 37 61
y+ maximum value observed on the airfoil 24 2.1 2.1
leading-edge wall (@ = 16.7 deg)
y+ maximum value observed on the 6.9 2.8 1.9

DVG walls (a = 16.7 deg)

proved sufficient, which is shown by the maximum y+ values below
2.5 over the airfoil surface and for the attached flow. Then, as reported
in Table 1, the initial mesh simulation presents high y+ values (up to
7) over the DVG walls, which is usually too high to get an accurate
boundary-layer solution. Using finer meshes the simulations show
y+ values below 3, which is usually considered as satisfactory.
However, neither the vortex circulation analysis (Fig. 10a) nor the
pressure coefficient (Fig. 10b) present noteworthy discrepancies
between the three tested meshes. With mesh refinement the
simulation is expected to better take into account the generated vortex
influence over pressure. Nevertheless, the vortex strength and
position are not modified with the grid refinement, thus, the reported
pressure distributions are strongly similar for all meshes. Hence, the
DVG wall refinement does not have a significant effect on the results,
and the coarser grid will be used for further computations.

The influence of grid refinement in the spanwise direction is then
considered with five grids with different spanwise discretization
(Table 2). The airfoil lift coefficient differs by ~12% between the
coarsest and the finest grid (Fig. 11), which illustrates the influence of
this refinement on the solution. With increasingly finer grids the lift
decreases with a monotonic and asymptotic behavior. For the
considered parameters a mesh with at least 61 points in the spanwise
direction should be used in order to alleviate the grid influence on
numerical solutions but would lead to a very high-computational
cost. A cost-to-precision compromise is found with a 37-spanwise
points grid for a small relative error (2%) on the lift coefficient.
Further calculations are then performed using this best compromise,
i.e., the initial mesh.

D. Extensive Validation Through Comparison with Experimental
Data

The DVG computations are compared to experimental data
through three experimental sets of data: 1) pressure measurements
along the airfoil chord and aerodynamic coefficients, 2) laser Doppler
velocimetry (LDV) in a small window placed above the leading edge
of the airfoil, and 3) time-averaged particle image velocimetry (PIV)
of the flow above the whole airfoil suction side.

1. Surface Pressure Comparison

Pressure distributions of the 2-D clean reference and DVG fully
turbulent solutions are compared along with experimental pressure
data (Fig. 12) at a = 15.0 deg. Both clean and DVG computations
are in fair agreement with each experimental data set; the overall
effect due to the VG presence is then satisfactorily reproduced.

Table2 Spanwise discretization of the meshes used for the DVG grid
refinement study

Mesh name Coarsed 2 Coarsed 1 Initial mesh Mod 3 Mod 4

Number of points in 21 29 37 61 79
spanwise direction
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Fig. 11 C; comparison for different spanwise mesh refinements at
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Furthermore, this strengthens the fully turbulent hypothesis selected
for the DVG computations.

The experimental lift and moment coefficients are estimated
through pressure integration [6] and are compared to computational
lift and pitching moment coefficients (Fig. 13). Following the
previous convergence analysis conclusions the AoA of 16.7 deg,
17.2 deg, and 18 deg are computed using the URANS method. The
error bars are, respectively, the standard deviation for experimental
data and min-max values for numerical results. Between 12 deg and
16.7 deg, the simulation is in good agreement with the experimental
lift and pitching moment coefficients. The min-max values are small,

. EXP - DVG
.. —— RANS -DVG
‘10f - . EXP - Clean
s RANS - Clean

a) Leading-edge detail

and the temporal variations of the numerical solution remain limited.
At 17.2 deg, lift stall is observed in the simulation, which means an
underestimation of the stall AoA experimentally observed at
17.8 deg. However, the lift loss at stall for both simulations, (~6%)
and experiment (~7%), are of the same order of magnitude. At 18 deg
the numerical lift coefficient is overestimated, and the negative
pitching moment coefficient is largely underestimated. More
importantly, the large computational min-max value emphasizes the
strong unsteadiness of the flow.

Up to the o = 18 deg, the numerical simulation is in fair
agreement with the experiment and proves particularly capable
to give the correct pitching moment showing a slight increase at
15 deg and a progressive decrease from 15 deg to 17.2 deg. At
18 deg, however, the simulation is far from the experimental result.
Nevertheless, the DVG computations are in much better agreement
with the experimental data than the clean case simulations for the
considered AoA.

2. Laser Doppler Velocimetry Velocity Field Comparison

The LDV gives access to averaged velocity in a window above the
leading-edge region of the airfoil at the spanwise position of the DVG
downstream edge (Fig. 14). Data extraction at x/c¢ = 0.08 provides
an accurate comparison of experimental and numerical velocities and
is presented in Fig. 15. The normalized experimental turbulent
Kinetic energy k/Vinf? is computed from the standard deviation
(root mean square or rms) values of the velocity components.

The Vx/V inf computational velocity outer field is in very good
agreement with the LDV data (Fig. 15a). Moreover, the abrupt
increase of k/V inf? close to the wall in Fig. 15b gives access to the
boundary-layer outer limit, and the agreement between numerical
and experimental data is excellent. However, the LDV field
discretization is not fine enough in the DVG-induced vortex zone to

° EXP - DVG
RANS -DVG
EXP - Clean

e meeeeeseees RANS - Clean

b) Trialing-edge detail

Fig. 12 Pressure comparison between calculations (lines) and experimental data (symbols) for baseline and controlled cases at « = 15 deg.
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<e——— LDV window

Fig. 14 LDV window over the airfoil.

allow quantitative comparisons; the transverse velocities Vz/V inf of
the numerical solution in Fig. 15¢ shows negative then positive peaks
corresponding to the vortex. In the LDV data the velocity gradient is
discretized over two measurement positions only.

Experimental estimation of k/V inf> must be considered with
caution, because this so-called turbulent kinetic energy is computed
using rms values whose correlation with turbulent fluctuations is not
clear. Moreover, the rms values are dependent on the time scale of the
captured variations. In LDV measurements the acquisition time
length (normalized by the chord advection time c¢/Vinf) At X
Vinf /c lies between 110 and 2200 depending on the acquisition
position. rms values can then include velocity variations due to
the possible presence of coherent structures in which connection to
the turbulence remains uncertain. Thus, the present experimental
k/Vinf? variable more likely represents the temporal velocity
variations than turbulence kinetic energy. Furthermore, the
compared URANS solution is not time averaged and possible
additional temporal variations are not taken into account by the
numerical turbulent kinetic energy. Nevertheless, the simulation
turbulence model production of k/Vinf? is physically correlated
with the temporal velocity variations, and qualitative comparison
with experimental data is possible.

———— EXP-Clean
----0---- EXP-DVG
——#—— RANS & URANS -DVG

i e e e B [ e e [ e

Experimental and computational polars.

3. Particle Image Velocimetry Velocity Field Comparison

The main drawback of the previously presented LDV results is the
small size of the window available for flow velocities comparisons.
To better assess the computation validity averaged PIV covering the
whole upper side of the airfoil flow are used. For accurate comparison
slices of the numerical solution are generated, where the position
matches the PIV laser sheet. The right-top corner of every PIV field,
however, is erroneous, because the laser sheet did not illuminate this
part of the flow. For further information about the experimental
apparatus the reader is referred to [9] describing the PIV setup used.
The current PIV field is averaged over time and provides 2-D—2-C
velocity measurements. The averaging process gives also access to
the velocity rms values. The numerical simulations are compared
with PIV for two AoA: 15 deg (Fig. 16) and 17.2 deg (Fig. 17). The
PIV results for 12 deg and 16.7 deg are not shown but mentioned in
the discussion.

At 12 deg and 15 deg the numerical simulation is in good
agreement with the PIV. The experimental and numerical Vx/V inf
contours match fairly well in Fig. 16a, and the trailing-edge separa-
tion occurring in the PIV field is also accurately reproduced by the
numerical simulation. Some discrepancies are observed for turbulent
kinetic energy k/V inf? between the simulation and PIV measure-
ments (Fig. 16b). Nonetheless, the experimental k/Vinf? was esti-
mated using rms values of the velocity components and is, therefore,
strongly affected by the time resolution of the PIV. In the present case,
frequencies higher than 1050 Hz could not be measured. Moreover,
as discussed previously in the LDV measurement analysis, one must
use caution for the quantitative comparison of the turbulence model
kinetic energy with respect to the experimentally estimated k/V inf?.
Hence, the location of the regions of large PIV temporal velocity
variations and the high-computational k/Vinf? values are in

URANS URANS URANS
. EXP - LDV . EXP - LDV . EXP - LDV
0.06 0.06
0.04F 0.041
Q 3
3 3
0.021 0.02f
[ ]
) [0]3 | L J Ok T J
2 0 0.02 0.04 0.06 -0.2 0 0.2 0.4 0.6
Vx/Vinf k/Vinf? Vz/Vinf
a) Vx/Vinf b) k/Vinf? ¢) Vz/Vinf

Fig. 15
correspond to rms values.

Comparison of LDV data and numerical results; the distance d from the wall is normalized by the chord length, and experimental error bars
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1.300
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0.557
0.186
-0.186
-0.557
-0.929
-1.300

a) Vx/Vinf

b) k/Vinf2

Fig. 16 Experimental PIV (top) and RANS computation (bottom) for « = 15 deg.

URANS

a) Vx/Vinf
Fig. 17 Experimental PIV (top) and RANS computation (bottom) for « = 172 deg.

excellent agreement, showing that the turbulence model is
qualitatively accurate for the considered AoA.

At 16.7 deg to a smaller extent and at 17.2 deg to a larger extent
the numerical solution differs from the PIV measurement. Vortex
shedding can be observed downstream of the trailing edge within
the numerical flow in Fig. 17a. It must be noted that URANS
numerical solutions are not time averaged, which may increase the
discrepancies between numerical solutions and experimental data.
The recirculation region is clearly overestimated, and the separation
point is located further upstream in the simulation than in the PIV
measurement. Considering the clean case a leading-edge separation
is expected at ag, producing the typical stall sudden lift decrease. In
the controlled configuration the flow remains partially attached for
a > ag and shows a smoother stall associated with trailing-edge
separation. Because of the DVG presence the airfoil stall behavior is
changed from leading-edge to trailing-edge type.

The differences between simulations and experiments are
summarized by the separation location variation as a function of
the AoA (Fig. 18). The simulation overestimates the separated region
size, which leads to earlier stall compared to the experiment but the
overall trailing-edge stall behavior is fairly well reproduced.

IV. Results and Discussion
A. Overall Control Effect Analysis

To analyze the overall effect of the DVG on the airfoil boundary
layer numerical flow solutions of the 2-D clean case and the DVG
case are compared for a < ay of the clean case at « = 15 deg. The
DVG flow is fully 3-D, and for appropriate comparison the DVG
solution is averaged in the spanwise direction, thus, providing a 2-D
flow solution. The span-averaged velocity and turbulent kinetic
energy profiles of the clean and DVG cases are compared (Fig. 19).

| .
b) k/Vinf?

At x/c = 0.85 the clean case remains attached, and the DVG case
shows a recirculation (Fig. 19¢). The boundary-layer thickness & can
be defined for Vx = 0.99 X V max with V max as the highest local x
velocity. Because of the vortex presence near to the wall a velocity
deficit and vorticity increase are observed. The boundary-layer
thickness is then clearly larger in the DVG case, which has to be taken
into account for the evaluation of the capability of the boundary layer
to resist an adverse pressure gradient.

Downstream of the DVG the boundary-layer integral thicknesses
provide essential information about the DVG-induced vortex
influence and the near-wall flow. The integral thickness values are the
displacement thickness 6*, the momentum thickness 6*, and the
shape factor H;. These quantities are defined as follows:

ALPHA

——=a—— EXPE

12k NUM
1 1 1 1 )
0 0.2 0.4 0.6 0.8 1

X/C

Fig. 18 Separation point chordwise location.
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Fig. 19 Velocity Vx/V inf at three chordwise locations @ = 15 deg.
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The displacement thickness 6* can be interpreted as the inverse
measure of the boundary layer’s inertia. With small §* the boundary
layer has a high inertia and a small sensitivity to the adverse pressure
gradient. The momentum thickness 8* is a measure of the boundary-
layer energy. If * is high, the boundary-layer sensitivity to the
adverse pressure gradient is low. The shape factor H; summarizes the
boundary-layer capability to resist to the adverse pressure gradient. If
H; maintains low values the boundary layer remains attached longer.
If it reaches values higher than 4 this is an indication of boundary-
layer separation.

The overall DVG influence on the airfoil upper side separation is
summarized thanks to the longitudinal shape factor H; variations
(Fig. 20). The clean case shows a higher shape factor than the DVG
case from the leading edge up to 45% of the chord. This clearly
demonstrates the DVG positive influence, because lower shape factor
values are related to the boundary layer’s higher resistance to the
adverse pressure gradient. Downstream at 50% chord the DVG case’s
boundary layer is more sensitive to the adverse pressure gradient and
separates earlier compared to the clean case. An explanation for this
sensitivity is proposed in the next section.

The overall effect of the DVG on the airfoil stall may also be
considered as stall-behavior modification. The OA209 clean airfoil
stalls for the given conditions from the leading edge, with a sudden
loss of lift at a critical AoA, where the airfoil suction side is almost
fully separated. This situation is modified by the DVG addition as the
controlled airfoil stalls from the trailing edge. It has been observed
that the boundary-layer characteristics are strongly modified by the
presence of the DVG-induced vortex. Because subsonic flow lets

A o~
15FYy _ -~
L
L 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1

XIC

Fig.20 Shape factors H; of clean and DVG cases along the airfoil chord
a =15 deg.

information and the history of the boundary layer at the trailing edge
be transported upstream the whole airfoil circulation is, thus, affected
by the DVG presence. Change in the stall behavior is then likely a
consequence of the airfoil boundary-layer modification.

B. Vortex Generation Analysis

To better understand the physics involved in the DVG effect a
detailed flow analysis around the DVG is performed. Interestingly,
the flow topology appears to be more complex than expected for a
regular VG geometry (Fig. 21). A complex vortical system can be
observed and described as follows:

1) Two positive corotating vortices P1 and P2 are generated from
both longitudinal edges of the DVG, and they merge approximately a
half DVG length downstream, forming the main positive vortex.

2) A negative vortex N1 occurs between P1 and the DVG.

3) At the downstream edge of the DVG a small positive vortex P3 is
visible.

\ N1
N2 Merging I P1+P2
N (P1+P2) N (;%:
=
\ o |

/ P
P3 > e
\ @
b/ N

Freestream
Velocity

Fig. 21 DVG flow: (top) isosurfaces of helicity and (bottom) topology
sketch. Helicity is defined as the scalar product of vorticity and velocity.
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Fig. 22 Vorticity normal to the slice at various x /¢ or vortex ages @ = 16.7 deg.

4) A second negative vortex N2 occurs downstream of the DVG
between the main positive vortex and the airfoil wall.

The whole vortical system is convected downstream by the main
flow. An orbital motion is induced by the merging vortices, and N1
revolves around them as illustrated by the scheme in Fig. 21 and by
the flow slices in Fig. 22.

To the authors’ knowledge such a complex system of vortices
has never been reported in the framework of VG numerical or
experimental studies. However, the actual flow is very similar to the
wing-tip vortex of a flat end-cap wing. In an experimental study in
[29] and more recent computational work in [30] the flow topology
analysis shows two main positive vortices, respectively, detaching
from the upper and lower edges of the wing cap. A stronger, primary
vortex occurs on the upper wall of the wing, and a secondary vortex
occurs from the lower side of the cap. The vortices merge shortly
downstream of the wing, leaving only one wake vortex. Such a
description fits very well with the present DVG flow observation,
however, no reference to significant negative vortices was mentioned.
These negative vortices are to be connected to the presence of airfoil
walls. In areview dedicated to wall-vortex interaction phenomena the
side effects were emphasized of the vortex influence on the boundary
layer [31], which usually generates vorticity of the opposite sign to
that of the main vortex. Thus, P1 and its resulting main positive
vortex, respectively, induce the negative vortices N1 and N2 as
counterparts from local surfaces interactions.

Downstream of the DVG the relative revolution of vortical
structures around each other and their merging constitute a distinctive
aspect of the interaction of the corotating vortices. Meunier et al. [32]
states three successive phases that characterize the merging process
of corotating vortices: 1) a first stage where both vortices orbit at
quasi-constant distance from a common barycenter, 2) a second stage
where the separation distance collapses, and 3) a third stage where
significant nonaxisymmetric perturbations still exist at the center of
the newly formed vortex. This description is related to corotating
vortices that are initially identical in circulation and size and without
any wall influence, which is not the case in the present flow.
Nevertheless, the variation of the intervortex distance in Fig. 23a fits
qualitatively very well with the previous merging description. The
rotating motion induced by the corotating interaction combines with
the previously mentioned wall-vortex interaction. Thus, a large
amount of negative vorticity is swept away from the boundary layer
toward the outer region of the flow. This is the reason for the main
negative vortex to move around the corotating system, which also
induces local boundary-layer separation. Finally, the overall effect of
the corotating interaction can be underlined by Fig. 23b where
positive circulation decay rate is spatially correlated with the merging
process, because the decay rate change occurs as the merging is over.

The circulation decay is related to wall friction slowing the vortex
rotation. From this, chordwise variations of the circulation decay
rate are analyzed and described as three successive stages in Fig. 24.
In the corotating stage (C stage), the corotating vortices’ interaction
increases the overall rotating motion and the wall friction, and the
circulation decay rate is at its highest level. This stage ends with the
vortex merging at x/c = 0.03. In the second negative stage (N stage)
the main positive vortex remains confined close to the wall by the
negative vortex N1 until x/c ~ 0.1, and the circulation decay rate is
moderate. When the negative vortex revolution is complete, the third
viscous stage (V stage) begins; the main positive vortex is only
subject to physical and turbulent viscosity, and the circulation decay
rate is the lowest.

This circulation history provides an explanation for the separation
occurring at the airfoil trailing edge for prestall AoA. Because of the
rotational motion the main positive vortex transfers high momentum
from the external flow to the boundary layer, and the boundary layer
is less sensitive to the adverse pressure gradient in comparison to the

X/c

a) Distance b/e between positive vortices

0.35

03

Circulation (m2/s)

025

0.02 0.04 0.06 0.08

X/c
b) Positive circulation

Fig. 23 Vortex merging process along x/c. The airfoil leading edge is
at x/c =0, and the DVG most upstream position corresponds to
x/c = 0.008.
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Fig. 24 Positive circulation along x/c.

clean case. Thus, downstream of the DVG the shape factor remains
low for x/c < 0.5 (Fig. 20). However, the vortex strength rapidly
decreases further downstream of the DVG, because the various
interactions increase wall friction and viscous dissipation. Moreover,
some local boundary-layer separation is observed during the C stage
because of the orbital motion induced by the corotating interaction.
Momentum is, thus, transferred from the boundary layer to the
external flow and to some extent the boundary layer is perturbed.
Hence, further downstream the shape factor reaches high values
(Fig. 20) for x/c > 0.5. The boundary layer is more sensitive to
the adverse pressure gradient compared to the clean case due to the
DVG-induced boundary-layer perturbations. This would follow
the statement made in [12] that a mixing device may increase the
boundary-layer energy but also always induces a loss of momentum.

The strong initial circulation decrease reduces the vortex strength
and, therefore, the stall control efficiency. Tracing this penalty the
four vortices and their subsequent interactions are closely related to
the DVG thickness. A reduction of the DVG thickness is then
considered in the next section.

C. Deployable Vortex Generator with Reduced Thickness

The role of the DVG thickness can be analyzed by thinner DVG
(tDVG) numerical simulations. Here the tDVG thickness is reduced
to one-fifth (i.e., 0.2 mm) of its original size and the tDVG near-wall
discretization is reduced for the local grid to match the surrounding
cell sizes. Every other geometrical, numerical, or physical parameter
remains unchanged. It can be noted that steady RANS computations
provide satisfactory lift coefficient convergence in this case.
Unfortunately, no experimental data are available in order to asses the
tDVG simulations.

DVG and tDVG lift and pitching moment coefficients are
presented in Fig. 25. At 12 deg both cases show very similar features.
Above 15 deg tDVG and DVG show increasing discrepancies; the
tDVG lift is then always higher, and no moment stall occurs for the
computed AoA (even if lift stall may occur for AoA higher than

10 15 20
Alpha

CM

Freestream
Velocity

Fig. 26 tDVG flow: (top) isosurfaces of helicity and (bottom) topology
sketch.

18 deg). This is promising because the tDVG delays significantly the
stall compared to the DVG. The flow topology shown in Fig. 26 is
simpler than for the DVG. Two positive vortices P1 and P2 are
generated from the longitudinal edges of the DVG. However, P1 is
much stronger and no corotating interaction is observed, and P2
rapidly merges with P1 without specific effect. A negative vortex N1
is induced through wall-vortex interaction between P1 and the airfoil
wall and remains in the near-wall region. The spanwise analysis of the
boundary-layer integral thicknesses downstream of both tDVG and
DVG provides further understanding of the wall-vortex interactions.
The spanwise shape factor at various chordwise positions shows
the vortices’ influence on the local boundary layer (Fig. 27).
Downstream of the DVG at x/c = 0.02 the corotating positive
vortices merge. Because of their orbital motion they are confined
close to the wall, and the strong influence on the near-wall flow still

—e— EXP-DVG
«ee0---- DVG
—&— tDVG

0.08

-0.08

-0.16

-0.24

LIS I s L B B B I N B | [ |

10 15 20
Alpha

Fig. 25 DVG and tDVG polars: numerical errors bars are the min-max values.
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Fig. 27 Spanwise H; and helicity comparison for DVG and tDVG at
x/c = 0.02.

X/iC

Fig. 28 Boundary-layer mean shape factor H; along the airfoil chord
a=16.7 deg.

initiates a separation shown by the high H; values. In contrast, the
tDVG vortex remains far from the wall and cannot induce local
separation, which is shown by the lower H; values.

The local separations observed in the early stage of the DVG
corotating vortex interaction are a major drawback for stall control.
On one hand, thanks to the vortices’ rotating motion, momentum is
injected from the outer part of the flow into the boundary layer. On the
other hand, because of the wall-vortex interaction, vorticity eruption
occurs as viscous response to the vortex influence. In arecent study in
[33] concerning VG efficiency vortex-induced boundary-layer
disturbances are investigated, and the lowest possible circulation is
proved to give the best results on the adverse pressure gradient
separation. In the comparison of the current cases the DVG yields
higher momentum losses than the tDVG. The chordwise evolution of
the spanwise-averaged shape factor H; brings further evidence of this
(Fig. 28), because the tDVG shape factor is mostly lower compared to
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e 0.00

Fig. 29 Friction coefficient Cf at the upper surface of the DVG and
tDVG airfoils « = 16.7 deg.
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Fig. 30 Positive circulation of the DVG and tDVG at @ = 16.7 deg.

the DVG case. Atx/c = 0.4 the shape factor of the DVG corresponds
to the airfoil boundary-layer separation when tDVG separation
occurs further downstream than x/c = 0.5.

As a consequence of the reduced wall-vortex interaction wall
friction is lower for the tDVG compared to the DVG (Fig. 29).
Furthermore, the tDVG circulation overall decay is lower compared
to the DVG case (Fig. 30), and in the first 5% of the chord the tDVG
shows a slightly lower decay rate compared to the DVG. Thus, the
vortex interaction occurring downstream of the DVG is the major
difference between tDVG and DVG flow. After 10% of the chord the
circulation decay rates are very similar; the viscous and turbulent
dissipation (the V stage) being very similar for both cases.

The longitudinal vortex efficiency for airfoil stall control is related
to 1) the energy injected from the outer flow toward the inner regions
of the boundary layer and 2) the boundary-layer disturbance created
by the vortex presence. The tDVG achieves a better disturbance-to-
mixing balance and is, therefore, more efficient for stall control.

V. Conclusions

In the present paper, the investigations and results of the OA209
airfoil static stall control using a leading-edge deployable vortex
generators (DVG) are described. The methodology used for
numerical simulations is presented, and a grid refinement study is
provided. Boundary-layer refinement and spanwise refinements are
evaluated. Although the refinement around the DVG shows no
significant influence, a minimal grid density in the spanwise direction
was found necessary. The computational results of the DVG are
successfully compared to experimental pressure, laser Doppler
velocimetry (LDV), and particle image velocimetry (PIV) data.

From the results several points are shown to be crucial in the stall
control mechanism: 1) the DVG influence on the airfoil boundary
layer is identified as positive in the first 45% of the chord and negative
downstream, which explains the airfoil leading-edge to trailing-edge
stall modification; 2) the vortex generation proves to be highly
complex with the combination of several vortices because of the
DVG thickness; 3) three successive stages for the main vortex physics
are identified in relation to the vortex interaction modes, and these
interactions are suspected to determine the stall control efficiency;
and 4) numerical simulations of a DVG with reduced thickness or
thinner DVG (tDVG) brings confirmation of the influence of the
DVG thickness over static stall control effectiveness. tDVG is more
efficient than DVG for stall alleviation.

Thanks to numerical simulations the connection between overall
stall control effects and the very fine flow structures occurring around
the DVG could be established. This could lead to further
improvement of the DVG shape and position in future studies or
experiments. A modeling of the DVG actuator may provide further
computational cost reduction and could be implemented using the
present results and understanding of the DVG physics. Experimental
data acquisition relative to the tDVG should be considered in future
wind-tunnel testings in order to assess the corresponding numerical
simulations. Eventually, numerical simulations of DVG dynamic
stall control will be considered for the study followup.
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