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Vortical Flow� eld Structure at Forward
Swept-Wing Con� gurations

Christian Breitsamter¤ and Boris Laschka†

Technische Universität München, 85747 Garching, Germany

Extensive aerodynamic investigations have been carried out on forward swept-wing con� gurations with a wing
sweep of ¡ 40 deg. A generic wing-body model with removable aft swept canards is used to measure the instanta-
neous velocities in several cross� ow planes applying advanced hot-wire anemometry. The tests were made at 10-,
20-, and 30-deg angle of attack at a Reynolds number of 0:46 £ 106. Detailed surveys of mean and rms velocities
show that at moderate angles of attack strong wing leading-edge vortices are generated rotating opposite in a sense
to the wing tip vortices. At higher incidences trailing-edge vortices are shed at the inner-wing part with the same
sense of rotation as the wing tip vortices. The canard vortices pass the wing leading-edge relatively high, and after
the onset of wing vortices they are moved upward and outboard.The interference between these vortices is studied
in detail by analyzing the associated turbulent � ow structure. Vortex bursting over the wing occurs already at
moderate angles of attack. Downstream, the highest turbulence intensities are found in an annular region around
the burst vortex core, where � uctuations are signi� cantly channeled into a narrow band.

Nomenclature
CD = drag coef� cient, drag=(q1 SW )
CL = lift coef� cient, lift=(q1 SW )
Cm = pitching-moment coef� cient, reference point

N25 , nose-up positive, pitching
moment=(q1 SW l¹)

Dcore = core diameter of burst wing leading-edge
vortex, m

f = frequency, Hz
fdom = dominant frequency,Hz
k = reduced frequency, f l¹=U1
lW = wing apex-tip distance, m
l¹ = wing mean aerodynamicchord, m
M = freestream Mach number
q1 = freestream dynamic pressure, N/m2

Rel¹ = Reynolds number, U1l¹=º
Su 0 = spectral density of axial velocity � uctuations
SW = wing area extended to yW D QyW D 0

(Fig. 2), m2

s = wing span, m
sC = canard span, m
U1 = freestream velocity, m/s
u; v; w = streamwise, lateral, and vertical velocity, m/s
Nu; Nv; Nw = streamwise, lateral, and vertical mean

velocity, m/s
u 0; v 0; w0 = � uctuation part of u; v; w, m/s
u rms, vrms , wrms = rms value of the � uctuating components of

velocity, u rms D
p

u 02, vrms D
p

v02 ,
wrms D

p
w02

Nuyz = mean cross� ow velocity vector
x; y; z = streamwise, lateral, and vertical coordinates

of the wind-tunnel axis system, m
xW ; yW ; zW = wing coordinates, origin at the tip, m
QxW ; QyW ; QzW = wing-fuselage coordinates, origin at the

nose, m
Y; Z = local nondimensionalizedcoordinates

of the measurement plane, referred to s,
origin at the midsection
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® = aircraft angle of attack, deg
º = kinematic viscosity, m2=s

Introduction

H IGH agility and poststall maneuvering are key factors in the
design of future generation � ghter aircraft.1;2 Consequently,

there is a need for high turn rates within a wide operationalrange as
well as the capability to perform tactical maneuvers beyond max-
imum lift. In this context forward swept wing (FSW) con� gura-
tions offer potential advantages.3¡5 FSWs are especially suited for
canards, as the canard leading-edge vortices have a favourable in-
� uence on the � ow of the inner wing area resulting in high usable
lift.6

Concerning aerodynamic, structural, and aeroelastic properties,
the mainbene� ts ofFSW canbe summarizedas follows:for an equal
wing box sweep the FSW leading-edge sweep is smaller than that
of the aft swept wing (ASW), whereas the FSW trailing-edgesweep
is greater. Hence, the maximum leading-edge suction produced by
the FSW is achieved at higher incidences. Induced drag will be
correspondinglylower throughwhich maximum lift over drag ratios
are improved7 (Fig. 1). However, this did not prove true for � ight
tests of the X-29A FSW aircraft as stated below.

On ASWs maximum lift is limited by tip stall at a lift coef� cient
for which the large inner wing area is far from its limiting lift.
For negative wing sweep the aerodynamic lifting potential of the
inner wing is exploited to an ever increasing degree. Because of
this, the FSW can be expected to produce a higher maximum lift
coef� cientthan theASW.An untwistedaeroelasticallytailoredFSW
can exhibit an almost ideal lift distribution at all subsonic points
of the � ight envelope.8 At high subsonic Mach numbers the FSW
will sustain a higher preshock Mach number and hence a larger lift
coef� cient for the same pressure jump across the shock. For the
high-speed � ight regime there are no signi� cant pro� ts.

In general, on ASWs boundary-layerseparationbegins in the tip
region, whereas on FSWs the root area stalls � rst. Because of the
smaller roll and yaw disturbancesand the undiminished roll control
power, � ow separation effects such as wing drop, wing rock, and
nose slice may be considerably less severe on FSWs. Therefore,
FSW con� gurations are stable in yaw and roll up to high angles
of attack. Moreover, the relocation of wing lift from the tip region
to the root area provides the FSW with high aileron effectiveness
even beyond maximum lift. Thus, there are appreciableadvantages
at subsonic speeds, in particular, for the high-angle-of-attackper-
formance. For weight reduction the lower tip aerodynamic loading
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194 BREITSAMTER AND LASCHKA

Fig. 1 Comparison of the maximumlift-to-dragratios of generic FSW
and ASW (of the same area and aspect ratio).7

of FSWs allows the use of a higher wing taper on the FSW than is
possible for the ASW.9

The main aeroelasticdisadvantageof the FSW is the reduction in
divergencespeedas sweep is reducedfromaft to forward. It hasbeen
a main reasonfornot exploitingtheaerodynamicbene� ts ofFSWs in
high-performance � ghter aircraft. The introduction of carbon-� ber
composites in aircraft structures has eliminated this obstacle. The
FSW main aeroelastic advantages are its aileron ef� ciency and the
very high aileron reversal speed. For the same reason active control
technology,using outboard � aps, could be applied more ef� ciently
on FSWs.

Extensive investigations on the FSW aerodynamic characteris-
tics were performed in the decade from 1975 to 1985 to develop
the FSW concept for � ight demonstration.5;7¡11 The efforts result
in the X-29A FSW Advanced TechnologyDemonstratorprogram12

integrating key technologies like close-coupled variable incidence
canards, supercritical thin airfoil, variable camber, aeroelastic tai-
loring, and composite primary structure.Contrary to generic model
tests (Fig. 1), in-� ight measurements of the X-29A FSW aircraft
at subcritical speed (M D 0:6) and incidences up to ® D 16 deg
(CL ¼ 1:6) show no signi� cant improvements on lift-to-drag ratios
in comparison to contemporary high-performanceASW aircraft.13

Further, at critical speed (M D 0:9) the X-29A aircraft performance
was probably penalized by underwing actuators and hinges. How-
ever, for FSW con� gurations only few � ow� eld studies were re-
ported. Grif� n14 and Grif� n et al.15;16 presented distributions of
steady cross� ow velocitiesand total pressurecoef� cients.Unsteady
� ow� elds were not measured.

As a contribution to � ll this gap, a research program on generic
FSW con� gurationswas initiatedat theLehrstuhlfürFluidmechanik
of the Technische Universiẗat München.17 These investigations are
aimed at providing detailed insight into the � ow physics of FSW
con� gurations.Systematic aerodynamic tests have been conducted,
which focus on the � ow phenomena at moderate and high angles of
attack. In particular, the complex vortex systems are studied com-
paring the separation topology with the known features of delta and
of aft swept wings. The results obtainedcontributeto the knowledge
on leading-edge vortex � ows, which is essential for future � ghter
aircraft design. The turbulent � ow structure is also carefully inves-
tigated. The related database is needed to quantify the excitation
input associatedwith aeroelasticphenomena like buffetingon wing
or � n(s). Moreover, the comprehensive� ow� eld surveys are of dis-
tinct utility for the development and validation of computational
� uid dynamics methods.

a)

b)

Fig. 2 Geometry of wind-tunnel models of a) wing and b) wing-
body/wing-body-canard con� guration.

Measurement Technique and Test Program
Description of Models and Facility

The experiments were performed on a single 40-deg forward
swept wing17 as well as on a generic wing-bodycon� guration � tted
with the identical wing planform (Fig. 2). The modular conception
of the wing-body model enables the mounting of canards and/or
strakes.The geometricdataof thecon� gurationstestedare collected
in Table 1. This paper presents results of the investigations on the
wing-body model with and without an aft swept canard. The airfoil
of the wing and canard is the NACA 64A010. The fuselage of the
wing-body model is formed as an elliptic cylinder with a canopy.
The nose section is inclined downward at an angle of 5 deg. All
model parts are made of carbon-�ber composites with steel inlets.

The experiments were carried out in a Göttingen type low-speed
wind-tunnel facility of the Lehrstuhl für Fluidmechanik of the
TechnischeUniversiẗat München.The open test section is of circular
shape with 1.5 m diam and 3 m length. Maximum usable velocity is
55 m/s. Turbulence intensityranges from 0.3–0.4%. The test section
is equipped with a three-axis model support and a three-degree-of-
freedom probe-traversingsystem. The models were sting mounted
on their lower surfaces from the moving support strut (Fig. 3), en-
suring that � ow� eld measurements are to a great extent free from
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Table 1 Geometric data of FSW con� gurations

Geometric quantities Symbols and values

Wing
Leading-edge sweep ’W L D ¡40:0 deg
Trailing-edge sweep ’W T D ¡52:2 deg
Aspect ratio AW D 3:81
Taper ratio ctW =cr W D 0:40
Span 2s D 0:60 m
Mean aerodynamic chord l¹ D 0:167 m
Geometric neutral point N25 xN 25=lW D 0:354

Canard
Leading-edge sweep ’C L D 49:0 deg
Trailing-edge sweep ’CT D 25:5 deg
Aspect ratio AC D 3:14
Taper ratio ctC =crC D 0:30
Relative span sC =s D 0:54

Fuselage
Length/height ratio L F =hF D 10
Height/width ratio hF =wF D 1:19
Front part length L B=hF D 2:63
Rear part length L H =hF D 0:53
Canopy length L P =hF D 2:37
Position of canopy X p=L F D 0:13

Combination Wing-Fuselage
Relative fuselage length L F =2s D 1:58
Relative fuselage width wF =2s D 0:13
Relative wing position XW =L F D 0:74, ZW =hF D 0:32

Combination Canard-Fuselage
Relative canard position XC =L F D 0:32, ZC =hF D 0:21

Fig. 3 Wing-body-canardmodelmountedin the test section (top view).

interference.The computer-controlledmodel support strut provides
an incidencerangefrom0 to 31:5 deg,and the modelsmay be yawed
and rolled 360 deg. Probes can be traversed in the streamwise, span-
wise, and normal directions with minimum steps of §0:1 mm.

Measurement of Instantaneous Velocity

To measurethe � uctuatingvelocities,dual-sensorhot-wireprobes
were used.The sensorsconsist of 5-¹m-diam platinum-platedtung-
sten wires givinga length/diameter ratio of 250. The measuringvol-
ume formed by the wires is approximately 0.8 mm in diameter and
0.5 mm in height. A sensor angle of 45 deg is chosen assuming that
the best angular resolutionwill be obtained with pairs of perpendic-
ular wires. An additional temperature probe is employed to correct
the anemometer output voltages if ambient � ow temperaturevaries.

The probes were operated by a multichannel constant-
temperatureanemometersystem.By means of its signal conditioner
modules, bridge output voltages were low-pass � ltered at 1000 Hz
before digitization and ampli� ed for optimal signal level. The sig-
nalswere thendigitizedwith 12-bitprecisionthroughthe16-channel

Fig. 4 Size and grid resolution of measurement planes used for wing-
body tests at ® = 20 deg (for coordinate systems see Fig. 2).

a) Lift and drag coef� cient

b) Pitching-moment coef� cient

Fig. 5 Results of force and moment measurements for the canard-off
and the canard-on con� guration at Rel¹ = 0.46 ££ 106.

simultaneous-samplingA/D converter of the PC high-speed board.
The sampling rate for each channel was set to 3000 Hz giving a
Nyquist frequency of 1500 Hz. The sampling time was 26.24 s
so that each sample block contains78,720 points. These parameters
were achievedby preliminarytests to ensurethat all signi� cant � ow-
� eldphenomenaweredetected.Statisticalaccuracyof thecalculated
quantities was considered as well. Random error calculations gave
accuracies of 0.2, 1, and 3% for the mean and standard deviation
and spectral density estimation, respectively.18
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The use of a cross-wire con� guration generally assumes some
knowledgeof the � ow� eld, such as a known � ow direction to which
the probe must be aligned.The nature of the vortex-dominated� ow
precludes any knowledge on the direction of the velocity vector ev-
erywherein the � eld,savefor theaxialcomponent,which is assumed
to be always in the positivex direction.To determinethe threeveloc-
ity components .u; v; w/, the probe has to be rotated around its axis
by 90 deg to adjust the wire plane once horizontal and once vertical

a) xW /lW = 0.5 b) xW /lW = 1.1

Fig. 6 Laser light sheet � ow visualization for the wing-body con� guration at measurement stations. xW /lW = 0.5, and 1.1 for ® = 30 deg and
Rel¹ = 0.17 ££ 106 (view from front).

a) b)

Fig. 7 Wing-bodycross� ow velocity vectors Åuyz at measurement stations xW /lW = 0.2, 0.5, 0.8, and 1.1 for a)® = 20 and b) 30 deg and Rel¹ = 0.46 ££ 106.

a) b)

Fig. 8 Wing-body-canardcross� ow velocity vectors Åuyz at measurement stations xW /lW = 0.2, 0.5, 0.8, and 1.1 for a) ® = 20 and b) 30 deg and Rel¹ =
0.46 £ £ 106 .

against the main � ow direction.Thus, two triggered traverse sweeps
were necessary to obtain the streamwise u, lateral v, and vertical w
components,respectively.Each digitizedand temperaturecorrected
voltage pair of the correspondingprobe positions was converted to
evaluate the time-dependentvelocity vector. The numericalmethod
used is based on look-up tables derived from the full velocity and
� ow angle calibrationof the sensors.A detailed descriptionis given
in Refs. 19 and 20.
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Description of Tests

The overall aerodynamic behaviour was documented by six-
component measurements using a strain-gauge strut balance. The
angle of attack range 0 · ® · 45 deg was covered with steps of
1® D 2:5 deg at constant reference velocity U1 of 40 m/s. This
corresponds to a Reynolds number of Rel¹ D 0:46 £ 106 based on
the wing mean aerodynamic chord. Local atmospheric conditions
prescribed the test section static pressure and temperature. Within
these experiments transition was not � xed. Evaluating the force and
moment measurements, open test section corrections were applied
to the data, and angles of attack were also corrected.

Flow� eld measurements were conducted in four planes perpen-
dicular to the model xW axis. Three planes were located over the
port wing at stations xW =lW D 0:2, 0:5, and 0:8, and one in the
wake at xW =lW D 1:1 (Fig. 2). The tests were carried out at angles
of attack of 10, 20, and 30 deg at symmetric freestream at the test

a)

b)

c)

Fig. 9 Contours of mean axial velocity Åu/U 1 over the wing-bodycon� gurationat ® = 20 deg and Rel¹ = 0:46 £ 106 . Chordwise measurement stations
xW /lW = a) 0.2, b) 0.5, and c) 0.8.

Reynoldsnumberof Rel¹ D 0:46 £ 106. For all measurementplanes
the lateral distance was 1:1 s, thus covering all relevant � ow� eld
phenomena. The vertical extension was adapted to the expansionof
the vortex systems known from laser light sheet tests. The survey
points were evenly spaced, giving a relativegrid resolutionof 0:016
in both the spanwise and vertical direction based on the wing span.
This is illustratedby Fig. 4, depictingsize and grid resolutionof the
measurement planes for the wing-body tests at ® D 20 deg.

Regarding the susceptibility of vortex � ow structures to intru-
sive measurements, particularly at the breakdown process, probe
interference is minimized by using miniature hot-wire probes con-
nected to long, thin, and stiff probe holders (2.5 mm in diameter).
The probe holder itself is mounted on the traverse system verti-
cal sting (5.5 mm in diameter) moved in a minimum blockage ar-
rangement. In this context the accuracy of probe measurements on
leading-edgevortex � ows was investigated,for example,by Payne21
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and Payne et al.,22 comparing laser Doppler velocimeter measure-
ments with and without a seven-hole probe in place. Beside the
size of the probe, the in� uence on vortex breakdown depends on
the probe position relative to the breakdown location and also on
the natural breakdown location over the wing. The most sensitive
case refers to vortex breakdown near the wing trailing edge where
the adversepressuregradientreaches its maximum. There, the plac-
ing of a probe may shift the breakdownlocationmarkedlyupstream.
However, probe disturbancesare of minor relevanceif vortexbreak-
down takes place well upstream of the trailing edge as it is the case
for the � ow� elds presented herein. Especially for the measurement
planeat xW =lW D 0:2, where the distanceof probe position to break-

a)

b)

c)

Fig. 10 Contoursofmean axialvelocity Åu/U 1 over the wing-body-canardcon� gurationat® = 20 deg and Rel¹ = 0:46 £ 106. Chordwise measurement
stations xW /lW = a) 0.2, b) 0.5, and c) 0.8.

down location becomes a minimum for the considered incidences,
probe interference was studied using laser light sheet tests and liq-
uid crystal surface � ow visualization with and without the probe
in place. No signi� cant effects of the probe and its support system
on vortex breakdown locations and vortical � ow structures were
detected.

Results and Discussion
Force and Moment Coef� cients

Results of the six-component measurements, namely lift, drag,
and pitching-momentcurves are shown in Fig. 5 for both the wing-
body and wing-body-canardcon� guration. Already for low angles
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of attack (® · 10 deg) the lift and pitching-moment coef� cients of
the two con� gurations differ signi� cantly, whereas differences in
the drag coef� cients are only small. In comparison to canard-off,
the canard-oncon� guration is characterizedby a substantial higher
lift gradient and higher lift maximum (Fig. 5a). The correspond-
ing increase in induced drag at higher angles of attack contributes
mainly to the larger total drag of the canard-on con� guration for
® > 10 deg. The lift-drag polars exhibit symmetric distributions.
Further, the pitching-moment curves indicate that with respect to
the moment reference point the addition of the canards decreases
signi� cantly the nose-down pitching moment (Fig. 5b). In partic-
ular, at ® ¼ 8 ¥ 10 deg the in� uence of the fully developed wing
leading-edge vortices on the aerodynamic characteristics is docu-
mented by additional lift and, therefore, a larger nose-up pitching
moment. These effects are re� ected by slight nonlinearities in the

a)

b)

c)

Fig. 11 Contours of mean lateral velocity Åv/U 1 over the wing-body con� guration at ® = 20 deg and Rel¹ = 0:46 £ 106 . Chordwise measurement
stations xW /lW = a) 0.2, b) 0.5, and c) 0.8.

slopeof the lift and pitching-momentcurves for both con� gurations.
Bursting of the wing leading-edgevorticesover the wing at midroot
chord takes place for canard-off at ® ¼ 11:5 deg and for canard-
on at ® ¼ 13 deg leading to a subsequent drop in the functions of
lift and pitching-moment coef� cients vs angle of attack. Because
of leading-edge vortex � ow, the region of maximum lift obtained
for canard-off is relatively � at covering an incidence range of ap-
proximately 30 ¥ 38 deg, whereas for canard-on the corresponding
plateau becomes smaller.

Flow Visualization

Laser light sheet tests were made to determine the evolution of
the vortexsystems,mainly producedby the FSW and for the canard-
on con� guration by the aft swept canard. Results shown here de-
pict light sheets at xW =lW D 0:5 and 1:1 obtained for canard-off
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at Rel¹ D 0:17 £ 106 and ® D 30 deg (Fig. 6). At xW =lW D 0:5 the
cross section of the FSW leading-edge vortex is of elliptical shape
and has strongly expanded indicating that bursting occurs far up-
stream.The tip vortex is well de� ned by the correspondingrolled-up
shear layers. Downstream at xW =lW D 1:1, the FSW leading-edge
vortex becomes further enlarged resulting in a big region of highly
� uctuating � ow. The tip vortex grows also in size. An additional
vortical structurecan be identi� ed behind the inner wing part repre-
senting the wing trailing-edgevortex. Based on the laser light sheet
tests, survey locations and extensionsof the time-consumingprobe
measurements were de� ned.

a)

b)

c)

Fig. 12 Contours of mean lateral velocity Åv/U 1 over the wing-body-canardcon� guration at ® = 20 deg and Rel¹ = 0:46 £ 106. Chordwise measure-
ment stations xW /lW = a) 0.2, b) 0.5, and c) 0.8.

Mean Velocity Surveys
The three-dimensional� ow� eldover theportwing is documented

both by cross� ow velocity vectors (Figs. 7 and 8) and by contours
of streamwise and lateral velocities (Figs. 9–12). The � ow� elds of
the wing-body and wing-body-canard con� guration are character-
ized by the interaction of several vortex systems. At ® D 20 deg
the FSW tip and leading-edgevortex as well as the canard leading-
and trailing-edgevortex are clearly visible by the inducedcross� ow
velocities (Figs. 7a and 8a). Contrary to delta or aft swept wings,
the tip and leading-edge (primary) vortex of the FSW are counter-
rotating. For both the canard-on and canard-off con� guration the
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cross section of the wing leading-edgevortex is formed elliptically
even in the most upstream plane and a region of reduced velocity
dominates the vortexcore � ow. This indicatesthat the wing leading-
edge vortex is already in a postbreakdown stage. From oil-� ow
patterns the burst position is determined at xW =lW D 0:11 for the
wing-body and at xW =lW D 0:16 for the wing-body-canardcon� g-
uration, respectively.23 With increasing incidence ® D 30 deg, the
vortex systems are strongly enlarged producing higher cross� ow
components than at ® D 20 deg (Figs. 7b and 8b). Bursting of the
wing leading-edgevortex takes place close to the wing tip, particu-
larly, at xW =lW D 0:05 for the wing-body and at xW =lW D 0:09 for
the wing-body-canardcon� guration.23 Thus, the wing leading-edge
vortex shows a big core region of very low velocity. The canard
leading-edgevortex is bursted at ® D 20 and 30 deg as well. How-
ever, over the wing a more concentrated canard vortex system can
be observed.

At ® D 20 deg and xW =lW D 0:2 the wing-body mean veloc-
ity distribution indicates the center of the wing tip vortex by
the peak axial velocity ( Nu=U1 D 1:75) at Y D ¡1:01; Z D ¡0:20
(Fig. 9a). For better identi� cation the different vortex centers
are marked in the � gures. For the burst wing leading-edge
vortex the center is detected by a minimum of axial velocity
( Nu=U1 D 0:85) at Y D ¡0:72; Z D ¡0:22. A secondaryvortex is lo-
cated at Y D ¡0:64; Z D ¡0:24 (Figs. 9a and 11a). The secondary
vortex is rather small because the boundary layer on the wing be-
neath the leading-edgevortex is turbulent.At xW =lW D 0:5 the core
of the burst wing leading-edge vortex increases strongly in its ra-
dial extension. It shows an axial velocity de� cit with Nu=U1 D 0:45
(Fig. 9b). Above and below the core region the axial � ow is acceler-
ated reachinga maximumof Nu=U1 D 1:65close to the wing surface.
The induced lateral velocity is 30% of U1 above the core and 50%
of U1 near the wing surface (Fig. 11b). There, the de� ection of
the � ow is inward, whereas on an ASW this de� ection is outward.
Downstreamat xW =lW D 0:8, the leading-edgevortexmoves further

a)

b)

c) d)

Fig. 13 Schematic representation of the vortex � ow features over the wing-body-canard con� guration at moderate and high angles of attack.
Flow topology of a spanwise wing section A-A for a) ® ¼ 10 deg, b) ® ¼ 20 deg, and c) ® ¼ 30 deg. Three-dimensional vortical � ow sketch for
d) ® ¼ 20–30 deg.

inboardand upward (Fig. 9c). Thus, abovethe fuselagethe port wing
vortex sheets come in contactwith the starboardones. Although the
vortex core becomes very large, a well-structuredswirling � ow pat-
terncan beobservedaroundit.At Y D ¡0:38; Z D ¡0:19, a trailing-
edge vortex is found with a rotation opposite to the one of the
leading-edgevortex (Fig. 11c). More downstream, the trailing-edge
vortex is embedded in the shear layer of the dominant leading-edge
vortex. In the wake (xW =lW D 1:1) the wing primary vortex starts to
dissipate, but it is strong enough to move the trailing-edge vortex
inboard and upward.17

For the wing-body-canardcon� guration the overall vortex struc-
ture is signi� cantly changed (Figs. 10 and 12). At xW =lW D 0:2 the
axial velocity contours denote that the canard vortex system con-
sists of a burst leading-edgevortex (Y D ¡0:35; Z D 0:06) and a tip
vortex combined with a trailing-edgevortex (Y D ¡0:55; Z D 0:01)
(Figs. 10a and 12a). Because of the canard in� uence, the wing
leading-edge vortex produces higher axial and lateral velocities
compared to the canard-off con� guration. Moreover, the inner por-
tionof thewingencounterstheaccelerated� owevokedby thecanard
throughwhich the wing leading-edgevortex is embeddedin a higher
suction level than for the noninterfering case. Therefore, the burst
position of the wing leading-edge vortex is shifted downstream in
comparisonto canard-off.At xW =lW D 0:5 the canard vortex system
pushes the wing leading-edgevortex downward to the wing surface
(Figs. 10b and 12b). The wing leading-edgevortex strength is again
higher than for canard-off.At xW =lW D 0:8, compared to the wing-
body case, the wing leading-edge vortex is also moved closer to
the wing surface, whereas the induced cross� ow velocities are not
markedly increased (Figs. 10c and 12c).

The presentationof these results reveals that there is a strong in-
� uence of the canard on the wing. The canard produces behind its
trailing edge a downwash � eld within its span and an upwash � eld
outside its span. The upwash � eld increasesthe effectiveangleof at-
tack in the forward and outside portion of the wing, which supports
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� ow separation there. The downwash � eld reduces the effective an-
gle of attack in the innner and rear portionof the wing. This leads to
a suppressionof � ow separationthere,which is especiallyfavorable
for delaying stall at the wing root area. Because of the nonuniform
distribution of the effective angle of attack along the wing leading
edge, thewing primaryvortex is fed with vorticityin a differentman-
ner than for the canard-off con� guration. For this reason the wing
vorticesevokehighercross� ow velocitiesin the outerwing part than
for the noninterferingcase. The in� uence of the wing leading-edge
vortex on the canard vortices is such that the canard vortex sys-
tem is moved outboard and upward. The wing induced-�ow accel-

a)

b)

c)

Fig. 14 Contours of axial rms velocity urms /U 1 over the wing-body con� guration at ® = 20 deg and Rel¹ = 0:46 £ £ 106. Chordwise measurement
stations xW /lW = a) 0.2, b) 0.5, and c) 1.1.

eration reinforces the canard vortex system over the wing, through
which it still keeps its structuredownstreambehind the wing trailing
edge.

The developmentof the mean � ow� eld is summarized in Fig. 13
depicting the � ow topology of an inner wing section from mod-
erate to high angles of attack supplemented by a schematic three-
dimensional representation. The topology rule used can be taken
from Ref. 24. For moderate angles of attack, a leading-edge vor-
tex develops, which is placed close to the wing surface (Fig. 13a).
Bursting occurs already in the outer wing part. The vortex-induced
pressure gradients are too small to cause a secondary separation.At
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higher incidences the wing leading-edge vortex grows both in size
and strength so that a secondary vortex is formed (Fig. 13b). With
further increasing incidence the trailing-edgevortex sheet emanat-
ing from the inner wing rolls up into a trailing-edgevortex, the rota-
tion of which is opposite to the leading-edgevortex (Fig. 13c). The
axis of the leading-edgevortex initially points inboard on the wing,
before being alignedwith the freestreamdirection.Becauseof fuse-
lage blockage, an eye-like shaped dead � ow region develops at the
forwardwing rootarea formedby anupstreamand outboardbending

a)

b)

c)

Fig. 15 Contours of axial rms velocity urms /U 1 over the wing-body-canardcon� guration at ® = 20 deg and Rel¹ = 0:46 £ 106. Chordwise measure-
ment stations xW /lW = a) 0.2, b) 0.5, and c) 1.1.

of the separationline associatedoriginally to the wing leading-edge
vortex. At canard-off the wing root area is then characterized by a
disorganized, separated � ow.17 At high ® the canard vortex system
consists also of a leading-edgevortex, a small trailing-edgevortex,
and a tip (side-edge) vortex (Fig. 13d). At canard-on the strength of
the wing leading-edge vortex is increased in the outside portion of
the wing. Moreover, the wing leading-edge vortex is placed closer
to the wing surface suppressing also the large dead � ow region at
the wing root area.
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Fig. 16 Wing-body vortical � ow characteristics at ® = 30 deg and Rel¹ = 0:46 £ 106: a) Axial turbulence intensities urms /U 1 at cross� ow planes
xW /lW = 0.2, 0.5, 0.8,and 1.1 and b) schematic representation.

Surveys of Turbulence Intensity
The turbulent � ow structure is quanti� ed by the rms values of the

velocity � uctuations.They are typically nondimensionalizedby the
freestreamvelocityU1 to presentthe relative turbulenceintensityin
terms of percent of freestream. Here, only the axial rms component
is considered (Figs. 14–17).

At ® D 20 deg and xW =lW D 0:2 the rms patterns of the wing-
body con� guration show two regions of high-velocity � uctuations
(Fig. 14a). At Y D ¡1:01 the peak rms value of 10% indicates the
center of the wing tip vortex. Its viscous core is de� ned by the steep
gradientsin the lateral and vertical velocity(Fig. 11a) resulting in an
increasedturbulencelevel.The peak rms valueof 26% at Y D ¡0:72
denotesthecenterof thewing leading-edgevortex.The substantially
higher turbulence intensity is caused by the bursting process where
the adverse pressure gradient leads to a stagnation of the axial � ow
near the vortex axis (Fig. 9a). A local turbulence maximum above
the fuselage indicatesa vortex pair shed at the canopy.The leading-
edge vortex is then considerablyexpandedat xW =lW D 0:5 covering
the whole local span (Fig. 14b). Peak rms values reach levels of
34%. The pattern of the axial rms velocity associatedwith the burst
leading-edgevortex is signi� cantly changed. The maximum turbu-
lence intensity is now concentratedon a limited radial range relative
to the vortex axis. It was found that such rms patterns are typical for
burst leading-edge vortices on slender delta wings.20;25 The region
of maximum turbulenceintensity correspondsapproximately to the
points of in� ection in the radial pro� les of retarded axial velocity
(Fig. 9b). Downstream of the wing trailing edge at xW =lW D 1:1,
the leading-edge vortex starts to dissipate, documented by the fur-
ther enlargement of the turbulent region and the decrease in rms
values (Fig. 14c). The merging process of the neighbored port and
starboard vortex sheets supports the disintegration of the primary
vortex. A warp in the lower vortex sheet at Y ¼ ¡0:3 marks the re-
gion between the outboard leading-edge vortex and the embedded
inboard trailing-edgevortex.

For the canard-on con� guration at ® D 20 deg and xW =lW D 0:2,
the rms pattern for the wing tip and burst leading-edge vortex is
very similar to that of the canard-off case (Fig. 15a). The canard
leading- and trailing-edge vortices pass relatively high above the

wing leading edge. Because of bursting, the canard vortex system
is manifested by a large region of high-velocity � uctuations even
higher than that for the burst wing primary vortex. At xW =lW D 0:5
the canard vortex system is characterized by two clearly sepa-
rated rms maxima, with the inboard rms maximum representing the
leading-edge vortex and the outboard rms maximum representing
the trailing-edgevortex (Fig. 15b). Compared to the turbulence in-
tensity of the upstreamplane, the peak rms values are of lower mag-
nitude.This, togetherwith an increasein inducedvelocity(Figs. 10b
and 12b), substantiates that restoring of the canard vortex system
takes place over the wing. The canard interference itself leads to a
reductionof the very high-velocity� uctuations existingclose to the
wing surface.Downstream, the wing and canard vortex systems are
strongly connected by their shear layers. Throughout the merging
process, the turbulence intensity associated with the wing and ca-
nard leading-edgevorticesdecreases(Fig. 15c). This developsmore
extensivelyfor the wing leading-edgevortex than for the canardone.
However, the wing tip vortex is kept relatively strong and stable in-
dicated by the less expanded circular region of the rms pattern and
an increase in the peak rms values.

The annular structure of maximum turbulence intensity, which is
characteristicfor the burst wing leading-edgevortex, is further doc-
umented for the wing-body con� guration at ® D 30 deg (Fig. 16a).
There, the described annular pattern of maximum rms values is
already present at xW =lW D 0:2 with respect to the burst position,
which is located close to the wing tip. A schematic � ow� eld rep-
resentation highlights the downstream development of the vortex
systems (Fig. 16b).

In addition to the rms patterns in streamwise direction, the distri-
butionsof axial velocity� uctuationsare shown over the wing-body-
canard con� guration at xW =lW D 0:8 for various angles of attack,
namely ® D 10, 20, and 30 deg (Fig. 17). With increasing ® there
is a tremendous enlargement of high turbulence intensity regions
associated with the canard and wing vortex systems (Figs. 17a and
17b). It is seen that this process is mainly dominated by the burst
wing and canard leading-edgevortices.Thus, at high ® the merging
of wing and canard vortices results in an area of highly � uctuating
� ow with a diameter of three times the fuselage height (Fig. 17c).
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a)

b)

c)

Fig. 17 Contours of axial rms velocity urms /U 1 over the wing-body-canard con� guration for the measurement station xW /lW = 0.8 at a) ® = 10, b)
20, and c) 30 deg and Rel¹ = 0:46 £ 106.
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a) ® = 20 deg, urms/U 1 = 17.5%

b) ® = 30 deg, urms /U 1 = 24.3%

Fig. 18 Power spectral densities of the axialvelocity � uctuationsSu 0 (k)
measured at the burst wing leading-edge vortex at xW /lW = 0.5 and Rel¹
= 0:46 £ 106.

Therefore, single- or twin-� nned con� gurations would be prone to
buffeting.25;26

Spectral Content at High Angle of Attack

Spectral densities of the axial velocity � uctuations are evaluated
at stations affected by the burst wing primary vortex, especially
within the limited radial range of maximum turbulence intensity.
There, the spectra exhibit pronounced narrowband peaks (Fig. 18).
It shows that kinetic turbulent energy is channeled into a narrow
band driven by quasiperiodic oscillations. This process is signi� -
cant for the � ow of burst leading-edge vortices, in particular, for
the shear-layer region around the expanded vortex core.20;25 It was
found that the periodicityis linked to a helical mode instabilitywith
an azimuthal wave number of one.20;27;28 Under these conditions
breakdown is a leading mechanism for quasiperiodic loading on
wing or � n(s).

Dominant Frequency

The dominant reduced frequencies according to the narrowband
spectral peaks decrease with increasing angle of attack (Figs. 18a
and 18b). This is because of the growth of the burst vortex core
through which wavelengths of the quasiperiodic � uctuations in-
crease while the related frequencies decrease. To compare the
dominant reduced frequencies with the phenomena on delta-wing
planforms, a frequency parameter based on the local semispan as a
simpli� ed lengthscale for theburstvortexcore diameterand the sine
of ® is applied. For the FSW the dominant reduced frequencies are
plotted together with literature data taken at delta-wing planforms
of different sweep (Fig. 19).20;27¡29 The scaled reduced frequency
values of the FSW and delta-wing planforms are in the same range
[Eq. (1)]:

. fdom x=U1/ sin ® cot ’W
»D 0:28 § 0:06 (1)

Fig. 19 Scaling of the reduced frequency of the dominant spectral
peaks associated with the burst wing leading-edge vortex as a func-
tion of angle of attack. Comparison with literature data for delta-wing
planforms.

Also, the reduced frequencies computed directly with the burst
vortex core diameter match this range [Eq. (2)]:

. fdom Dcore=U1/ »D 0:28 § 0:02 (2)

Conclusions
Extensive experimental investigations have been conducted on

the low-speed � ow environment of FSW con� gurations. Models
employed include a wing-body and a wing-body-canardcon� gura-
tion with wing sweeps of ¡40 deg. Advancedhot-wire anemometry
is used to measure the time-dependent� ow� eld velocities in cross-
� ow planes located at three different stations over the wing and at
one station in the wake. The surveys were taken at angles of attack
of 10, 20, and 30 deg at a test Reynolds number of 0:46£ 106 . The
main results of these investigationsare as follows:

1) Complex vortex systems are shed on the wing-bodyand wing-
body-canardcon� guration.For the canard-offcase the wing tip vor-
tex and the wing leading edge (primary) vortex with an opposite
sense of rotation dominate the � ow� eld. At higher angles of at-
tack, the wing primary vortex is accompanied by a weak secondary
vortex. Moreover, the trailing-edge vortex sheet emanating from
the inner wing part rolls up to form a trailing-edge vortex. In the
wake the wing leading- and trailing-edgevortices merge, while the
trailing-edgevortex is moved inboard and upward.

2) Bursting of the wing leading-edge vortex occurs already at
moderate angles of attack in the outer wing region.

3) At the canard-oncon� gurationthe canardvortexsystempasses
relatively high above the wing leading edge. It consists of the ca-
nard’s leading-edgevortexcombinedwith a trailing-edgevortexand
the canard’s tip vortex. Through wing in� uence this vortex system
is moved upward and outboard. Over the wing the canard vortex
system becomes reinforced, thus keeping its structure up to stations
downstreamof the wing trailing edge. At high ® an intensive merg-
ing takes place between the burst wing and canard vortices.



BREITSAMTER AND LASCHKA 207

4) The rms distributionsindicate the increase in turbulenceinten-
sity toward thecenterof thewing tipvortexas well as anoverallmax-
imum of turbulenceintensity for the burst wing and canard leading-
edge vortices. Peak values reach levels of 34% of U1. Downstream
of burstingthemaximumturbulenceintensityis concentratedwithin
a characteristic annular region.

5) At stations near the trailing edge of the wing, the burst canard
and wing leading-edgevortices are stronglyexpanded.This is asso-
ciated with a large region of high turbulence intensity surrounding
the midsection.Consequently,single- or twin-� nned con� gurations
may encounter severe buffet loads.

6) Distinct narrowband spectral peaks are found in the wake of
the burst wing leading-edgevortex. They indicate quasiperiodicos-
cillations, which are proven to be typical for this � ow type. For the
dominant spectral peaks a reduced frequencyparameter scaled with
the sine of ® and the local semispan gives values in the range of
0:28 § 0:06.
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