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A growing number of advanced-research studies have recently examined the benefits of applying mechanical or

fluidic separation control to leading-edge slats or trailing-edge flaps for high-lift geometries. In particular, the use of

various control devices placed near the leading edge of a slotted flap mounted on a realistic three-element wing was

successfully demonstrated in ONERA’s F1 wind tunnel (Le Fauga-Mauzac Center), in the scope of the Advanced

Aerodynamic Flow Control UsingMicroelectromechanical Systems II European project. The present paper aims at

assessing the prediction accuracy of steady computational fluid dynamics simulations for flow-control problems,

through a detailed validation procedure and comparisons against pressuremeasurements and skin-friction patterns

obtained during the aforementioned experiment. In all, very good agreement was observed between numerical and

wind-tunnel results, thus demonstrating the capability of Reynolds-averaged Navier–Stokes solvers to accurately

predict suchmultiscale cases and the encouraging efficiency of conventional andmodern actuators in strong adverse

pressure gradients.

Nomenclature

C = chord
Cl = lift coefficient
Cp = pressure coefficient
C� = jet momentum coefficient
D = jet diameter
i = total quantity
L=D = lift-to-drag ratio
lref = reference length
M = Mach number
P = pressure
Q = normalized Q criterion� �vorticity2-jSijj2�
Rel = lref-based Reynolds number
U = velocity
X = abscissa
y� = normalized first cell height
� = angle of attack
� = boundary-layer height
� = density
!x = normalized streamwise vorticity

Subscripts

flap = relative to the flap
j = relative to the jet
max = maximum value
1 = freestream quantity

I. Introduction

T HE design of civil aircraft has undergone little evolution in the
past two to three decades and remains predominantly oriented

toward the attractive objective of steady wall streamlines, where
separation is regarded as a highly penalizing phenomenon.

Consequently, definition processes for modern wing plans appear to
be somehow restricted to well-known and largely optimized
configurations, so much so that the remaining aerodynamic
improvements that are still achievable tend to be quite limited, at least
in the current state of things.

In this context, flow control is unanimously regarded as a key
evolution, offering new solutions for the performance maximization
of existing designs and, to an even greater extent, the apprehension of
new concepts, where separation management could be used in a
multidisciplinary approach, fully integrated to the initial screening
and conception phases. Technology is becoming more and more
mature, in terms of power consumption [wide spreading of
microelectromechanical systems (MEMS) technologies encom-
passed in periodic jets, or plasmas, for instance] and size integration,
for industrial applications to be conceived and tested [1].‡

Among the most promising applications identified is the
enhancement of severely loaded, trailing-edge flaps on high-lift
airfoils, where boundary-layer separation is often encountered.
Applying flow control to such cases could not only improve takeoff
lift-to-drag ratio and landing maximum lift, but could also result in
drastic reductions in radiated noise, mechanical complexity, weight,
and manufacturing costs from simplifications and/or size reductions
relative to current systems [2]. Besides several conclusive in-flight
demonstrations [3–5] and a limited number of computational
surveys, the aforementioned problem has been tackled mostly in
wind-tunnel tests, implementing various actuating technologies,
such as the following:

1) Conventional, passive, macro- and sub-boundary-layer vortex
generators (SBVGs [6], Fig. 1) remain the easiest, safest, and
cheapest solution for practical implementation in the near future.
Simply deflected flat vanes, having a height on the order of a fifth of
the local boundary-layer thickness, are placed slightly upstream of
the separation point. They generate co- or counter-rotating
streamwise vortices, which ensures a proper homogenization of the
boundary-layer kinetic energy by momentum transfer from the outer
to the inner regions.

In a series of publications, Lin et al. [7,8] andKlausmeyer et al. [9]
reported on their investigations to evaluate boundary-layer
separation control from a two-dimensional, three-element airfoil at
near-flight Reynolds number with small surface-mounted vortex
generators (VGs). They provide the reader with a large collection of
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force, pressure, boundary-layer, laser Doppler velocimetry, as well
as vortex strength and positioning measurements, eventually
concluding that the apparent promise of micro-VGs suggests that
they should be included directly within the design stages of an
aircraft, rather than as after-design, curative, add-ons. Dodbele et al.
[10] experimentally and computationally evaluated the aerodynamic
performance of thin, fighter-type, multi-element airfoils having
simple-hinged slats. Effects of Reynolds number, flap positioning,
surface-mounted Gurney flaps, and vortex generators onCl;max were
investigated at flight conditions. Some Navier–Stokes computations
were also found to be in good agreement with the experimental
measurements. In the context of the Aircraft Wing with Advanced
Technology Operation (AWIATOR) project, Rae et al. [11]
successfully demonstrated the effects of SBVGs on complex, three-
dimensional, trailing-edge flap separation, at a wide range of
Reynolds numbers, suggesting that a full optimization of the actuated
flap should be considered for performancemaximization. Besides lift
improvements, the removal of flow separation was shown to reduce
buffet and flap performance sensitivity to gap settings. The authors
conclude by analyzing the potential benefits and drawbacks (on
aerodynamics, structural as well as industrial point of views) of
applying VGs to current and future aircraft, yet quoting remaining
uncertainties about sizing considerations.

Active, air-jet vortex generators (AJVGs [12], Fig. 2) consist of a
small, pitched and skewed, continuously blowing jet, emerging from
an aerodynamic surface relative to an oncoming upstream flow.
Several jets arranged in a spanwise array generate longitudinal
vortices similar to those of vane VGs. In contrast with the latter,
AJVGs are known to offer improved penetration of the vortices
(because they also benefit from jet entrainment effects [13])
combined with the advantage of very limited parasite skin-friction
drag.

Innes et al. [14] used rectangular orifice, corotating jets mounted
on the main body (at approximately 25% of the chord) of a three-
element, two-dimensional configuration. They measured tremen-
dous lift augmentations over the whole angle-of-attack range and a
delay of up to 7.5 deg in maximum lift incidence when compared
with the baseline case (whereas similarly placed vane VGs “only”
delayed stall occurrence by 4.5 deg, with no lift increase reported at
other angles of attack). The authors suggested that, besides the
reattachment of the boundary layer, the AJVGs were responsible for

an enhanced mixing and momentum transfer across the complex
shear layers above the main element; a theory consistent with the
findings of Lindblad and de Cock [15]. Lewington et al. [16,17]
repeated the experiment using a computational fluid dynamics
(CFD) based, interactive design procedure. The computational
results provided the authors with useful guidelines, eventually
resulting in a 6 deg stall delay and an increase of 25% in normal force
coefficient relative to the uncontrolled scenario. As a part of the
Advanced Aerodynamic Flow Control Using Microelectromechan-
ical Systems (AEROMEMS) II program [18], Crowther [19] used
flow control to loosen flap positioning tolerances while retaining
constant overall performances. A swept high-lift model with an
augmented flap gap (resulting in a net drop of 0.2 inCl relative to the
baseline geometry, for representative angles of attack) was equipped
with an array of AJVGs, placed near the flap leading edge and
blowing at a jet to local velocity ratio (VR) of VR� 2:6. Lift and
pressure measurements demonstrated that the boundary layer could
be reattached and original performance recovered, even with
increased flap deflections. For an A320 type of aircraft, the author
provides a provisional scaling in terms of mass flow requirements
and concludes on a 0.5% engine mass flow bypass (based on a VR
similarity parameter) for a constant jet exit velocity.

The introduction of unsteadiness in blowing jets for flow control
has been an intense field of research in the last two decades and
represents the best compromise between global efficiency and
reasonable power or mass flow consumption(s). Two main designs
were proposed throughout the years, namely, pulsed and synthetic
jets [20]. The former is a derivative of continuous blowing jets, where
an unsteady component is superimposed to the constant exitingmass
flow, resulting in nonzero average momentum and mass flux
characteristics. As a result, an external source of air is still required.
The latter, on the other hand, uses the properties of resonating
cavities and vibrating piezoelectric (or MEMS) membranes to
produce the requested oscillations, with no need for external
bleeding and limited power requirements. The result is a net positive
momentum balance with a zero average exit mass flow. Whereas
conventional and air-jet vortex generators rely on well-established
streamwise vortices to enhance boundary-layer mixing, periodic jets
also use mixing layer [21] concepts to generate large, coherent
structures which are convected downstream and interact with the
separating shear-layer instabilities. The physical mechanisms of the
phenomenon remain to be fully understood but the results are very
similar to those of AJVGs with momentum requests of 1 to 2 orders
of magnitude less. The amount of literature available on the topic has
grown exponentially in the last years and will not be discussed in
details here. As far as high-lift applications are concerned, the
detailed experiments by Seifert et al. [22–24], Nishri andWygnanski
[25], Tinapp and Nitsche [26,27], Petz and Nitsche [28,29], Schatz
et al. [30], or Greenblatt [31], to name a few, are particularly
interesting in that they demonstrate recurrent and persuasive
conclusions (especially in terms of scaling parameters, i.e., blowing
frequency C� and VR, although these are largely being discussed as
similarity coefficients [32]) at widespread flight conditions and for
extremely different, sometimes innovative, designs (see, for
instance, the work by Pack Melton et al. [33–35], Kiedaisch et al.
[36], or Becker et al. [37]).

II. Objectives and Numerical Procedure

Computationally, the whole challenge of such configurations lies
in the wide range of physical scales encountered, where the space
discretization should be fine enough to capture the actuator-
generated eddies, while remaining sufficiently coarse for industrial
computations to be realistically considered and performed. The
validation assessment procedure presented here started with the
evaluation of an uncontrolled wing, followed by a demonstration of
the effects of sub-boundary-layer vortex generators as well as
continuous jets. In particular, a numerical model of a vane vortex
generator was implemented and evaluated, which allows for a
considerable reduction in grid sizes, much easier positioning and

Fig. 1 Counter-rotating, trapezoidal vane vortex generators and

associated defining parameters.

Fig. 2 Circular orifice, corotating air-jet vortex generators and

associated defining parameters.
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parameterization of the control device, and the simulation of larger
arrays of actuators.

The computational method used in this study relies on ONERA’s
structured, multiblock, cell-centered, elsA CFD software [38,39]
[currently in industrial use within Airbus, Snecma, Turbomeca,
Eurocopter, orMBDA (Matra BritishAerospaceDynamicsAlenia)].
The Reynolds-averaged form of the Navier–Stokes equations is
solved using Jameson’s second-order centered schemewith artificial
viscosity for the spatial discretization. The implicit phase is resolved
using a lower-upper symmetric successive overrelaxation technique,
and convergence is accelerated through a one-level, v-cycle,
multigrid algorithm combined with low-speed preconditioning.
Turbulence closure is achieved under a Boussinesq hypothesis using
the one-equationmodel of Spalart andAllmaras [40] (SA) or the two-
equation k-! formulation with Menter’s shear stress transport (SST)
correction [41]. Precise, fully turbulent, boundary-layer resolutions
gave average y� values of approximately 0.2 and a maximum below
2 for all the meshes considered here.

Steady-state solutions were obtained using a quasi-stationary
backward-Euler integration with a Courant–Friedrichs–Lewy-
derived time step. For all cases, a thorough iterative convergence
study (on residuals, forces, and moments) ensured that fully
converged solutions were obtained.

To ensure that the simulation tool can be used as universally as
possible in upcoming predictive studies involving flow-control
applications, numerical settings commonly used in all conventional
external aerodynamics computations were left entirely untouched,
giving us a good idea of the degree of accuracy to be expected.

III. Experimental Investigation: The AEROMEMS II
High-Lift Tests

This study deals with a three-element airfoil that was tested in
ONERA’s F1 pressurized facility during the AEROMEMS II
European project [18]. The aim was to bring an experimental
demonstration, under industrial conditions, of separation control
strategies for slotted flaps facing massively detached boundary
layers. The experimental results presented here were reported by
Flodrops [42], who detailed the experimental apparatus and
calibration procedures for the constant blowing actuators.

The model that was used, the variable-sweep (AFV, French
acronym) wing, is depicted in Fig. 3. It is a wall-mounted port half-
wing, with a sweep angle of 40 deg, no taper or thickness changes
from root to tip, and a half-span of 2 m. The two-dimensional wing
section, taken normal to the leading edge, is based on a RA16SC1
design and has a nominal chord of 500mm (main body, stowed flap).
The slat deflection angle is set to 30 deg from the main body axis.

Tests in the frame of the EUROLIFT [43] campaign showed no
traces of flow separation for a flap deflection angle of 40 deg over the
freestream conditions considered. In a joint computational and
experimental effort, modifications to the flap gap, overlap, and
inclination were therefore applied (see Fig. 4), which ensured proper
separation on the flap suction side. Because of compressed air supply
and tubing issues, only a limited spanwise flap portion could be
actuated and a single pressure measurement row retained. The
control devices consisted of either corotating Laboratoire de
Physique et Metrologie des Oscillateurs (LPMO) designed pulsed
jets [44] (made to work continuously) or counter-rotating European
Aeronautic Defence and Space Company (EADS) supplied SBVGs,
both arrays being placed at 25% of the flap chord from the leading
edge (LE).

Results for a unique freestream Mach number ofM1 � 0:22 and
Reynolds numbers ofRel � 3:13 � 106 (AJVGs,U1 � 75:5 m=s at
Pi;1 � 1 bar) and Rel � 6:27 � 106 (SBVGs, U1 � 75:5 m=s at
Pi;1 � 2 bar) will be presented herein. From the available pressure
measurements, an experimental incidence of�3D � 12 degwas seen
as the most representative of actuation effects and was chosen as a
simulation reference.

IV. Results and Discussion

A. Meshing Strategy

Because of the variety of physical scales encountered, grid
generation is of fundamental importance in flow-control problems.
Previous in-house computations byBrunet et al. [45] for SBVGs on a
flat plate have demonstrated that the need to precisely capture
actuator-generated eddies produces computational domains of
relatively important sizes, even for the simplest cases. Thismakes the
computations of complete three-dimensional cases having multiple
subscale devices practically impossible, at least industrially. It was
therefore decided that all the simulations be run with an infinite wing
hypothesis, using two-dimensional grids and periodic spanwise
boundary conditions (hereafter referred to as 2.5-D computations).
This is well suited to the AFV geometry which is known to behave
almost entirely two-dimensionally at reasonable incidences [46].

Fig. 3 AFV wing mounted in ONERA’s F1 wind tunnel, showing the
spanwise actuated flap section and the location of pressuremeasurement

tapings.

Fig. 4 AFV wing 2-D section and flap positioning modifications.
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B. Results for the Uncontrolled Wing

To measure the influence of flap separation, and to quantify
induced incidence effects (adaptation of the computational incidence
to match the experimental slat and main-element peak loadings), the
uncontrolled wing was rapidly assessed first at Rel � 3:13 � 106. A
prismatic mesh was therefore created using the ANSYS-ICEMHexa
software. Having a C-O-H-type topology, it consists of
approximately 100,000 points in a two-dimensional section, as seen
in Fig. 5.

Figure 6 shows pressure distributions for the experimental and
computational results, together with the resulting streamline
arrangement over the flap. The effective incidence had to be
corrected by �5 deg (a typical value for high-lift cases) to match
three-dimensional effects. Note that the suction side measurement at
X=lref � 0:4 corresponds to a faulty pressure tap, and should
therefore not be accounted for in the following comparisons.

Results are seen to be in very good overall agreement with
measurements, especially for the SA model (location of the
separation line and constant pressure plateau). Only a slight
discrepancy for the recirculation bubble sitting in theflap cove area is
noticeable. Interestingly, the k-! model could not reach a steady
solution and seems to overestimate the size of the separated area,
which in turn penalizes the accuracy of the main-element trailing-
edge prediction. Transient simulations not reported here
demonstrated no improvements to the solution and, although a
single, low frequency dominated the spectrum, no vortex shedding

was clearly identified, but rather a moderate instability in the
streamwise location of the two contra-rotating eddies observed in
Fig. 6 (in the absence of time-accurate pressure transducers, no
reports can bemade on the presence of large-scale unsteadiness in the
experimental environment). Tests at other incidences showed that
the flap pressure loading is almost independent of the angle of attack,
which is a clear advantage for extended control authority.

Aswe intended to use the precedingmesh as a starting point for the
upcoming controlled simulations (with only subsequent modifica-
tions to the actuator area), a thorough grid convergence study was
conducted based on the SA model. Two low-level grids were
therefore generated by applying a one-half (respectively, one-
quarter) coarsening factor, in every direction, to the original mesh.
The assessment methodology proposed by Roache [47] was then
used as a quantifier for continuous extrapolation and convergence
indexes, as illustrated in Fig. 7 and Table 1.

As a reminder, a unit ratio of grid convergence indexes (GCI)
indicates asymptotic range of convergence. In terms of surface
pressure, Fig. 8 depicts very limited differences between the fine and
medium grid levels, even in the critical zones of the slat/main-
element and main-element/flap-wake boundary-layer merging. The
prediction of flap separation remains very robust indeed, indicative
of a sufficient overall resolution. Although not discussed here, an
analogous work was conducted for all the computations to be
presented next, with similar conclusions.

C. Results for the 2.5-D Wing Equipped with Sub-Boundary-Layer

Vortex Generators

1. Actuator Geometry and Mesh Specifications

The mechanical VGs used for the wind-tunnel test were designed
by EADS Germany based on scaling recommendations by Godard
and Stanislas [6]. Ten pairs of trapezoidal-shaped counter-rotating
vanes (27 deg LE angle) were placed parallel to the flap LE at
X=cflap � 25% (slightly upstream of the separation point, for which

Fig. 5 Two-dimensional grid details and topology for the AFV wing,

uncontrolled case.

Fig. 6 Comparison of experimental and computational pressure distributions for the uncontrolled case, and corresponding flowfield.

Fig. 7 Grid convergence assessment results for the uncontrolled case.
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X=cflap � 30–35%). Their dimensions, using the conventions
defined in Fig. 1, are restated in Table 2 as a reminder.

The values given to these parameters emanate from preliminary
boundary-layer computations, Fig. 9. To ensure that the VGs would
have a realistic height and to retain a comfortable dimensioning
margin, the wind-tunnel Reynolds number for this test case was also
doubled to Rel � 6:27 � 106, giving a ratio of h=�� 0:8.

A unique pair of VGs was simulated. The original, uncontrolled
grid was notmodified in the slat, main-element, and far-field regions,
with only the flap geometry being updated and meshed accordingly.
Originally, the spanwise resolution depicted in Fig. 10 was extended
to the entire computational domain, resulting in a mesh having
around 23 � 106 nodes. To reduce the expected restitution time, a
patched grid strategy [48] was therefore adopted. All the blocks
outside the flap and flap-wake zones were coarsened using one-
quarter partially coincident connections in the spanwise direction.
The result is a savings of about 60% in the total number of grid points
with a nominal mesh size of around 9 � 106 nodes.

2. Results

Figure 11 illustrates a comparison of experimental and
computational surface pressures for the VG-controlled wing. The
first thing to be noticed is that with an increased Reynolds number,
the prediction of pressure levels in the separated region for the
uncontrolled case does not seem to be as accurate as was previously
demonstrated (possibly because of meshing effects, as a unique grid
was used for all Reynolds numbers). The location of the separation
point, however, is perfectly well evaluated. The effects of boundary-
layer mixing from the actuators are also clearly visible and in very
good agreement with experimental observations.

As seen in Fig. 12, the flow over the flap could be almost entirely
reattached, with only a limited pressure plateau persisting. From the
computational distributions, it would appear that the complete
geometry benefits from a modified flow around the flap, with
increased suction levels on the slat and main element. This can be
explained by the fact that flap reattachment modifies the local

trailing-edge downwash and, by linking effects through the slots, the
circulation of the entire configuration. Experimental measurements,
however, do not yield the same conclusions. Three-dimensional
properties might therefore have to be accounted for and induced
incidence effects recalibrated (need to decrease the two-dimensional
angle of attack by 1–2 deg), as latter computations will demonstrate.

When looking at Fig. 13, we can make several further comments.
First, from the plot of isosurfaces of Q criterion, it is evident that a
strong nonequilibrium exists in the sizes of the structures generated
by each pair. The positioning and configuration of the actuators is
clearly not optimal for the sweep angle encountered here: the outside
vane barely generates no-mixing, while the inside one operates at

Table 1 Grid convergence assessment results for the

uncontrolled case

Mesh level Cl

Fine 1.6298
Medium 1.5861
Coarse 1.2458
Richardson extrapolation 1.6362
Ratio of GCI 0.9732

Fig. 8 Uncontrolled case, surface pressure distributions for the three

levels of grid refinement.

Table 2 Design parameters for the SBVGs

h 0.8 mm
l 3.6 mm
L 4.5 mm
� 10.8 mm
� 18 deg

Fig. 9 Flap suction side boundary-layer thickness for the uncontrolled

case.

Fig. 10 Grid details for the case with SBVGs showing blocks with

refined spanwise treatment.
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near-stall conditions. In fact, corotating VGs perpendicular to the
flap LE would probably have been a wiser choice for this type of
configuration (as demonstrated during the AWIATOR program [5]).

Furthermore, from the contours of streamwise vorticity, the
intensity of the longitudinal vortices is seen to decay relatively
rapidly downstream of the actuators (total disappearance within 10–
15 chords, i.e., 40–55 mm). In the absence of precise inflow
measurements (with complex curvature effects adding on to that), it
is difficult to isolate the origin of that rather fast diffusion. It could be
a consequence of numerical dissipation, from too coarse a mesh
being used, turbulence modeling inaccuracy, or even of purely
physical effects given the strong adverse pressure gradients to be
sustained.

3. Influence of Turbulence Modeling

When comparing the results obtainedwith SA’s andMenter’s SST
k-! models (for pressure distribution, Fig. 14, as well as lift
coefficient, Table 3), we can see that the latter is far less accurate in
predicting flow reattachment. This was not particularly expected
because this formulation, designed to limit turbulent viscosity
production in rotational regions, was especially derived for flows
with well-established vortices, such as the ones met here. Yet, as

Fig. 11 Comparison of pressure distributions for the uncontrolled and

SBVG-equipped cases.

Fig. 12 Comparison of streamline patterns for the uncontrolled and

SBVG-equipped cases.

Fig. 13 Isosurface of positive Q criterion (left) and streamwise vorticity decay (right) for the SBVG-equipped case.

Fig. 14 Influence of turbulence modeling for the SBVG-equipped case.
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already shown during the uncontrolled case study, this model had a
tendency to overpredict the extent of flap separation, placing the
separation line too far upstream when compared with experimental
results. This, in turn, would imply that the VGs are now located right
inside the recirculation area and are therefore unable to produce the
required mixing.

The inefficiency of the control scheme has an effect over thewhole
pressure pattern, with distributions over the slat and main element
comparable in shape, accuracy, and values, to the uncontrolled
experimental measurements. This, again, tends to demonstrate that
the amplification of downwash at the flap trailing edge (TE) drives
the entire airfoil circulation and should be accounted for through a
reduction of the computational angle of attack.

4. Reynolds Number and Incidence Effects

As mechanical vane vortex generators are, by definition, passive
and external means of achieving flow control, their dimensioning
should be apprehended at multiple design points. It is a well-known
fact that the efficiency of such devices is linked with local boundary
thicknesses, which are known to be dependent on incidence and
Reynolds number, among other parameters. Furthermore, the height
of the system should be as limited as possible, so as to fit in the flap
cove area when the flap is retracted and also to limit parasite drag.
Only Spalart–Allmaras results will be discussed next.

Figure 15 shows that halving the freestream stagnation pressure to
1 bar (Rel � 3:13 � 106) does not have major effects on surface
pressure distribution, with only a slightly decreased loading
observed on each element. It is known already, from Fig. 9, that the
change in Reynolds number has limited consequences on boundary-
layer thickness at the actuator location, and we did not expect
significant differences on the capacity of the control scheme to
partially delay flap flow separation. Thus, it is not surprising that the
pressure levels on the flap suction side are almost indistinguishable
between the two results.

To quantify incidence effects, a computational angle of attack of
15 deg was chosen. This appeared high enough to be representative,
while still giving attached flow on the main element [in fact, as
incidence is increased, the extension of flap separation diminishes
(from improved slot performance), up to �2:5D � 22 deg, where the
flow is seen to be completely attached on the flap and large-scale
vortices are shed from the main body].

From the close look at flap TE pressure levels in Fig. 16, the
beneficial influences of improved boundary-layer homogenization
are clearly visible again, with observations similar to these already
drawn at 7 deg. Unfortunately, the absence of experimental results at
that incidence did not allow for a more precise analysis of the case.
Yet, from a strictly computational point of view (see also lift
coefficient effects in Table 4), SBVGs can be considered as an
efficient and robust means of controlling flow separation over wide
ranges of flow conditions.

D. Three-Dimensional Results for the Wing Equipped with Sub-
Boundary-Layer Vortex Generators

In the preceding paragraphs, we have seen that the current
limitations to flow-control studies lie more in the cost of the
computations themselves than the accuracy and prediction capability
of Reynolds-averaged Navier–Stokes (RANS) modeling. This tends
to limit the configurations to be assessed to very local (2.5-D in this
case) subsets, which are not necessarily representative of “real”

conditions and flow physics. A potential solution to that problem is
discussed next and was applied to the three-dimensional evaluation
of the complete AFV wing equipped with five pair of mechanical
vortex generators.

1. Source Term Modeling for Vane Vortex Generators

An alternative to the use of costly body-conforming meshes is the
simple description of VG effects using local source terms. These
models allow for the simplification of mesh topologies and a
nonnegligible reduction in the number of grid nodes. The model
implemented in the elsA software is the one proposed byBender et al.
[49] and is based on a lifting-line theory. It was successfully applied

Table 3 Aerodynamic coefficients, turbulence modeling effects for the SBVG-equipped case

Cl L=D �Cl ��L=D�
Baseline VGs Baseline VGs

SA 1.6298 1.7427 28.5 33.2 �0:1129 �4:7
1.5595

k-!Menter SST �0:03
(unsteady)

1.6178 26:6� 6 35.2 �0:0583 �8:6

Fig. 15 Reynolds number effects for the SBVG-equipped case.

Fig. 16 Incidence effects for the SBVG-equipped case.
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by Jirásek [50] to a high-lift configuration atM1 � 0:14 and Rel �
1:65 � 106 andwas deemed efficient for various design points,with a
perfect agreement against experimental results. It simply consists in
adding a source term to the momentum components of the RANS
equations, that is, a specific force, based on the following
formulation:

L i � CVG 	 SVG 	
�Vi
Vm
	 � 	 �U 	 n� 	 �U 	 b� 	

�
U 	 t
kUk

�
(1)

In this expression, SVG is the surface of the vane, �Vi and Vm are,

respectively, the local (total) volume of the cell(s) forming the
actuator, �n;b; t� are the unit vectors describing theVG, and � andU
are the density and velocity vector. CVG is a user-defined constant
parameter which, according to the literature [50], was set to a value
of 10.

2. Mesh Specifications

Figure 17 provides an illustration of the three-dimensionalmesh: it
uses the same crossplane topology as the 2.5-D grid, extended over
the entire 2-m-long span and 5 m further inside the fluid domain
(from the wing tip). This time, the patched grid strategy was widely

Table 4 Aerodynamic coefficients, incidence effects for the SBVG-equipped case

Cl L=D �Cl ��L=D�
Baseline VGs Baseline VGs

�2:5D � 7 deg 1.6298 1.7427 28.5 33.2 �0:1129 �4:7
�2:5D � 15 deg 2.2248 2.2830 27.8 28.5 �0:0582 �0:7

Fig. 17 Grid details for the complete 3-D AFV wing equipped with modeled SBVGs.

Fig. 18 Experimental (�� 19 deg) and computational (�� 12 deg) oil flow visualizations for the uncontrolled, 3-D cases.
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extended, at various levels and in several directions, using different
coarsening or refining ratios. Outside boundary layers, where the
flow is known to be roughly bidimensional, the spanwise resolution
was reduced, using a 1:2 ratio. In the flap region, and for the same
blocks as those depicted in Fig. 10, the spanwise discretization was,
on the other hand, refined (as initial computations showed that the
original bunching did not properly capture separation outside the
controlled region) with the same node-to-node proportion.
Eventually, the two blocks where the VGs and their trails are to be
located were gathered in an individual, much refined patch. This was
done to ensure the following: first, the vanes would be modeled with
a sufficient number of cells; second, that the spurious dissipation
would remain limited for the longitudinal vortices to persist over
realistic distances; third, that the cell size would be small enough to
actually capture the vortices. The result is a mesh having 92 blocks
and around 13 � 106 nodes, to be compared with the 2.5-D count of
9 � 106 points. Fromprevious computations [46] on theAFVwing, a
symmetry boundary conditionwas applied at the root plane. It is to be
noted that, contrary to the experiment, a starboard half-wing was
simulated.

3. Results

The flow conditions chosen for this part of the study are the same
as previously stated, that is, an angle of attack of 12 deg at a Reynolds
number ofRel � 6:27 � 106. Only results obtainedwith the Spalart–
Allmaras model will be discussed.

The quality of the computational domain was first assessed with
the source terms switched off, that is to say,withoutflowcontrol. The
experimental campaign started by applying the geometrical
modifications of Fig. 4 to the original, fully instrumented flap,
which allowed us to compare pressure distributions at various
spanwise locations. The results, not reported here, showed that the
agreement between the prediction and the experiment is very good
indeed, except for a slight overestimation of suction level on the flap
and an underestimation of velocity in the flap-separated region,
which is commonly observed inRANS simulations of separated flow
and quite comparable, in relative differences, to what has been
reported until now. The location of the separation line is also seen to
be well respected (Fig. 18). These combined points are thought to be
indicative of a correct mesh quality, so that no grid modifications
were applied for the controlled simulations.

Figure 19 shows pressure coefficient distributionswhen the source
terms are turned back on, for the single measurement station
available. Superimposed are results for the uncontrolled case at the
same location. It is not surprising that the preceding comments on slat
suction overshoot still apply for the controlled geometry. Indeed, the

actuated area is quite limited in its spanwise extension (even more so
than in the experimental run), somuch so that the beneficial influence
of local reattachment tends to be relatively limited, especially for
swept configurations. A quick look at aerodynamic coefficients,
Table 5, demonstrates that the gains to be expected are small
compared to those of an infinite wing hypothesis, suggesting that, to
be completely efficient,flowcontrol should be applied over the entire
spanwise separated region. As a matter of fact, experimental and
computational results show that the slat and main-element loadings
are not particularly increased, consistent with the remark on three-
dimensional effects made during the 2.5-D review, where the infinite
wing hypothesis simulated control over the complete span of the flap
(a rather pronounced 40 deg sweep angle is known to introduce a
strong curvature of near-boundary flow between the leading and
trailing edges of the main element, likely to rapidly wash away all
favorable influences of the limited extension of the controlled
region). Only the main body is seen to benefit from local TE
acceleration from improved LE suction on the flap. The action of the
SBVGs is in very good agreement with experimental results, which
demonstrates that the modeling strategy we applied is successful in
generating average mixing tendencies having the right orders of
magnitude.

Figure 20 presents a comparison of computed and observed skin-
friction lines around the controlled region. Unfortunately, only ��
19 deg pictures were acquired during the runs and will therefore be
used as a reference. Both visualizations are very close to each other
and the effects of sweep angle on oil flow deflection are well
represented (note how control does not affect the left part of the
figure). The separation line is seen to move significantly toward the
flap TE under the influence of the streamwise vortices created by the
vanes. Control authority is very local indeed and the original
separation location recovered almost immediately. The plot of the
vortical structures presented in Fig. 21 shows that the eddies
generated by the outside vanes, which are known to be almost
nonexistent, are not captured numerically, probably through a
combined effect of limited modeling precision and strong numerical
dissipation. The large-scale sheet is, on the other hand, well
represented with a size and persistence similar to 2.5-D results.

E. Results for the Wing Equipped with Air-Jet Vortex Generators

1. Actuator Geometry and Mesh Specifications

The air-jet VGs employed during the test campaign were
originally developed as pulsed jets by LPMO [44]. Unfortunately,
several technical concerns did not allow for the actuators to be
employed in their unsteady mode, and, as a result, only continuous
blowing could be used throughout the entire tests. The actuator itself
consists of a round jet exiting parallel to the flap leading edge, fed by
a large rectangular cavity. Its dimensions, based on the notations of
Fig. 22 and on the parameters introduced in Fig. 2, are restated in
Table 6.

One of the advantages of active flow control is that the
characteristics of the actuator can be quite easily adapted to varying
specifications required either by the user or, in a more reactive
fashion, by external physical inputs (say, local boundary-layer
measurements for instance). The governing parameter chosen to
pilot the jet exit flow is the ratio of jet to local velocity. Because of the
lack of literature and knowledge on the topic, the most efficient
experimental VR to be chosen during the tests was not known a priori
for our particular case. A conservative choice was therefore made
and a nominal ratio of VR� 2 was chosen, giving an average jet
velocity of around 200 m=s

Fig. 19 Comparison of pressure distributions for the uncontrolled and

SBVG-equipped 3-D cases.

Table 5 Aerodynamic coefficients for the 3-D case equipped

with SBVGs

Cl L=D �Cl ��L=D�
VGs off 1.9806 7.2 �0:0157 0
VGs on 1.9963 7.2
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The Reynolds number for this test is set to Rel � 3:13 � 106 at
M1 � 0:22.

A unique jet-cavity ensemble was simulated with a meshing
strategy similar to that of the 2.5-D mechanical VGs. A mass-flow-
type boundary conditionwas used to simulatefluid injection from the

bottom surface of the cavity. Lateral faces are treated periodically
assuming an infinite cavity length, which is realistic given the length-
to-width ratio of the real actuator (set of 15 holes fed by the same
cavity). Edge distributions around the hole and on the flap are based
on previous experiences from jet-in-crossflow simulations and from
the lessons learned with the mechanical VGs. The resulting
computational domain displayed in Fig. 23 contains approximately
14:5 � 106 nodes after the application of the partially coincident joint
strategy.

2. Results

Figure 24 illustrates a comparison of experimental and
computational surface pressure coefficients for the wing equipped
with air-jet (AJ) control. All the computations presented next were
carried out using the Spalart–Allmaras turbulence model (the results
already obtained with the vane VGs, for which the boundary-layer
mixing physics is closely related to the one observed here, were
believed to be good enough to justify that choice). No proper steady
solution was reached for the finest grid level, with nicely periodic,
limited oscillations from the remaining recirculation bubbles. This,
in particular, explains the pressure overshoot observed around the
flap TE. Furthermore, the relative cavity-orifice angle generates a
very sharp turning angle and a massive separation inside the orifice
itself, which limits the observed exiting average velocity to around
150 m=s (VR� 1:5, C� � 0:48%) for the mass flow we imposed
(instead of the 200 m=s we originally estimated).

The uncontrolled patterns have been commented on already and
are only presented again for reference. Once again, the level of
agreement between measurement and simulation is quite good
indeed, with accurate pressure levels on the three elements. The
phenomenon of increased suction discussed during the vane VGs
survey is not as important with this configuration: the efficiency of
the air jets in reattaching the boundary layer, although evident, seems

Fig. 20 Experimental (�� 19 deg) and computational (�� 12 deg) oil flow visualizations for the SBVG-equipped, 3-D cases.

Fig. 21 Streamwise evolution of longitudinal velocity for the SBVG-
equipped, 3-D case.

Fig. 22 Overview of the AJVG actuator geometry and defining

parameters.

Table 6 Design parameters for the AJVGs

� 80 deg (blowing parallel to flap LE)
� 45 deg (toward wing root)
� 4 mm
� 0.4 mm
L 10 mm
l 4 mm
h 0.5 mm

horifice 1.6 mm
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a little less, so that the changes in overall circulation and induced
incidence tend to be more limited.

A closer look at theflowfield generated by the jet exhaust in Fig. 25
shows vortical structures similar to these of classical, corotating,
mechanical VGs, except for the horseshoe vortex development
visible at the foot of the fluidic obstacle. When compared with
Fig. 13, air jets are seen to produce much bigger and more intense
streamwise vorticity cores, consistent with the observations made in
our introduction. The decay rate, however, is about the same as that
observed for the SBVG case, if not higher, which could explain the
relative loss of efficiency of this device (see Table 7 for
corresponding performances) compared with mechanical control.

V. Conclusions

This paperwas interested in assessing steadyRANSCFDmethods
and predictive capabilities for realistic flow-control problems under
industrial conditions. Two types of actuating strategies, namely, sub-
boundary-layer mechanical and air-jet vortex generators, were
applied to the control of separation from the flap of a three-element,
slotted airfoil, and computational results were compared with
available experimental results from the AEROMEMS II European
program. Overall, the agreement between numerical predictions and
measurements was found to be very good indeed, with accurate
surface pressure levels and correct responses to changes in
freestream conditions.

However, the complexity of the problem and the number of
physical scales involved has limited most of this study to 2.5-D test
configurations which, although interesting, are not fully
representative of real, in-flight conditions. To address that issue, a
numerical model of a vane vortex generator, requiring minimal user
input and meshing effort and allowing for multiple arrays to be
simulated, was implemented in the elsA software and tested over a
complete three-dimensional case. Results were seen to be very
promising and computational costs were limited compared to similar
studies using body-conforming meshes.

Fig. 23 Grid details for the case with AJVGs.

Fig. 24 Comparison of pressure distributions for the uncontrolled and

AJ-equipped cases.

Fig. 25 Isosurface of positive Q criterion (left) and streamwise vorticity decay (right) for the AJ-equipped case.

Table 7 Aerodynamic coefficients for the case equipped with

AJVGs

Cl L=D �Cl ��L=D�
VGs off 1.6298 28.5 �0:0617 �1:9
VGs on 1.6915 30.4
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Grid convergence and turbulence model dependency studies have
proven that grid requirements for control problems are relatively
severe but can be addressed using a multidirectional patched grid
strategy. The simple one-equation formulation of Spalart and
Allmaras [40]was seen to be capable of remarkable predictions, even
for this kind of flow exhibiting complex interactions. With respect to
the efficiency of flow control itself, the preceding results, and their
experimental counterparts, indicate that there could be a lot to be
gained from delaying flap separation, provided the actuated area is
extended to the complete reverse flow region.

The whole problem of modern flow control lies in choosing and
adapting the right actuator characteristics to each design point. To
date, this has been done mainly empirically, or based on
experimental considerations, which raises the question of maximum
achievable control authority in an optimized environment. To tackle
that problem, it would be interesting, for instance, to focus on
applying optimization methods for the optimal positioning and
parameterization of fluidic, periodic actuators on novel high-lift
designs.
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