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Low-Speed Characteristics for the Wing-Canard Configuration
of the International Vortex Flow Experiment

D. Hummel*
Institut fiir Stromungsmechanik, Braunschweig D-38106, Germany
and
H.-Chr. Oelkery
Dornier Luftfahrt GmbH, Wessling D-82230, Germany

Comprehensive aerodynamic investigations have been carried out on the coplanar wing-canard configuration
of the International Vortex Flow Experiment (VFE) in symmetrical flow at low speed. Results of three-component
balance, surface-pressure, and flowfield measurements are presented for the canard-off and the canard-on
configuration. The vortex systems of canard and wing remain separate from each other. The main interference
effects take place over the wing. The formation of the wing vortices is delayed to positions downstream of the
apex. The canard vortices pass the wing leading edge relatively high, and after the onset of the wing vortices
they are moved inward and downward over the wing. The trailing vortex sheet of the canard merges with the
upper surface boundary layer in the inner portion of the wing. Considerably reduced vorticity is shed from the
side-edges of the wing. This leads to a characteristic deformation of the vortex sheet in this region on the canard-
off configuration, and to the formation of a side-edge vortex on the canard-on configuration. These results

represent the limiting case M => 0 within the VFE.

Nomenclature

Geometric Quantities

mean aerodynamic chord of the wing

area of canard or wing extended to

Yc =yw = 0;Fig. 1

half-span of canard or wing

local half-span of canard or wing

maximum thickness of canard or wing or
fuselage

local thickness at leading edge and

trailing edge of canard and wing, tzc, few
body-fixed coordinates, origin at canard or
wing or fuselage apex

body-fixed coordinates, origin at the

leading edge

aerodynamic coordinates (normal to
freestream) in the measuring plane, y, z/cos «
dimensionless local spanwise coordinate for
canard or wing, y/s,

dimensionless aerodynamic coordinates with
the origin at the intersection of the measuring
plane and the x, axis, based on canard
half-span; yu/sc, Zyw/sc

dimensionless aerodynamic coordinates with
the origin at the intersection of the measuring
plane and the x, axis, based on local
half-span of the wing; Vu /s w, Zw/S1w
dimensionless aerodynamic coordinates with
the origin at the intersection of the measuring
plane with an axis parallel to the freestream
that passes through the point xy = ¢y,

yw = 0, zy = 0 at the trailing edge of the
wing; Yo /Sw, Zwisw — (Xy — Cw)SIin a/sy
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= dimensionless body-fixed coordinate for
canard or wing

Aerodynamic quantities

cp = drag coefficient, D/q..Sw

cr = lift coefficient, L/q..Sy

¢ = pitching moment coefficient, reference point
N,sw, nose-up positive, M/q..Sy, ¢y,

<, = static pressure coefficient, (p — p..)/q..

Co = total pressure coefficient, (p, — p.)/q.

c, = dynamic pressure coefficient, g/q.,.

)4 = static pressure

)2 = total pressure

q = dynamic pressure

Vg, Vs, vy = velocity components in the y-Z plane,
measuring plane

M = freestream Mach number

Re = freestream Reynolds number, based on ¢,

« = angle of attack, angle between freestream and
wing plane, z,, = 0

Q. = dimensionless axial vorticity, wsy/V.,

w; = axial vorticity, normal to the y-Z plane,
(measuring plane); 3(dv./ay — 9v,/9z)

Subscripts

C = canard

F = fuselage

w = wing

00 = freestream conditions

1. Introduction

LOSE-COUPLED canard-wing configurations play an

important role in modern fighter aircraft design. The
benefits of such a “tail arrangement” are known since the
study by Behrbohm.! The maximum lift coefficient ¢, .., and
the corresponding angle of attack a(c,.x) are considerably
increased by adding a canard to a slender wing. This advan-
tage is due to favorable interference effects between the vor-
tex systems of canard and wing.! A large number of experi-
mental investigations on series of canard-wing combinations
is available in the literature that has been collected by Oelker.?
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Investigations on the physics of the interfering vortex systems
of canard and wing are rare. Some qualitative informations
may be taken from Refs. 3-5. Quantitative work related to
the flowfield was done by Griffin et al.,*~® and Hummel and
Oelker.?-12 According to these investigations the interference
mechanism at low speed may be regarded as understood. The
canard induces at the wing a nonuniform distribution of local
angles of attack, which leads to a nonconical vortex formation
at the wing and to a delay in the occurrence of wing vortex
breakdown. On the other hand, the wing produces upwash
at the canard, which increases its lift. Another favorable effect
at the canard results from longitudinal velocity components
induced by the wing that lead to a delay of canard vortex
breakdown. Details may be taken from Ref. 11.

In 1984 the International Vortex Flow Experiment (VFE)
was initiated by Drougge'? in order to provide high-quality
experimental results for code validation at both high and low
speed. A canard-wing configuration has been studied that
consisted of an A, = 1.65 (¢, = 60 deg) canard in coplanar
combination with an A, = 1.38 (¢, = 65 deg) cropped
delta wing and coupled by a small fuselage on the lower side.
The geometry of this configuration has been described by
Drougge®® and Elsenaar et al.'* Force and pressure distri-
bution measurements as well as qualitative flow visualizations
on the surface of the configuration and in the flowfield, carried
out by the members of the international working group in the
Mach number range 0.4 =< M =< 2.2, are summarized in Ref.
14. The Institut fiir Stromungsmechanik of TU Braunschweig
took part in the VFE."* An already existing wind-tunnel model®
was equipped with the original A. = 1.65 canard and the
Ay, = 1.38 sharp-edged cropped delta wing of the VFE con-
figuration in a coplanar arrangement. The existing thin flat
fuselage was used rather than the original body of the VFE
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Fig. 1 Coplanar canard-wing-fuselage configuration.

configuration. Three-component balance and pressure distri-
bution measurements, flow visualizations, as well as flowfield
measurements have been carried out for this configuration at
low speed, and within the VFE these measurements represent
the limiting case M => 0. It is the purpose of this article to
publish the main results of these investigations. A set of data
will be provided that can be used as an experimental back-
ground for comparison with theoretical investigations.

The main aim of the VFE was the validation of computer
codes from experiments. This has been done within the
international working group for solutions of the Euler equa-
tions as indicated in Refs. 13 and 14. This work has been con-
tinued>~*® and extended to solutions of the Navier-Stokes
equations,'>**20 and it can be expected that the number of
numerical investigations in this field will still increase. There-
fore, the experimental data from the VFE and related inves-
tigations will be used extensively in the future.

II. Experimental Setup and Test Program

The measurements have been carried out in the 1.3-m low-
speed wind tunnel of Institut fiir Stromungsmechanik at TU
Braunschweig. This closed-circuit wind tunnel has an open
test section of circular shape.

A. Wind-Tunnel Model

_ The investigations have been performed on a coplanar ca-
nard-wing-body configuration that is shown in Fig. 1. The
geometric data may be taken from Table 1.

The wing planform is identical to that according to the
VFE,*-' but the airfoil sections are slightly different due to
manufacturing peculiarities at the leading and trailing edges.
The wing thickness at these edges was chosen as a constant
teleaw = 0.00289 (1 = 1.5 mm). As in the VFE, the basic
airfoil in sections y,, = const is NACA 64 A 005. The front
part 0 < (x'/c)y, = 0.4 is replaced by a circular arc that meets
the point of maximum thickness of the airfoil at (x'/c),, =
0.4 with horizontal tangent, and which passes the leading edge
(x'/c)w = 0 at zj, = t./2. The rear part of the basic airfoil is
replaced by a straight line that starts at the trailing edge (x'/

Table 1 Geometric data of the configuration

Canard
Aspect ratio Ac = bZ/Sc = 1.65
Taper ratio Ao = Celeic = 0.40
Leading-edge sweep Qcr = 60 deg
Trailing-edge sweep Qcr = 35 deg
Thickness ratio (tlc)e = 0.05

Wing
Aspect ratio
Taper ratio

Ay = b2/S, = 1.38
My = Cwlcwy = 0.15

Leading-edge sweep ew, = 65 deg

Trailing-edge sweep Qwr = 0 deg

Geometric neutral point Nosy  Xnasw/Ciw = 0.49

Thickness ratio (He)w = 0.05
Fuselage

Length/height ratio lplhe = 12

Length/thickness ratio Iglty = 60

Front and rear part length Liplthy = Liplhy = 2

Central part length Lplhe = 8
Combination wing—fuselage

Relative fuselage length Iplby, = 2.91

Relative fuselage width telby = 0.049

Position of Ny, ew/l; = 0.612
Combination canard—wing

Relative canard size belby = 0.44

Position: coplanar; wing’s
leading edge meets canard’s
trailing edge at y = 0.
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Fig. 2 Results of three-component balance measurements for the canard-off and the canard-on configuration at Re = 1.04 X 10°.

Ow = 1.0 at z}, = /2, and which meets the basic airfoil
contour continuously with respect to slope. The distribution
of the three areas with circular arc, NACA 64 A 005 airfoil,
and straight line contour on the wing is shown in Fig. 1. The
deviations from the original VFE wing are small and the lead-
ing and trailing edges of the wing may be regarded as aero-
dynamically sharp. The wind-tunnel model was produced with
Cw = 0.52 m.

The canard planform is again identical to that of the VFE.1*14
The airfoil sections are symmetric circular arc profiles with a
thickness ratio (¢/c) = 0.05. Their contour is chosen in such
a way that the leading edge (x’/c). = 0 and the trailing edge
(x'/c)c = 1.0 are passed at z¢- = /2 with tg/cy, = 0.00289
(tz = 1.5 mm).

Both wing and canard are equipped with a tube system
underneath the surface, and pressure holes in order to mea-
sure the surface pressure distribution. On the wing the pres-
sure tabs are arranged on lines £, = const in the region 0.20
= &, = 0.95 in steps A&, = 0.05, and their spanwise distance
was Any, = 0.1 for 0.20 = &, = 0.45, and A, = 0.05 for
0.50 = &, = 0.95. On the canard the pressure tabs are located
on lines &~ = const in the region 0.5 = &. < 1.0 in steps Aé.
= 0.1, and their spanwise distance is An. = 0.1.

In the wind-tunnel model a thin flat fuselage is used to keep
the canard in position relative to the wing, and to cover some
volume necessary for the rubber tubes in case of pressure
distribution measurements. The fuselage consists of a cylin-
drical portion of length I,, = 8k with basically rectangular
cross section h. = S5t that is modified by an edge radius ry
= tz/4. Attached are front and rear parts of length [, = L
= 2h,. Their shapes with respect to height and thickness have
been chosen as polynomials of fourth-order that meet the
cylindrical part continuously with respect to slope and cur-
vature. The fuselage model was produced with [ = 1.20 m.

The wing was added to the fuselage in such a way that the
trailing edge coincided with the rear end of the cylindrical
part of the fuselage. Concerning the canard-wing combina-
tion, in the symmetry plane y. = y, = 0 the trailing edge
of the canard was located at the leading edge of the wing.
Canard and wing were arranged coplanar in the middle of the
fuselage height. The dimensionless geometric data of the con-
figuration may be taken from Table 1.

B. Description of the Tests

The wind-tunnel investigations have been carried out at
freestream velocities of V., = 30 and 40 m/s, which correspond
to Re = 1.04 x 10°and 1.40 x 10°, and to M = 0.086 and
0.115.

For three-component balance measurements the wind-tun-
nel model was fixed in the test section by means of the cus-
tomary wire suspension. In the course of the evaluation of
the force measurements the usual corrections of the angle of
attack have been taken into account. The angle-of-attack range
—5 = a = 40 deg has been covered at steps Aa = 2.5 deg.
The Reynolds number was 1.04 x 10°.

For the pressure distribution and the flowfield measure-
ments the model was fixed in the test section by means of
thin cylindrical rods from the bottom side of the wing. In the
pressure distribution measurements the rubber tubes left the
model at the end of the fuselage and were guided from there
downstream and then across the working section of the wind
tunnel to the scanivalve pressure transducer system. The pres-
sure distribution measurements have been carried out in such
a way that the top side of the configuration was used as upper
and lower surface, respectively. Results for « = 9.8 deg are
presented subsequently for which flowfield measurements
have also been performed. The Reynolds number was 1.40 X
10s.

Flowfield measurements have been carried out in planes
perpendicular to the freestream using a conical five-hole probe
of 2 mm diam, the probe hole diameter being 0.3 mm. These
measurements were performed for « = 9.8 deg, at which no
vortex breakdown was present, at stations &, = 0.15, 0.3,
0.6, 0.8, 1.01, and 1.125. The Reynolds number was 1.40 x
10e.

In order to detect interference effects, three-component
balance, pressure distribution, and flowfield measurements
have also been carried out on the canard-off configuration.
For direct comparison, pressure distribution and flowfield
measurements have been performed for « = 9.8 deg at &,
= 0.8, 1.01, and 1.125. In addition, the canard-off configu-
ration has been investigated at @ = 14.6 deg, for which again,
no vortex breakdown was present. Pressure distributions and
flowfield measurements are presented for planes at &, = 0.8,
1.01, and 1.125.
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Fig. 3 Surface-pressure distribution on the canard-off configuration
at Re = 1.40 x 10° for a) &« = 9.8 and b) 14.6 deg.

III. Results

A. Force and Moment Coefficients

Results of the three-component balance measurements for
the canard-off and the canard-on configuration are shown in
Fig. 2. For low angles of attack both configurations have
nearly the same lift and drag, but the addition of the canard
to the wing-fuselage configuration changes the formerly nose-
down pitching moment into a nose-up pitching moment. For
large angles of attack the canard-on configuration reaches
higher maximum lift coefficients than the canard-off config-
uration. This overall behavior of a canard configuration is
well-known.2°

B. Pressure Distributions

Following the status of the flow will be analyzed for cases
in which no vortex breakdown is present over the configu-
ration, neither within the canard vortices nor within the wing
vortices. Measured pressure distributions are shown in Fig. 3
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Fig. 4 Surface-pressure distribution on the canard-on configuration
at Re = 1.40 x 10° for o = 9.8 deg.

for the canard-off configuration at « = 9.8 deg and 14.6 deg,
and for the canard-on configuration at @ = 9.8 deg in Fig. 4.
Some values of the measured pressure coefficients are given
in Tables 2 and 3. The traces of the leading-edge vortices can
be detected from the suction peaks on both configurations.
Vortex breakdown does not take place at these angles of
attack. The pressure distribution on the canard indicates that
its vortices originate from the junction of the leading edge
and the fuselage contour in the same way as on the wing of
the canard-off configuration. The pressure distribution on the
wing of the canard-on configuration, however, shows consid-
erably lower suction in the front part, and the suction peaks
lie closer to the leading edge than for the canard-off config-
uration. This can be seen more easily in Fig. 5 in a direct
comparison of pressure distributions on the wing for the ca-
nard-on and -off configurations. This comparison is taken at
the same measuring stations where the flowfield measure-
ments presented in this article have been performed. For the
canard-off configuration in all three sections a suction peak
is present that results from a well-developed vortex. For the
canard-on configuration, however, the small suction peak at
&w = 0.3 at the leading edge can be interpreted to be due to
either an attached flow around the leading edge or a small
vortex very close to the leading edge. At £, = 0.6 the suction
peak indicates a developed vortex for the canard configura-
tion, and at &, = 0.8 magnitude and position of the suction
peak are about the same as for the canard-off configuration.

These results indicate that at this moderate angle of attack
the effect of the wing on the canard is small and the canard
acts like a small wing in free flow. On the other hand the
canard induces behind its trailing edge a downwash field within
its span and an upwash field outside its span. The downwash
field reduces the effective angle of attack in the forward and
inner portion of the wing considerably, and this leads to a
suppression of flow separation there. The upwash field in-
creases the effective angle of attack in the outer and rear
portion of the wing, and this supports flow separation there.
This mechanism leads to a delayed formation of the wing
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Table 2 Values for ¢, for the canard-off configuration at & = 9.8 and 14.6 deg

Ew 0.3 0.6 0.8
Nw Lower Upper Lower Upper Lower Upper
a)a = 9.8 deg
0.10 -0.214 —-0.101
0.15 —0.205 —0.103
0.20 0.041 —0.206 0.021 —0.105
0.25 ~0.208 —0.111
0.30 —0.201 -0.211 —0.109
0.35 -0.215 —0.110
0.40 0.173 —0.202 0.047 -0.215 0.028 —-0.108
0.45 —-0.214 —0.108
0.50 0.183 —0.199 0.059 -0.213 0.024 —0.113
0.55 —-0.200 -0.108
0.60 0.195 -0.162 0.068 —0.169 0.019 —0.087
0.65 -0.129 —0.074
0.70 0.206 —0.165 0.088 —0.328 0.023 —0.228
0.75 —-0.862 —0.787
0.80 0.221 —1.104 0.123 —-1.170 0.035 —-1.117
0.85 0.144 -1.020 0.050 —0.963
0.90 0.230 —-0.810 0.168 —0.807 0.082 —0.638
0.95 0.193 ~0.758 0.118 —0.556
b) @ = 14.6 deg

0.10 -0.171 -0.132
0.15 —-0.243 —-0.137
0.20 0.119 —0.255 0.068 —-0.138
0.25 —0.258 —0.143
0.30 -0.319 —0.253 —-0.139
0.35 —0.263 -0.137
0.40 0.279 -0.312 0.133 -0.267 0.077 -0.132
0.45 —0.263 —0.129
0.50 0.290 —-0.283 0.149 -0.254 0.076 -0.130
0.55 —0.248 -0.138
0.60 0.299 -0.274 0.160 —0.305 0.077 -0.207
0.65 -0.610 —0.485
0.70 0.306 -1.299 0.183 -1.326 0.089 —1.063
0.75 —-1.851 -1.590
0.80 0.303 —1.757 0.211 -1.716 0.102 —-1.330
0.85 0.227 -1.218 0.117 —0.826
0.90 0.275 —-1.331 0.241 -1.151 0.144 ~0.770
0.95 0.182 —1.209 0.230 —1.089 0.157 —0.688

vortices on the canard configuration. Because of the non-
uniform distribution of the effective angle of attack along the
leading edge of the wing, the wing vortex is fed with vorticity
in a different manner than is known from canard-off config-
urations. In total, the wing of a canard-on configuration works
at a lower effective angle of attack, and this leads to a com-
pensation of the additional lift at the canard through a loss
of lift at the wing. Therefore, both configurations have almost
the same lift as indicated in Fig. 2.

C. Documentation of the Three-Dimensional Flowfield for the
Canard-Off Configuration

The documentation of the three-dimensional flowfield was
carried out in several planes normal to the freestream and
located at different longitudinal positions &,,. Due to the “‘con-
icality”” of the flowfield, the results for &, = 0.8 may be
regarded as representative for the whole front part of the
wing. Since a wing with a taper ratio A # 0 is considered,
some changes in the flow pattern may be expected in the rear
part of the wing, and therefore, the positions &, = 1.01 and
1.125, just behind the wing, were chosen.

An angle of attack of & = 9.8 deg has been considered in
order to provide the possibility of a direct comparison with
the canard-on configuration. Results for this angle of attack
are shown in Fig. 6 by total pressure isobars, and in Fig. 7
by lines of constant axial vorticity in the three measuring
planes. Another angle of attack, « = 14.6 deg, has been
chosen in order to provide a set of data for a more developed
vortical flowfield without vortex breakdown, which is well-
suited for comparison with numerical investigations. Figures

8 and 9 show the corresponding results for total pressure and
axial vorticity distributions, and in Fig. 10 for a« = 14.6 deg
the velocity distribution is given for one measuring plane at
&w = 1.01 by means of dynamic pressure isobars and the
velocity vector component in the measuring plane.

The total pressure distributions in Figs. 6 and 8 indicate
the total pressure losses in the center of the primary vortex
as well as in the wake downstream of the trailing edge. The
vorticity sheet emanating from all edges of the wing is doc-
umented by a relative minimum of total pressure that is marked
in the figures by a dash-dotted line. Downstream of the wing
the trailing vortex sheet rolls up into a counter-rotating trail-
ing-edge vortex. This phenomenon is well-known and has
been studied for delta wings by Hummel.?! In the measuring
plane at &, = 0.8 the vortex formation is very similar to that
on a delta wing as described in Ref. 11. The primary vortex
is located at 7;, = 0.81, Z,, = 0.10 and a secondary vortex
at @ = 9.8 deg is located at 7, = 0.93, {,, = 0.05. This
secondary vortex is rather small since the boundary layer on
the wing beneath the primary vortex is turbulent. More down-
stream in the region 0.8 < &, < 1, however, there exists a
characteristic difference to delta wings. The vortex sheet em-
anating from the side edge of the wing moves outboard, reaches
a remarkable distance from the wing plane, and then turns
suddenly around towards the primary vortex center. This shape
is clearly indicated in Figs. 6 and 8 by the total pressure
contours, and in Fig. 10a by the corresponding dynamic pres-
sure contours in the plane &, = 1.01 at the trailing edge.

Figures 7 and 9 show the distributions of axial vorticity in
the measuring planes. Positive values denote the sense of
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Table 3 Values for c, for the canard-on configuration at & = 9.8 deg

873

& 0.5 0.8 1.0

Ne Lower Upper Lower Upper Lower Upper
0.2 -0.121 0.035 -0.075
0.3 —0.242 -0.190 —0.086
0.4 0.160 —0.248 0.082 -0.193 0.054 -0.107
0.5 0.178 —0.243 0.093 -0.185 0.065 -0.102
0.6 0.188 —0.198 0.108 -0.133 0.076 -0.041
0.7 0.212 ~0.301 0.131 -0.508 0.088 ~0.574
0.8 0.240 -1.328 0.164 -1.217 0.105 ~0.939
0.9 0.279 -1.017 0.208 —0.833 0.115 —0.540
Ew 0.3 0.6 0.8

Nw Lower Upper Lower Upper Lower Upper
0.10 ~0.202 -0.114
0.15 -0.210 -0.124
0.20 0.027 -0.216 0.015 —-0.130
0.25 -0.222 -0.139
0.30 —0.166 -0.227 -0.143
0.35 -0.239 —0.148
0.40 0.107 —0.168 0.034 —0.250 0.021 -~0.150
0.45 —0.258 ~0.149
0.50 0.115 -0.174 0.047 -0.264 0.019 -0.152
0.55 —0.267 -0.154
0.60 0.122 -0.177 0.057 -0.270 0.016 -0.151
0.65 —0.268 -0.147
0.70 0.132 —0.180 0.080 —0.258 0.019 —0.147
0.75 —0.255 -0.377
0.80 0.139 -1.187 0.113 -0.570 0.034 —~1.064
0.85 0.136 —1.088 0.051 -1.031
0.90 0.141 -0.335 0.159 -0.983 0.077 —0.698
0.95 0.135 0.181 —0.843 0.113 —0.605

O Canard-off

0O Canard-on [

Fig. 5 Upper surface pressure distribution on the wing at « = 9.8
deg and Re = 1.40 x 10°. Direct comparison between the canard-off
and the canard-on configuration at &, = 0.3, 0.6, and 0.8.

rotation of the primary vortex according to Fig. 10b. In the
plane at £, = 0.8, the counter-rotating secondary vortex is
marked by negative values of the axial vorticity. In the vortex
sheet downstream of the wing’s trailing edge, again, negative
axial vorticity is present with a maximum in the region beneath
the primary vortex. The formation of the counter-rotating
trailing-edge vortex downstream of the wing is clearly indi-
cated by the axial vorticity contours at &, = 1.125. Concern-
ing the distribution of axial vorticity in the vortex sheet em-
anating from the leading edge and from the side edge of the
wing, the following results can be deduced. Upstream of the
kink between leading edge and side edge in the plane at &,
= (.8, the sense of rotation in the vortex sheet is the same
as in the primary vortex. In the plane at the trailing edge, &,
= 1.01, the situation is different. In those parts of the vortex
sheet far away from the wing, which originate from the leading

02 03 04 05 06

0.2 —————————
0 01 02 03 04 05 06 07 08 09 10 = 12
Mw

Fig. 6 Results of flowfield measurements over the canard-off config-
uration at & = 9.8 deg and Re = 1.40 X 10°. Total pressure isobars
¢ = (p, — p-)lq. = const at &, = 0.8, 1.01, and 1.125.
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Fig. 7 Results of flowfield measurements over the canard-off config-
uration at & = 9.8 deg and Re = 1.40 X 10°. Lines of constant axial
vorticity . = w, X su/V.. = const at &, = 0.8, 1.01, and 1.125.

edge, the sense of rotation is again the same as in the primary
vortex. In those parts of the vortex sheet that start from the
end of the leading edge and the beginning of the side edge,
the shed vorticity is considerably reduced, and in the region
close to the trailing edge the sense of rotation is even opposite.
This does not necessarily mean that counter-rotating vorticity
is shed from the side edge, since the secondary vortex passes
over the side edge and might produce the negative axial vor-
ticity there. The shape of the vortex sheet is mainly due to
the mutual inductions between the different parts of the vortex
sheet. It is the sudden drop of shed vorticity in the vortex
sheet starting from the beginning of the side edge that leads
to the outward and upward displacement of the vortex sheet
that has been found in Figs. 6 and 8.

D. Documentation of the Three-Dimensional Flowfield for the
Canard-On Configuration

The documentation of the three-dimensional flowfield for
the canard-on configuration at « = 9.8 deg is given in Fig.
11 by total pressure contours, and in Fig. 12 by lines of con-
stant axial vorticity in several planes normal to the freestream.

The first measuring plane at &, = 0.15 is located just behind
the trailing edge of the tip section of the canard. The canard
vortex system is clearly indicated. It consists of the canard’s
primary vortex at 9. = 0.94, - = 0.19 and the canard’s
trailing-edge vortex at v = 1.05, {, = 0.09, whereas the
canard’s secondary vortex cannot be detected. It is well-known
from delta wings?! that the secondary vortex is rather weak
and that it merges into the trailing-edge vortex downstream
of the trailing edge. At this small angle of attack there exists
almost no influence of the wing on the canard. Therefore,
the result in the plane at &, = 0.15 may be regarded also as
the documentation of the flow status behind the canard with-
out interference. In the inner portion of the configuration the
trailing vortex sheet of the canard joins the upper surface
boundary layer of the wing. No separation takes place at the
leading edge of the wing.

08 0.95 098

0 01t 02 03 04 05 06 07 08 09 1.0 = 1.2
w

Fig. 8 Results of flowfield measurements over the canard-off config-
uration at @ = 14.6 deg and Re = 1.40 X 10°. Total pressure isobars
¢, = (p, — p.)g. = const at &, = 0.8, 1.01, and 1.125.

In the measuring plane at &, = 0.3, the canard’s trailing
vortex sheet touches the upper surface of the wing for 7, <
0.8, and in this region the canard’s vortex sheet and the wing’s
upper surface boundary layer are mixed. For %,, > 0.8, the
vortex sheet is again separated from the wing and rolls into
the canard’s vortex system. The center of the canard’s primary
vortex is found at 7, = 1.1, £, = 0.4 by an absolute min-
imum of total pressure and an absolute maximum of positive
(left rotating) axial vorticity. The trailing-edge vortex has turned
around the primary vortex in the sense of rotation of the
primary vortex and is now located at 7, = 1.25, 7, = 0.53.
During this process the corresponding total pressure losses
and the axial vorticity are spread out and their intensities are
considerably weakened. Due to the canard-induced down-
wash in this plane, no primary wing vortex could be detected
here.

The results for the measuring plane at &, = 0.6 show the
mixed layer on the upper surface of the wing in the region
fw < 0.55. The canard’s primary vortex is located at 7y, =
0.53, & = 0.32 and the remains of the counter-rotating
trailing-edge vortex of the canard can be identified in Figs.
11 and 12 at 4, = 0.48, ,, = 0.48. The canard’s vortex
system is now situated completely within the local span of the
wing. Therefore, its induced velocities at the leading edge of
the wing are directed upwards, and this situation favors flow
separation there. At &, = 0.6 a primary vortex is formed
over the wing with its center at 7, = 0.84, {, = 0.08 and
a corresponding secondary vortex can be identified from Fig.
12 by means of axial vorticities of opposite sign in a region
very close to the surface at about 7, = 0.9. The small sec-
ondary vortex indicates again that the boundary layer beneath
the primary vortex is turbulent. A comparison with the results
for the canard-off configuration up to the plane &, = 0.6
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Fig. 9 Results of flowfield measurements over the canard-off config-
uration at « = 14.6 deg and Re = 1.40 x 10°. Lines of constant axial
vorticity 2, = o; X s,/V. = const at £, = 0.8, 1.01, and 1.125.

according to Fig. 5 shows that the relative size of the wing
vortex system is considerably smaller in this region, and that
the flow over the canard-on configuration is distinctly non-
conical.

The measuring plane at &, = 0.8 is located slightly up-
stream of the kink between leading edge and side edge of the
wing. The canard’s primary vortex has moved further inboard
to My = 0.40, ¢ = 0.25 and the separation of the canard’s
trailing vortex sheet from the wing surface takes place at
fiw = 0.48. The remains of the canard’s trailing-edge vortex
can still be identified from the total pressure contours at 7y,
= 0.28, ¢ = 0.34, whereas the lines of constant axial vor-
ticity become circular with respect to the vortex axis. The
wing’s primary vortex is located at 7y = 0.8, { = 0.08
and a secondary vortex detected from axial vorticity of op-
posite sign is present at about 7, = 0.87. In the vortex sheet
between the leading edge and the primary vortex an area of
high axial vorticity in the sense of rotation of the primary
vortex is found, and the shape of the vortex sheet shows an
irregularity there. This flow pattern has not been found for
the canard-off configuration (Figs. 6 and 7), and it can be
interpreted as an upstream effect of the vortex formation at
the side-edge that will be discussed subsequently.

At the trailing edge of the wing, &, = 1.01, the mixed layer
ends at 7, = 0.50 and the canard’s primary vortex is located
at iy, = 0.37, £ = 0.24. Again, the remains of the canard’s
trailing-edge vortex can be identified from the total pressure
contours at 7y, = 0.25, £ = 0.20, but not from the distri-
bution of axial vorticity. The center of the primary vortex of
the wing at 7y, = 0.91, Z,, = 0.10 is surrounded by a vortex
sheet of “rectangular” shape. As in the canard-off configu-
ration within the vortex sheet, the shed vorticity drops at some
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Fig. 10 Results of flowfield measurements at the trailing-edge £, =
1.01 of the canard-off configuration at &« = 14.6 deg and Re = 1.40
X 10°: a) lines of constant dynamic pressure ¢, = g/q. = const and
b) velocity vector component v;./V_. in the measuring plane.

point between the leading edge and the primary vortex, and
in the vicinity of this point relatively large total pressure losses
as well as increased axial vorticity have been measured. This
means that in the canard-on configuration the deformation of
the vortex sheet is more pronounced than in the canard-off
configuration, and a small double-branched vortex is formed
in the vortex sheet at 7, = 0.99, ;, = 0.16, which rotates
in the sense of the primary vortex of the wing. This vortex
may be called the side-edge vortex. It starts from the region
in the vicinity of the kink between leading edge and side edge
of the wing, and due to a certain upstream influence its pres-
ence is already indicated in the plane at &, = 0.8, as discussed
earlier.

The last measuring plane is located at &, = 1.125 down-
stream of the wing’s trailing edge. The canard vortex system
including the remains of the canard’s trailing-edge vortex at
w = 0.29, & = 0.14 are still easily identified, and the
corresponding primary vortex is located at 7, = 0.37, {y
= 0.18. In the region at 7, = 0.55, where the canard’s
trailing vortex sheet separates from the wing’s trailing vortex
sheet, areas with increased total pressure losses and enlarged
negative axial vorticity are found. This indicates that a small
counter-rotating vortex is present there. Its structure is very
complicated since it should be “triple-branched,” but these
details could not be detected with the present probe measuring
technique. The wing’s primary vortex is located at 7, =
0.94, £y, = 0.09. The wing’s trailing vortex sheet rolls up into
a counter-rotating trailing-edge vortex that is situated at 7y
= 1.04, £, = 0.05. Remains of the side-edge vortex could
not be detected in this measuring plane downstream of the
wing.

The documentation of the flow status on this coplanar wing-
canard configuration at a low angle of attack and in incom-
pressible flow according to Figs. 11 and 12 is summarized in
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Fig. 11 Results of flowfield measurements over the canard-on con- Fig. 12 Results of flowfield measurements over the canard-on con-
figuration at & = 9.8 deg and Re = 1.40 x 10°. Total pressure isobars figuration at @« = 9.8 deg and Re = 1.40 x 10 Lines of constant
¢, = (p, — p.)lq. = const at &, = 0.15, 0.30, 0.60, 0.80, 1.01, and axial vorticity ), = w, X 5,/V, = const at &, = 0.15, 0.30, 0.60,
1.125. 0.80, 1.01, and 1.125.
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CPV Canard's Primary Vortex =
CTV Canard’s Tralling-Edge Vortex > > WPV
WPV Wing’s Primary Vortex Z
WTV Wing's Tralling-Edge Vortex
WSV Wing’s Side-Edge Vortex
TBV Triple-Branched Vortex

Fig. 13 Schematic view of the flowfield above the canard-on VFE
configuration at low angle of attack (inviscid flow).

Fig. 13. For this presentation the effects of viscosity are ne-
glected. This means that secondary separations are not shown.
Wing and canard are considered to be flat plates and a fuselage
is not taken into account. Figure 13 illustrates how the canard
vortex system develops and how this system is located above
the wing. In the region of the wing, which is shaded darker
than the rest of the wing, the vorticity sheet of the canard
merges with the upper surface boundary layer of the wing.
This means for the simplified case of Fig. 13 that the free
vortex sheet coming from the canard joins the wing-fixed
vortex sheet. Therefore, in this region of the wing one com-
bined vortex sheet is present. Figure 13 also illustrates the
delayed formation of the wing vortex system in which a side-
edge vortex and a trailing-edge vortex are present. Finally,
behind the wing one can clearly see a system of at least five
vortices on each half of the configuration. These vortices were
generated during the course of the flow. There is one primary
vortex (CPV, WPV) each for canard and wing that are ac-
companied by corresponding trailing-edge vortices (CTV,
WTV) after having left either the canard’s or the wing’s trail-
ing edge. In addition, the wing’s primary vortex is accom-
panied by a side-edge vortex (WSV), which is due to the wing
planform shape in the tip region. A corresponding side-edge
vortex could be (but has not been) detected in the canard’s
vortex system too. Presumably, a sixth vortex (TBV) on each
side of the configuration is associated with the junction of the
canard’s and the wing’s trailing vortex sheets downstream of
the wing. Figure 13 demonstrates the complexity of the flow.
All these vortices are existing already in inviscid flow. There-
fore, if these experimental data are used for comparisons with
results of numerical simulations, all these vortices should be
included in a proper solution of the Euler equations. In the
case of a numerical solution of the Navier-Stokes equations,
additional information about the structure of boundary layers,
secondary separation regions, and vortex sheets should turn
out and these details can again be compared with the present
experimental data.

IV. Conclusions

Comprehensive, low-speed aerodynamic investigations have
been carried out on a coplanar wing-canard configuration
associated with the VFE. Results of three-component bal-
ance, surface-pressure, and flowfield measurements are pre-
sented for the canard-off and the canard-on configuration.
The flowfield measurements were carried out at « = 9.8 and
14.6 deg, where vortex breakdown is not present over the
configuration.

The main results of these investigations are as follows:

1) On the canard-off configuration a fairly conical vortex
formation takes place up to &, = 0.8. At the side edge of
the wing considerably reduced vorticity is shed that leads to
a characteristic deformation of the free vortex sheet in this
region. The wing vortex system is accompanied by a counter-
rotating trailing-edge vortex.

2) On the canard-on configuration the vortex systems of
canard and wing influence each other, but at @ = 9.8 deg

they remain separate from each other up to the region down-
stream of the trailing edge of the wing. Both vortex systems
consist of a primary vortex on each side of the configuration
that is accompanied by a trailing-edge vortex. A side-edge
vortex has been found in the wing vortex system only.

3) The canard’s vortex system passes the wing leading edge
relatively high above the configuration. Through wing influ-
ence this system moves inward towards the center of the con-
figuration, and also downward towards the wing surface. The
canard’s trailing vortex sheet merges with the suction-side
boundary layer in the inner portion of the wing surface. In
nonviscous flow this process is equivalent to a fusion of the
canard’s free vortex sheet with the bound vortex sheet of the
wing. Beneath the canard vortex the canard’s vortex sheet
separates from the wing surface again and rolls into the ca-
nard’s vortex system.

4) The canard’s downwash leads to a reduction of the wing’s
effective angle of attack in the front and inner part of the
wing. This causes a suppression of flow separation there, and
the formation of the wing’s leading-edge vortex is therefore
delayed. In the outer portions of the wing the canard’s upwash
supports flow separation, and in addition a side-edge vortex
is formed. The wing’s primary vortex is fed with vorticity in
a different manner than in the canard-off configuration. The
wing’s vortex system is highly nonconical.
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