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Control of Vortical Flow over a Rounded
Leading-Edge Delta Wing

Florent Renac,∗ Didier Barberis,† and Pascal Molton∗

ONERA, 92190 Meudon, France

An attempt is made for fluidic control of the vortical flow and its related vortex breakdown phenomenon over
a delta wing with a particular geometry. The model has a sweep angle of Λ = 60 deg and a rounded leading edge.
The control system is based on four rectangular slots along the portside leading edge, and it provides continuous
or pulsed jets normal to the leading-edge surface and parallel to the leeward side plane. The mass flow rate and
the frequency of injection can be varied independently. The results are compared to a reference case defined
by a microflap fixed along the leading edge and set perpendicular to it. Qualitative measurements are obtained
with surface flow visualizations and boundary-layer transition detections with acenaphten. Quantitative data
consist in mean and instantaneous surface pressure distributions measurements under the primary vortex axis
and in mean three-dimensional velocity held measurements. The control effect is analyzed by means of laser sheet
visualizations to detect the vortex breakdown position and by normal force and rolling moment measurements
with a five-component balance.

Nomenclature
Cl = rolling moment coefficient
CN = normal force coefficient
Cp = pressure coefficient
Cµ = blowing coefficient, ṁ j Vj/q0 Sw

c = root chord length
e = local semispan
f = blowing frequency
ṁ j = mass flow rate of the control jet
p = static pressure
pb = stagnation pressure of the control jet
p0 = freestream static pressure
q0 = dynamic pressure, ρ0U 2

0 /2
Rec = Reynolds number with respect to root chord

length and freestream velocity
Sw = delta wing surface, c2 tan �
U , V , W = mean velocity components in the X , Y , and

Z directions
U0 = freestream velocity
Vj = mean exit velocity of the control jet
X = chordwise distance from wing apex
Xb = vortex breakdown location from wing apex
Y = wing span distance from root chord
Yc = spanwise position of the primary vortex axis
Z = distance from upper side
α = angle of attack, incidence angle
� = sweep angle
�x = axial vorticity

Introduction

T ODAY’S military aircraft and missile systems are expected
to perform at high speed and high angle of attack. Demands

for systems that are more maneuverable and more stealthy have
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encouraged the development of new concepts for the control of the
separated flowfield and its associated vortical structure at extreme
flight conditions. Many of the recent active control techniques in-
volve the fluidic manipulation of the flowfield at the nose or around
the fuselage. They consist in blowing, suction, or alternate actions at
the leading edge or on the leeward side of the model. The basic idea
of these control techniques is that a small and localized pneumatic
control (suction and/or blowing) can modify the global parameters
of the flow (lift, drag, noise, signature, stability, etc.) with a little
additional energy consumption.1−5 Moreover, these systems can be
used to replace the traditional flaps and, thus, to obtain a significant
reduction of the radar cross section.

Wood and Roberts6 examined the control of the vortex break-
down by means of a continuous tangential mass injection at the
rounded leading edge of a � = 60 deg sweep delta wing and proved
the possibility for increasing the lift and extending the regime of
stable vortical flow by approximately 11-deg angle of attack with
a low blowing coefficient of Cµ = 5 × 10−2. In the same way, Gu
et al.7 proved that an alternate suction–blowing in the tangential
direction along a rounded leading edge can shift the vortex break-
down location downstream and delay the stall of the wing with a
value Cµ = 9.7 × 10−3. Barberis et al.8 analyzed the applicability
of the vortex breakdown control on a swept wing with a rounded
leading edge by injecting pulsed or continuous jets in the feeding
sheet. The results showed the efficiency of a pulsed jet normal to
the boundary layer and highlighted the influence of the frequency
of pulsation on the phenomenon. However, these systems are still
costly for autonomic flight tests.

As an alternative to fluidic control, many studies proved that it
is possible to create a rolling moment by placing a microflap at the
rounded leading edge of the wing.9−11 The magnitude and sign of the
rolling moment could be varied through the location of the microflap
around the leading edge, that is, its position according to that of the
primary separation line. For a rounded leading edge, the separation
line position evolves from the lower side toward the upper surface
when increasing the angle of attack or decreasing the freestream
Reynolds number. Jiang et al.,12 thus, developed probes for measur-
ing shear stress and determining the location of the separation line.
Then, microflaps and baloons were used to set its position and create
a rolling moment. A flight test was successfully experimented fol-
lowing the results obtained on the microelectromechanical systems
vortex control.13

The first objective of this study is to provide new measurements
on a delta wing with a particular geometry. Its low sweep angle and
its rounded leading edge indeed make this model more representa-
tive of a real fighter aircraft than more slender wings with a sharp
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leading edge. In the latter case, the primary separation line is fixed
by the leading-edge singularity, and the vortical flow becomes two
dimensional as � is increased. Practical wing design also incor-
porates a blunt leading edge,14 where vortex flows are sensitive to
Reynolds number. The second objective is to affect the global prop-
erties of the wing flowfield by applying a fluidic control. This flow
is dominated by two steady counter-rotating vortices resulting from
the separation of the boundary layer at the leading edge and from
the rolling up of the formed shear layer. A part of the aerodynamic
forces arises from this separated vortical flow over the wing. The
control is applied in the leading-edge region to alter the separation
process and, thus, to modify the vortical structure and the related
aerodynamic properties of the wing. Moreover, it is located at the
portside of the model to make the flow asymmetric and, thus, to cre-
ate a rolling moment. From an application point of view, the mass
flow rate required for the blowing is acquired from the jet engines,
so one would generate the control of the flow with a minimum mass
flow rate.

This paper is organized as follows: A brief description of the ex-
perimental conditions and techniques is given in the next section.
The subsequent section presents a characterization of the vortical
flowfield over a rounded leading-edge delta wing in nominal con-
figuration, that is, without blowing. In the following section, the
vortical flowfield is perturbed by means of the control system with a
reduced blowing coefficient Cµ < 5 × 10−3 for the pulsed blowing
and Cµ < 2 × 10−2 for the steady blowing. As a reference case, con-
trol with a microflap located on the leading edge is also explored.
Finally, new results are summarized in the last section.

Experimental System and Technique
All experiments reported in this paper were conducted in the F2

subsonic, closed-return, and atmospheric wind tunnel at ONERA’s
Fauga-Mauzac Center. The test section is rectangular with a width
of 1.4 m, a height of 1.8 m, and a length of 5 m (Fig. 1). The
turbulence levels are estimated to be less than 0.1% of the freestream
velocity U0, and the flow is uniform across the test section to within
1% (Ref. 15). The delta wing model is mounted on a sting with a
horizontal support and a stub axle for adjusting the angle of attack.
The horizontal support is manipulated in height along a vertical
column to maintain the wing close to the center axis of the test
section.

The delta wing model possesses a rounded leading edge, a sweep
angle of � = 60 deg, and a root chord length of c = 690 mm.
The model has a wingspan of 804.7 mm at its trailing edge, is
40 mm thick, and is beveled on the windward side at an angle
of 15 deg to form a rounded leading edge with a radius of cur-
vature equal to 6.9 mm. A schematic of the model is given in Fig. 2.
The sting that supports the model is mounted 540 mm behind the
apex in the symmetry plane of the wing and on the lower surface
(Fig. 1).

The experimental control device is based on four rectangular slots
that are 50 mm long, 0.25 mm wide, and evenly spaced out 20-mm
apart along the leading edge. They are labeled slots 1–4 with in-
creasing distance from the apex (Fig. 2), and the nondimensional
abscissas of their centers are Xi/c = 0.33, 0.41, 0.50 and 0.59, re-
spectively. They provide continuous or pulsed jets normal to the

Fig. 1 Lateral view of test section (dimension in millimeters).

Fig. 2 Top and rear views of delta wing model (dimensions in millime-
ters) and Cartesian frame X, Y, and Z.

leading-edge surface and parallel to the leeward side plane. A ro-
tating system, driven by an ac motor, enables the supply of pulsed
air to the slots. The blowing frequency f and the mean mass flow
rate ṁ j are modifiable through the rotation rate of the motor and
through the pressure supply, respectively. The mean blowing coef-
ficient Cµ = ṁ j Vj/q0 Sw is used to compare the mean momentum
flux of the control jet to a measure of the freestream momentum
flux. The mass flow rate is estimated by means of a conical throat
and by assuming isentropic laws16 as well as conditions of sonic jet
at the slot exit.

The results are obtained for various angles of attack ranging be-
tween α = 5 and 35 deg and for four freestream velocities, U0 = 25,
34, 50, and 75 m/s. The corresponding freestream Reynolds num-
bers based on the root chord length and on the freestream velocity
are Rec = U0c/v = 1.2 × 106, 1.6 × 106, 2.3 × 106 and 3.5 × 106,
respectively. The boundary-layer transition is not controlled dur-
ing these experiments.

Laser Sheet Visualizations
The laser sheet visualization are accomplished with a 15-W ar-

gon laser. Theater smoke (P/Smog FS25) is generated in a com-
mercial smoke machine, then entrained into the freestream flow
downstream of the model, and subsequently filled the closed-return
circuit. During the tests, the laser sheet is directed to intersect the
separated flow regions, and the results are captured by either a
35-mm camera or a video camera positioned perpendicular to the
laser sheet. The streamwise distance Xb of the breakdown location
from the apex of the wing is measured directly from the recorded
laser sheet images by means of an automatic location method.17

These values are then divided by the root chord length, measured
from the same images, thus providing nondimensional length Xb/c.
A global measurement uncertainty for the values of Xb/c is esti-
mated to be of the order of 2.5% over the wide range of angles of
attack.

Surface Flow Visualizations
Oil flow visualizations were accomplished with a viscous coating

composed of paraffin oil, zinc titanium, and oleic acid. The model
surfaces were covered with a thin layer of this mixture. Skin friction
caused the viscous coating to build up in certain areas and to stretch
in others. The evolution of the oil flow is recorded on video, and
photographs are taken at the end of each test run with and without
the application of the flow control technique. When the topology of
the oil streaks is interpreted with the use of the critical point theory
and some details of the flowfield above the surface are interpreted,
a correlation between the vortical flowfield and the surface skin-
friction pattern can be established.18
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Acenaphten is a mixture of acetone and naphthalene and con-
sists of a white powder, which is put on the model surface. This
product sublimates when exposed to intense friction as in the turbu-
lent regime. The product disappears, and thus, dark areas represent
zones of turbulent flow regime. The acquisition method is the same
as for the oil flow visualizations. Particular precautions must be
taken because this product is sensitive to external conditions such
as freestream temperature.19

Laser Doppler Velocimetry
Laser Doppler velocimetry (LDV) is a nonintrusive technique for

measuring the local velocity in a flowfield. The three-dimensional
LDV system at ONERA utilizes two 15-W argon lasers as sources of
light and operates in the forward scattering mode. For each volume
of exploration, the three instantaneous velocity components related
to a specific particle are acquired. The average and the standard
deviation of the velocity component in each of the three directions
are then calculated from a sample of 2000 particles. The global
accuracy of the mean velocity components is estimated to be less
than 1.5% by assuming an absolute error of the angle between the
velocity vector and a plane of reference. The measurements were
repeatable, and angles were always smaller than the estimated error
assumption, thus leading to an estimated accuracy of the magnitude
of the velocity to ±1 m/s and of the direction of the velocity vector
to ±1 deg (Ref. 20).

Mean and Instantaneous Surface Pressure Measurements
There are 17 differential pressure transducers (Kulite, Type XCQ-

093-2D) located on the leeward side of the model and under the
position of the axis of the portside primary vortex. This position
is determined from laser sheet visualization at α = 18 deg and
Rec = 2.3 × 106. They are evenly spaced between the chordwise
distances 0.14 < X/c < 0.98. Because pressure measurements are
conducted for a range of incidences 5 < α < 33 deg, the vortex
axis is shifted in the spanwise direction between the nondimen-
sional positions 0.58 < Yc/e < 0.77. It has a position Yc/e = 0.71
for α = 18 deg.

Forces and Moment Measurements
A five-component balance is used to measure the aerodynamic

force normal to the wing surface as well as the rolling moment. The
diameter of the balance is 30 mm and its length is 310 mm. Flexible
tubes are used for the air supply of the blowing slots to minimize
the induced effects of the control on the measurements.

Nominal Configuration Results
Surface Flow Visualizations

To better understand the vortical flowfield phenomenon, one can
observe the traces of the skin-friction lines on the leeward surface of
the delta wing. Results are shown in Figs. 3 and 4. Contrary to results
obtained for sharp edged delta wings,1,16 the primary separation
line S1 of the boundary layer coming from the lower surface is not
rectilinear along the leading edge of the wing. As shown in Fig. 3, its
position is close to the upper surface at the apex and moves toward
the lower surface when going away from the apex. This agrees with
results of Jiang et al.12 on a � = 56.5 deg sweep delta wing with a
rounded leading edge on which the position of the boundary-layer
seperation was found to describe a curved line. Moreover, they found

Fig. 3 Surface oil flow visualization at α= 20 deg and Rec = 2.3 ×× 106

(nominal configuration); detail of left leading edge.

Fig. 4 Surface oil flow visualization at α= 20 deg and Rec = 2.3 ×× 106

(nominal configuration); upper side view.

Fig. 5 Visualization of boundary layer transition with sublimating
product at α= 20 deg and Rec = 2.3 ×× 106 (nominal configuration).

that S1 moves toward the lower surface with increasing freestream
Reynolds number due to a higher pressure gradient.

The separated shear layer rolls up into a conical structure over the
upper surface of the wing and meets it at the primary attachment line
A1. This line represents a boundary between two zones. The first
zone stays between the two attachment lines A1 and corresponds
to skin-friction lines parallel to the root chord. In the second zone,
the traces converge on the secondary separation line S2. The average
position of the primary vortex axis stays between A1 and S2 but very
close to S2. The shear layer separating at S2 rolls up and produces
a secondary vortex that reattachs at the secondary attachment line
A2. The effects of the secondary vortices on the upper surface ap-
pear between A2 and S2 with skin-friction lines directed from each
leading edge toward the center line. This feature characterizes the
counter rotation of the secondary vortex with respect to the primary
vortex. The patterns do not denote any trace of the primary vortex
breakdowns and, thus, confirm previous results,4 which showed that
surface oil flow visualizations do not constitute a reliable method
for identifying the vortex breakdown location.

Figure 5 presents the transition lines of the boundary layer in a
region close to the apex of the wing. The flow remains laminar on a
large part of the wing characterized by white surfaces. Especially,
the boundary layer is laminar on the rounded leading edge. The
dark lines are associated with the primary and secondary separation
lines (determined from analysis of the viscous flow visualizations)
and extend from the apex to the trailing edge. The transition of the
boundary layer occurs at the separation line, but it becomes laminar
when it reattaches at the wing as illustrated by the white regions
between A1 and S2 or between A2 and S1.
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Laser Sheet Visualizations
A series of laser sheet visualizations were conducted at angle of

attack ranging from 10 to 30 deg and for a freestream Reynolds
number of Rec = 2.3 × 106. As an example, Fig. 6 presents such a
visualization of the flowfield in the upstream region. Note that the
average values of the portside and starboard breakdown locations are
systematically measured. (The results are not shown here.) They pro-
vide a recurrent discrepancy: The right breakdown location is indeed
always aft of the left one. This difference seems to be due to experi-
mental uncertainties such as a small yaw angle of the wing in the test
section with respect to the freestream velocity or a slight geometri-
cal difference between both leading edges. The primary vortex core
upstream of its breakdown appears as a dark region void of particles
because of the centrifugal forces action, which is surrounded by a
well-seeded and highly reflective flow. At the vortex breakdown lo-
cation, there is a rapid expansion of the vortex core diameter. It leads
to a reduction of the axial and azimuthal velocities as consequence of
the mass and circulation conservation and, thus, to a stagnation flow
region where the vortex particles are evenly dispersed throughout
the laser sheet. For each freestream condition, instantaneous nondi-
mensional vortex breakdown locations Xb/c are analyzed for 80
frames and averaged to determine each of the mean values.

Each vortex core follows a path that begins at the wing apex and
continues along an average sweep angle of 66 deg until it reaches the
trailing edge, where it turns in the direction of the freestream flow.
The vortex breakdown positions are seen to be roughly independent
of the Reynolds number, as seen in Fig. 6. The effect of the angle of
attack is presented in Fig. 7. Results are given for the current tests
(Rec = 2.3 × 106) and for previous experiments on two delta wings
with a sharp leading edge and beveled at an angle of 15 deg on
the windward side. One wing has a sweep angle of � = 70 deg
(Refs. 1–4) and Rec = 1.5 × 106, and the other model is a � =
60 deg sweep delta wing21 and results are acquired for Rec = 106.

In the case of our model, the vortex breakdown occurs beyond
the trailing edge for α < 12 deg. This comparison holds because the
vortex breakdown position is roughly independent of the Reynolds
number for high values of Rec. For greater incidences, one can
observe the obvious upstream shift of the vortex breakdown loca-
tion from the trailing edge toward the apex as α is increased. For
13 < α < 25 deg, the behavior of the breakdown location is close
to a linear and rapid evolution, whereas for α > 25 deg, the vortex
breakdown remains in the neighborhood of the apex and its progres-
sion seems to be slowed. The comparison with other experiments
confirms some general trends. In the one hand, the vortex break-
down position moves upstream over the wing as the sweep angle is
decreased.22 Moreover, one can see that the slope of the breakdown
location evolution with α is the same for both results with sharp
leading edges. An increase in sweep angle appears merely to shift
the breakdown position downstream without changing its evolution.
In the other hand, the leading-edge shape is seen to modify both the
breakdown position and its evolution. Compared to a rounded lead-

Fig. 6 Laser sheet visualization in longitudinal plane atα= 18 deg and
Rec = 2.3 ×× 106 (nominal configuration).

Fig. 7 Evolution of Xb/c as function of α for three delta wing mod-
els Λ = 60 deg, rounded leading edge, Rec = 2.3 ×× 106; Λ = 60 deg,
sharp leading edge,2 Rec = 106; and Λ = 70 deg, sharp leading edge,4

Rec = 1.5 ×× 106.

Fig. 8 Contours of nondimensional axial velocity U/U0 in the longitu-
dinal plane; Rec = 2.3 ×× 106 and α= 18 deg.

ing edge, a sharp one accelerates the breakdown evolution toward
the apex. For low angles of attack (α < 25 deg), Xb/c is lower for
the rounded leading edge, indicating an earlier breakdown over the
leeward side, whereas this trend is inverse for great angles of attack
(α > 25 deg).

LDV
The following results concern the portside flowfield over the wing.

The domain explored is constituted by two transverse planes perpen-
dicular to the root chord of the model that are located at X = 250 and
350 mm (X/c = 0.36 and 0.51) and by one longitudinal plane fol-
lowing the axis of the vortex core. Each perpendicular mesh contains
approximately 1200 points evenly spaced out �Y = �Z = 2 mm
apart. The longitudinal plane is located between the stations X = 125
and X = 500 mm (0.18 < X/c < 0.72) and is constituted by 535
points. The mesh points spacing is �X = 25 mm in the longitu-
dinal direction and �Y = 2 mm in the spanwise direction. The
data were acquired with freestream conditions of α = 18 deg and
Rec = 2.3 × 106, which corresponds to a mean breakdown location
of Xb/c = 0.47 between both transverse measurement planes.

Figure 8 presents the contours of the nondimensional longitudi-
nal velocity U/U0 in the streamwise plane. Upstream of the vortex
breakdown location, the flow has a jetlike profile characterized by
a strong acceleration of the flow with values reaching U/U0 = 2.2
in the vortex core. The balance between the radial pressure gradient
and the centrifugal force induces a drop near the axis.23 Accord-
ing to Hall,22 this drop is reinforced downstream because of the
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continuous feeding from the entire leading edge. The conical shape
of the flowfield imposes an equilibrium between centrifugal and ax-
ial momentum, thus leading to an increasing axial velocity toward
the axis as well as in the downstream direction. In the neighborhood
of the breakdown location, the values of the axial velocity quickly
decrease, indicating that the flow slows down and that the size of
the vortex core increases. A stagnation zone with velocities close
to zero follows this region. The axial velocity field develops from
a jetlike velocity profile upstream of the breakdown location to a
wake-type profile downstream of it. This feature is characteristic of
vortical flows with presence of burst.24,25 However, the recircula-
tion zone is absent: The axial velocities stay always positive, even
if they are small. Moreover, the evolution from a well-developed
vortex to a disorganized one is not abrupt, contrary to the most of
the experiments on delta wings.

Contours of the axial vorticity component �x c/U0 in the two
transverse planes are presented in Fig. 9. The axial vorticity �x is
calculated from the mean velocity components measured in each
plane and from a central differential scheme to evaluate the deriva-
tives. Each plane reveals three highly rotational zones in the flow-
field. First, the leading-edge vortex core presents strong negative
vorticity levels before breakdown. The shear layer issuing from the
windward side and separating at the leading edge rolls up and ac-
cumulates vorticity in the vortex core. This is consistent with the
great axial velocities on the axis upstream of breakdown (Fig. 8).
From the breakdown position, the stream surfaces diverge and axial
vorticity levels decrease to satisfy the conservation of angular mo-
mentum. Second, the shear layer separating from the leading edge
also contains high levels of negative vorticity. The flow emanating
from the lower side of the wing and the flow over the wing near the
leading edge ineract. They consist of parallel streams and create a
velocity gradient that produces rotation, thus supplying the mixing
layer. Precedent experiments26,27 have shown the existence of sev-
eral isolated and steady vortical substructures in the feeding sheet
for a wide variety of sweep angles, 55 < � < 85 deg (Ref. 28). These

a)

b)

Fig. 9 Contours of the nondimensional axial vorticity Ωxc/U0 for
freestream conditions of Rec = 2.3 ×× 106 and α= 18 deg (nominal con-
figuration); coordinates are divided by the local semispan: transverse
planes a) X/c = 0.36 and b) X/c = 0.51.

have been attributed to a three-dimensional Kelvin–Helmoltz insta-
bility. Nevertheless, the current results do not contain these pockets
of vorticity, as seen in Fig. 9. This feature is not clear, and one cer-
tainly must take into account the shape of the rounded leading edge,
which allows a smoothly evolution of the shear layer compared to
a sharp one and, thus, reduces the amplification of such instability.
Finally, the contours of axial vorticity underscore the presence of
the secondary vortex located between the shear layer, the primary
vortex, and the leeward surface of the wing. The axial vorticity lev-
els are likewise high in this zone and are positive, illustrating the
counter rotation of the vortex compared to the primary vortex. Note
that the secondary vortex, as well as the shear layer, remains qual-
itatively similar in both measurement planes. These regions seem
not to be influenced by the vortex breakdown phenomenon.

Mean and Instantaneous Surface Pressure Measurements
Figure 10 shows the evolution of the distribution of the mean pres-

sure coefficient Cp = (p − p0)/q0 under the primary vortex axis as
a function of the angle of attack. As a result, one can seen that an
increase of α induces a depression toward the apex until α = 29 deg.
This trend corresponds to the intensification of the primary vortex
with increasing α. At α = 33 deg, the pressure levels strongly de-
crease. This phenomenon corresponds to stall and is characterized by
a collapse of the lift force. Laser sheet visualization results (Fig. 7)
show that the vortex breakdown occurs near the apex at this angle
of attack and that the flowfield may be slowed on a large part of the
wing. Note that, for lower values of the angle of attack, the vortex
breakdown does not affect the evolution of the mean pressure coeffi-
cient and agrees with other experiments.4 As an example, at α = 18
deg the vortex breakdown occurs at Xb/c = 0.47 and the coefficient
Cp increases regularly in the neighborhood of this station.

The power spectrums of the pressure fluctuations at a fixed inci-
dence α = 18 deg are represented in Fig. 11. Sensor 7 (X7/c = 0.47)
is located just under the vortex breakdown point, whereas the three
other sensors are located downstream of it. The two downstream
sensors 13 (X13/c = 0.69) and 15 (X15/c = 0.80) exhibit a bump
that does not appear for the upstream sensors. Moreover, this bump
is not centered on the same frequency for each sensor. This phe-
nomenon has been already observed in earlier experiments29,30 and
is related to the helical mode instability.31 A recent linear temporal
and inviscid instability analysis applied on LDV measurements on
primary vortices over delta wings with different geometries shows
the existence of ring modes (Ref. 32) in the breakdown wake con-
stituted by an infinite family of negative helical modes. These ring
modes exhibit high frequencies compared to the intrinsic vortex fre-
quency scale and develop around a critical radius that increases with
the abscissa X/c. The bump in the power spectra could, therefore, be
the signature of this instability when its critical radius is sufficiently
great to reach the leeward side. Nevertheless, there is no velocity
measurement plane at this abscissa to check this assumption.

Fig. 10 Longitudinal distributions of the mean pressure coefficient Cp

as function of α for Rec = 2.3 ×× 106 (nominal configuration).
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Fig. 11 Frequency power spectra of pressure fluctuations at four
locations; X7/c = 0.47, X10/c = 0.58, X13/c = 0.69, and X15/c = 0.80 for
Rec = 2.3 ×× 106 and α= 18 deg (nominal configuration).

Force and Moment Measurements
The evolutions of the aerodynamic coefficients of normal force

CN and rolling moment Cl are shown in Fig. 12 as a function of
the angle of attack and for four distinct freestream Reynolds num-
bers. The force and moments are made nondimensional by using the
freestream dynamic pressure q0, the wing surface Sw and the root
chord length c. For low angle of attack α < 10 deg, the CN increases
linearly with α as predicted by the potential theory. For greater in-
cidences, the vortex strength becomes significant and contributes
to an increase of the aerodynamic force as seen by the increase in
the slope of the curve (CN , α). The maximum of CN is reached
for α = 30 deg. At this incidence, the vortex breakdown reaches
the wing apex and the characteristics of the flowfield change dra-
matically. The evolution of the rolling moment coefficient is more
complicated. Finally, the aerodynamic coefficients are independent
of the Reynolds number variation. For each configuration, Cl keeps
low values over the most part of the angle-of-attack range.However,
at some incidences, α = 10 and α = 26 deg, the rolling moment
changes signs. The reasons of this behavior are not clear because
Cl is zero for a strictly symmetric flow. One can observe that at
α = 10 deg vortex breakdown occurs near the trailing edge of the
wing and that at α = 26 deg vortex breakdown reaches apex (Fig. 7).

Control Configuration Results
Here we explore the flow subjected to different controls. We first

present the flap control results as a reference. We then analyze the
effects of pulsed and continuous blowings.

Microflap Control
Force and Moment Measurements

Figure 13 shows the effect of the microflap on the rolling mo-
ment coefficient Cl as a function of the angle of attack for three
configurations depending on the length of the microflap along the
leading edge. (See the Fig. 13 caption.) Part A of the flap covers
the upstream part of the leading edge (X/c < 0.30); part B cov-
ers the median region, which corresponds to the four slots posi-
tion (0.30 < X/c < 0.63); and part C covers the downstream part
(X/c > 0.63). The microflap is placed perpendicular to the leading
edge and parallel to the leeward side, and its width is 2 mm. The max-
imum rolling moment is achieved with a flap along the entire lead-
ing edge (parts A, B and C, denoted full-length flap in the following
paragraphs) for a large range of incidence angles 12 < α < 30 deg.
When only part B of the flap is used, the highest value of the rolling
moment variation is obtained at α = 15 deg, but it reduces with
increasing incidence, that is, when the vortex breakdown location
occurs upstream of part B. Thus, it appears that the flap has an influ-
ence on the rolling moment when it can interact with the vortex

a) Normal force coefficient

b) Rolling moment coefficient

Fig. 12 Aerodynamic normal force and rolling moment coeffi-
cients evolutions as a function of α for various Reynolds numbers
Rec = 1.2 ×× 106, 1.6 ×× 106, 2.3 ×× 106, and 3.5 ×× 106 (nominal configu-
ration).

Fig. 13 Variation in rolling moment coefficient ∆Cl = Cl −− Cl, NC com-
pared to the nominal result Cl, NC when a microflap is placed at the
leading edge for Rec = 2.3 ×× 106; schematic of flaps A, B, and C along
leading edge.
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a) Nominal configuration

b) Full-length microflap

Fig. 14 Rec = 2.3 ×× 106, α= 18 deg, laser sheet visualizations in four
transverse planes a) without and b) with a full-length microflap at the
leading edge.

breakdown. The interest of a full-length flap is, thus, to be adapted
to all vortex breakdown positions, that is, whatever α. We, thus, will
use this last configuration as a reference case for comparison with
fluidic control.

Matsuno et al.9 have studied the characteristics of the rolling
moment on a � = 45 deg delta wing with a leading-edge flap. The
wing has a root chord of c = 160 mm and a rounded leading edge
with a radius of curvature of 7.25 mm. The flap is placed along the
leading edge between the abscissas 0.10 < X/c < 0.75, with a width
of 2 mm. It can produce a rolling moment coefficient variation of
�Cl = ±10−2, which is sufficient for flight control. In our case, the
maximum rolling moment variation is obtained for two incidences
α = 13 and 29 deg, with a value of �Cl = 6 × 10−3, and we retain
it as a reference. According to the authors,9 the delta wing used
for their study produces relatively weak primary vortices that are
easily broken by small disturbances. Thus, the microflap could be
less effective on more slender wings where primary vortices are
stronger.

Laser Sheet Visualizations
Figure 14 presents laser sheet visualizations at two stations,

X/c = 0.36 and 0.47. The former is located upstream of the vor-
tex breakdown position, whereas the latter is downstream of it, in
the nominal configuration as well as in the control configuration
with the full-length flap. At X/c = 0.36, a second vortex develops
near the leading edge in the presence of control. Furthermore, the
primary vortex axis seems not to be shifted inboard contrary to other
experiments of Huang et al.13 In the downstream plane, X/c = 0.47,
the second vortex cannot be observed, and the visualization with
control is similar to that of the nominal configuration.

Pulsed Blowing Control: Surface Pressure Measurements
Figure 15 presents a comparison between the evolutions of the

mean pressure coefficient Cp in the nominal configuration and in
configurations with control pulsed blowing through the slot 1 for
several values of the pulsed frequency f and for a fixed angle of
attack α = 18 deg. Compared to the nominal configuration, one can
observe that each control configuration gives a lower value of Cp

Fig. 15 Longitudinal distribution of mean pressure coefficient Cp as
function of control frequency f for Rec = 2.3 ×× 106 and α= 18 deg; data
compared to results obtained in nominal configuration for α= 18 and
22 deg.

Fig. 16 Frequency power spectra of pressure fluctuations at four
locations X7/c = 0.47, X10/c = 0.58, X13/c = 0.69 and X15/c = 0.80 for
Rec = 2.3 ×× 106 and α= 18 deg (normal pulsed blowing at f = 100 Hz
through slot 2).

upstream of the control slot and a greater value in its neighborhood.
Farther downstream, all results match. Except for measurements
with f = 1000 Hz, there is no influence of the frequency. Note that
the mass flow rate of the control jets decreases with the frequency
and for the greatest frequency, f = 1000 Hz, it is close to zero.33 For
this frequency, we obtain the same results as for the configuration
with slot 1 open without blowing. Finally, observe that the evolution
of Cp for frequencies 10 < f < 250 Hz obtained at α = 18 deg are
similar to the nominal results obtained at α = 22 deg.

Figure 16 presents the evolution of the power spectral density
(PSD) for a pulsed blowing at a frequency f = 100 Hz through
slot 2. We consider four sensors located downstream of slot 2. The
PSD distributions of the sensors 7 and 10 exhibit the fundamental
excitation frequency, as well as the first harmonics. The amplitude
of these peaks decrease when going away from the blowing slot,
and the influence of the control disappears at sensors 13 and 15.
Likewise, the bump observed in the nominal configuration (Fig. 11,
sensors 10 and 13) is still present and is not modified by the presence
of the control.

Steady Blowing Control
Surface Oil Flow Visualization

Figure 17 presents a leeward side view of the surface flow patterns
subjected to a simultaneous continuous blowing through the four
slots. The effect of the control could be analyzed by comparing
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Fig. 17 Surface oil flow visualization in presence of continuous and
normal blowing through four slots, Rec = 2.3 ×× 106 and α= 16 deg.

Fig. 18 Effect of a steady blowing on rolling moment coefficient; com-
parison with results obtained for full length flap, Rec = 1.6 ×× 106.

the left-hand side of the wing (with control) and its right-hand side
(without control). As a result, some new local separation zones are
formed near each slot. They result from the interaction between the
control jet and the transverse freestream flow. They are delimited
by two lines beginning at the start and at the end of each slot.

Forces and Moment Measurements
The rolling moment variations for different steady normal blow-

ings are shown in Fig. 18 as a function of the angle of attack.
Here, both the mass flow rate and the activated slot are varied,
and we compare the results to those obtained with the full length
flap. For a blowing pressure of pb = 4 bar through slots 1 and 2
(Cµ = 10−2), no significant rolling moment can be achieved. By
blowing through the same slots with a greater blowing pressure
pb = 6.5 bar (Cµ = 1.8 × 10−2), one can observe a negative varia-
tion of the rolling moment for α < 10 deg. For α > 15 deg, the rolling
moment changes sign and increases with α. Hong et al.34 explains
this change in the sign of �Cl by the formation and development
of the primary vortices over the wing. For low incidences, the pri-
mary vortices are not formed and the rolling up of the blowing jet
strengthens the portside vortical flow and, thus, creates a negative
rolling moment. For higher incidences, the mechanism is not yet
well understood. Blowing through slot 2 generates larger rolling
moment with values comparable to that obtained with a full length
flap. Greater changes in �Cl are even observable compared to this
latter configuration for ranges of angle of attack 15 < α < 21 deg
and 32 < α < 35 deg. Figure 19 presents the variation of the normal
force coefficient as a function of α for the preceding configurations.

Fig. 19 Effect of leading-edge mircoflap on normal force coefficient;
comparison with results obtained for full length flap, Rec = 1.6 ×× 106.

a) α= 18 deg

b) α= 25 deg

Fig. 20 Laser sheet visualizations for normal steady blowing through
slots 1 and 2 and for two different incidence angles, Rec = 2.3 ×× 106 and
Cµ = 10−2.

No significant changes are observable compared to the nominal con-
figuration except for a blowing through slot 2 (Cµ = 10−2), which
exhibits a small increase of CN in the range 12 < α < 21 deg, a
greater maximum value, of and a delayed stall by 1 deg in compar-
ison with the others configurations.

Laser Sheet Visualizations
Laser sheet visualizations obtained for two angles of attack

α = 18 and 25 deg and for the same freestream Reynolds number
Rec = 2.3 × 106 are shown in Fig. 20 for a steady normal blow-
ing through slots 1 and 2 (Cµ = 5 × 10−3). Visualizations are per-
formed in two transverse planes: plane X/c = 0.36 located between
both slots and plane X/c = 0.43 located downstream of slot 2. In
each plane, a second vortex develops near the leading edge with a
size comparable to that of the primary vortex. In the downstream
plane, X/c = 0.43, another structure develops to a lesser extent.
The application of control induces an earlier breakdown because
for α = 18 deg the primary vortex is braker down at X/c = 0.43 vs
Xb/c = 0.46 in the nominal configuration.

LDV
Figure 21 presents the contours of the nondimensional axial vor-

ticity component in the transverse plane, X/c = 0.36, for a blowing
through slots 1 and 2 and for the same freestream conditions as for
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Fig. 21 Nondimensionnal axial vorticity component ΩXc/U0 and laser sheet visualization in transverse plane X/c = 0.36 of normal steady blowing
through slots 1 and 2, Rec = 2.3 ×× 106, α= 18 deg, and Cµ = 10−2.

a)

b)

Fig. 22 Velocity profiles for normal steady blowing through slots 1
and 2 (Cµ = 10−2), plane at X/C = 0.36, Rec = 2.3 ×× 106, and α= 18 deg:
a) streamwise and b) spanwise.

the nominal configuration: α = 18 deg and Rec = 2.3 × 106. The
measurement plane is located between the blowing slots. Theses
results are compared to an equivalent laser sheet visualization. The
measurements confirm the formation of a steady vortex near the
leading edge corotating with the primary vortex. The application of
steady blowing does not change either the transverse position or the
structure of the primary vortex, but it replaces the separated shear
layer emanating from the separation line.

Figure 22 present the axial U and tangential V velocity com-
ponents extracted from LDV data along a vertical plane passing
through the centers of the primary vortex and of the vortex formed

at the leading edge. Results are compared to the nominal primary
vortex distributions. The velocity profiles are significantly modified
by the control application. The acceleration of the axial velocity in
the primary vortex core is reduced by the control with values reach-
ing U/U0 = 1.9 compared to U/U0 = 2.3 in the nominal flow. The
secondary vortex has a wake-type profile with a recirculation region
in its core. Also, the spanwise velocity amplitude and an estimation
of the rotation rate of the vortex on its axis (provided by the value
of ∂V/∂ Z in the primary vortex core) are lowered in presence of
control. Note that this measure of the rotation rate is greater in the
control vortex than in the primary vortex.

Conclusions
This experimental study provides a detailed characterization of

the vortical flowfield over a rounded leading-edge delta wing model
with a 60-deg sweep angle. It also presents steady or pulsed blow-
ing normal to the leading edge. Surface and flowfield visualizations
mean and instantaneous surface pressure, and mean velocity mea-
surements are presented.

The nominal flow, that is, without control, is first described. The
vortex breakdown phenomenon occurs earlier over the wing in com-
parsion with more slender delta wing models. Its progression with α
toward the apex is slowed down as an effect of the rounded leading
edge compared to a sharp one. Moreover, the primary separation
line of the shear layer is not rectilinear along the rounded leading
edge, contrary to results with a sharp leading edge. This last fea-
ture complicates the study of the flowfield and the location of the
control devices. The recirculation zone downstream of the vortex
breakdown location is absent, which seems to be related to the low
strength of the main vortices, observed in the LDV results, with
respect to more slender delta wings.

The flow control consists in a continuous or pulsed blowing
normal to the leading edge with a low mean blowing coefficient
Cµ < 2 × 10−2. A large number of experimental configurations is
analyzed. This control system does not allow a significant modifica-
tion of the vortex breakdown location. However, it strongly modifies
the vortical structure: A strong and steady vortex is formed in the
neighborhood of the blowing slot; it is corotating with the primary
vortex. The intensity and axial velocity excess in the core of the
primary vortex are reduced by the control.

Neither the maximum normal force nor the stall incidence is
strongly affected by the different control configurations. However,
dissymmetric blowing could generate a significant rolling moment.
As an example, blowing through slot 2 with a mean blowing co-
efficient of Cµ = 10−2 induces a variation of the rolling moment
coefficient �Cl = 7.6 × 10−3 at α = 17 deg and �Cl = 1.2 × 10−2

at α = 34 deg. These values are greater than those obtained with a
full length flap set along the leading edge and perpendicular to its
surface. This change in rolling moment is a complicated function of
the control parameters, but it increases with the blowing coefficient
value.
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Paris, April 2004.

34Hong, J. S., Celik, Z. Z., and Roberts, L., “Effects of Leading-Edge
Lateral Blowing on Delta Wing Aerodynamics,” AIAA Journal, Vol. 34,
No. 12, 1996, pp. 2471–2478.

K. Fujii
Associate Editor


