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Abstract

Comprehensive aerodynamic investigations have
been carried out on a close-coupled A = 2.31 delta~
canard configuration at low speed. Results of
three-component, surface~pressure and flow-field
measurements as well as oilflow patterns are pre-
sented for the canard-off and for the canard-on
configuration. The main interference effects take
place above the wing: The formation of the wing
vortices is delayed considerably to positions down-
stream of the apex. The canard vortices pass the
wing leading-edge relatively high and they are
moved downwards and inwards above the wing. During
this process a fusion between the canard‘'s vortici-
ty sheet and the suction side boundary layer of the
wing takes place in the inner portion of the wing.
The canard vortex system is maintained up to sta-
tions downstream of the wing trailing-edge.

1. Introduction

A close-coupled canard configuration is a cha-
racteristic feature of modern fighter aircraft
{e.g.: IAI-Lavi, SAAB~Gripen or EFA). The physics
of the corresponding three-dimensional and separa-
ted flow is therefore of high interest for aeronau-
tical research work., Canard configurations have
been investigated for a long time and there exists
a large number of publications of experimental work
on this topic:; however these papers are mainly
aimed to find practicable configurations of air-
craft design. Publications dealing with the physics
of the flow field and the interfering vortex sys-
tems from canard and wing are rare. Systematic
investigations as well as detailed flow-field meas~
urements are missing until now. In order to fill
this gap an extensive research program on close-
coupled canard configurations was initiated at In-
stitut fir Stromungsmechanik of Technische Univer-
sitdt Braunschweig. The aim is to get detailed in-
sight into the interference between the vortex
systems of canard and wing and to provide experi-
mental data for a comparison with theoretical re-
sults. In particular it is intended to give a de-
tailed quantitative documentation of the three-di-
mensional flow field as it was done earlier already
for the delta wing and double-delta wings.

It is known since H. Behrbohm! in 1965, that
close-coupled canard configurations with canard and
wing of small aspect ratios in the range of 15aS3
have substantial advantages. The value of maximum
1ift coefficient ¢ and the corresponding angle

of attack c(chax) can be considerably increased by
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adding a delta canard to a delta wing. This advan-
tage is due to favourable interference between the
vortex systems of canard and wing®.

In addition to the contribution of H. Behrbohm!
one can find a lot of papers on canard configura-
tions. An early series of experiments has been car-
ried out at NASA in the 1950's, Refs. 2 to 8, in
which long-coupled canard configurations were
tested. Later a second series of measurements has
been performed at Naval Ship Research and Develop-
ment Center (NSRDC), Refs., 9 to 12, and a third se-
ries at NASA, Refs. 13 to 20. These two last series
were concerned with close-coupled canard configura-
tions and were aimed at finding practicable confi-
gurations. Other single publications by R.B. Eberle
et al.?! and S.E. Goldstein, C.P. Combs?? deal with
trimming capabilities of close-coupled canard con-
figurations in comparison with conventional con-
figurations. H. John, W. Kraus?3 and w. Kraus?* in-
vestigated the aerodynamics of close-coupled canard
configurations also beyond stall. Investigations on
the physics of the interfering vortex systems of
canard and wing were performed by B.B. Gloss and
D.D. Minerzs, D.J. Lorincz26 as well as by J. Er-El
and A. Seginer27. but these papers mainly give qua-
litative insight into the flow structure by flow
visualization. Quantitative work was done by R.
Gallington and G. Sisson2®, K.E. Griffin?9, K.E.
Griffin, E.C. Haerter and B.R. smith30, K.E. Grif-
fin and F.M. Jonas3! as well as by L. Hjelmberg32.
Refs. 26 and 29 to 31 deal with canard configura-
tions which have a forward swept wing. The results
of Refs. 28 to 31 are flow-field measurements in
symmetrical and incompressible flow. The develop-
ment of vorticity sheets is not presented. Ref. 32
contains results, which were obtained with the two
European models of the "International Vortex Flow
Experiment on Euler Code Validation" in symmetrical
and compressible flow. L. Hjelmberg's32 results
also do not show the development of vorticity
sheets,

The investigations performed at the Institut
flir Stromungsmechanik of Technische Universitédt
Braunschweig are concerned in two different confi-
gurations. Fig.l shows the sharp-edged delta wing
configuration with A = 2.31 and (bc/b )=0.4.
The flat fuselage provides the possibility ot vary-
ing canard position and attitude relative to the
wing systematically. Three~component, surface-~pres-
sure and flow-field measurements using a conventio-
nal five-hole probe as well as flow visualizations
by means of oilflow patterns have been performed in
the institute's 1.3-m low speed wind-tunnel. Ad-
ditional flow visualizations in a small water-tun-
nel have also been carried out. The investigations
were concerned in the wing alone as well as in the
canard-wing combination in order to detect interfe-
rence effects. The achieved results of this survey
have already been partly published in Refs. 33, 34



and 35, Further results of flow-field measurements,
which show the development of the canard wake over
the wing in detail, are being presented here. The
second canard configuration under consideration is
the configuration of the "International Vortex Flow
Experiment on Euler-Code Validation". The investi-
gations on this configuration are under way right
now and will be documented in Ref. 36 in the same
manner as given in Refs. 33, 34 and here.
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Fig. 1: Wing-fuselage-canard configuration

2. Notations (see Fig. 1)
2.1 Geometric quantities
2
A =Db"/s Aspect ratio of canard or wing
H = h/c Dimensionless vertical position
hatl
of the canard
st Geometric neutral point of canard

or wing

Dimensionless relative forward

R = (r-r,)/c
07w position of the canard

s - Area of canard or wing (extended
toy, = Yy = 0 according to
Fig. 1) ’

b = 2s Span of canard or wing

Local chord of canard or wing

Root chord of canard or wing
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c=1
Sy
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rO = (crw+crc)/2
s
s, (x)
t
X,¥:2
Xy2s5 = ©p/2
€
g = x/cr
n= y/s1
n
Ny = Yu/51y
v «cosa/
CW = z~cosa/s,
ng = Yu/sy
Ly = zw-cosu/sw
N, = yw/sC
CC = zw-cosu./sC
9

cé dyw Mean aerodynamic chord of the

wing

Distance between fuselage apex
and wing geometric neutral point

Height of the fuselage

Distance of the canard geometric
neutral point NZSC from the fuse-
lage axis

Length of the fuselage

Length of front, cylindrical and
rear part of the fuselage

Horizontal distance between the
geometric neutral points of ca-
nard and wing

Horizontal distance between the
geometric neutral points of ca-
nard and wing for canard trai-
ling-edge located at wing apex

Half span of canard or wing
Local half span of canard or wing

Maximum thickness of canard or
wing or fuselage

Body~fixed coordinates, origin at
canard or wing apex

Distance of geometric neutral
point from origin of coordinate
system for wing or canard

Setting angle of the canard;
angle between the planes of ca-
nard and wing

Dimensionless body~fixed coordi-
nate for canard or wing

Dimensionless local spanwise co-
ordinate for canard or wing

1 pimensionless aerodynamic coordi-
| nates with the origin at the
intersection of the measuring

J plane and the xw—axis

Dimensionless aerodynamic coordi-

nates with the origin at the
intersection of the measuring

J plane with an axis parallel to

the free stream, which passes
through the point x_=c¢__,

y, =0, z_ =0 at tge trﬁgling
egge of tge wing

Dimensionless aerodynamic coordi-
nate system with the origin at

xw=yw=zw=0
Leading-edge sweep of canard or
wing



2.2 Aerodynamic quantities

Re = Vm'crw/v Reynoldsnumber

v, Free stream velocity

ey = D/qmsw Drag coefficient

cg = (g-pw)/qm Total pressure coefficient

e = L/qusw Lift coefficient

e, = M/qmswé Pitching moment coefficient (re-
ference point N , nose-up posi-

. 25W

tive}

cP = (p-p)/q, Static pressure coefficient

cq = q/qw Dynamic pressure coefficient

g Total pressure

P Static pressure

q Dynamic pressure

q, Free stream dynamic pressure

a Angle of attack; angle between
free stream and wing plane,
zw =0

v Kinematic viscosity

2.3 Subscripts

C Canard

¥ Fuselage

W Wing

3. Experimental set-up and test program

The experimental investigations have been car-
ried out in the 1.3-m wind-tunnel of the Institut
fir Stromungsmechanik at Technische Universitat
Braunschweig.

3.1 Models

The investigations have been performed for a
wing-fuselage~canard configuration, which is shown
in Fig. 1. The geometric data may be taken from
Tab. 1.

Wing and canard have delta planforms of aspect
ratio B, = A = 2,31 and a corresponding leading-
edge sweéep of 9., = @, = 60°. In both cases symme-
tric parabolic drc alrfoils for the root section
and parabolic contours in spanwise direction have
been used. The leading-edges are sharp. Both wing
and canard are equipped with a tube system under-
neath the surface and with pressure holes in order
to measure the surface-pressure distribution. 2
very flat fuselage has been chosen to keep the ca-
nard in position relative to the wing, to provide
some variation of this position and to cover some
volume necessary for the rubber tubes in the case
of pressure distribution measurements. The fuselage
consists of & cylindrical portion of length
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Canard: Aspect ratio AC 2.31
Leading-edge sweep 9. = 60°
Thickness~ratio (g/cr)c = 0.05

Wing: Aspect ratio Aw = 2,31
Leading~edge sweep wq = 60°
Thickness-~ratio (‘:/cr)w = 0.05

Fuselage: Height-ratio (h/1)_ = 1/12
Thickness~ratio (t/l)F = 1/60

Combination Wing-Fuselage:

Relative fuselage length lF/bw = 2.0
Relative fuselage width tF/bw = 1/30
Rear position of stw e/lF = 0,617

Combination Canard-Wing:

Relative canard size b /b = 0.4

Vertical position 5.0 <1 s +0.04
Horizontal position ~0.08 £ R £ +0.16
Setting angle - 12° £ e £ ¥+ 12°

Tab. 1: Geometric data of the configuration

1 = 8h_ and attached are front and rear parts of
length 1 P l3 2h_. Their shape has been taken
as a poiynomiaf of gburth order which meets the

cylindrical part continuously with respect to slope
and curvature. The wind-tunnel model was produced
with bw = 600 mm.

The geometric data of the combinations wing-
fuselage and canard-wing are collected in Tab. 1.
The wing was added to the fuselage in such a way,
that the trailing-edge of the wing coincided with
the rear end of the cylindrical part of the fuse~
lage. Concerning the canard-wing combination some
variations in vertical and horizontal position as
well as in setting angle of the canard were possi-
ble. The corresponding ranges may be taken from
Tab. 1. A typical configuration has been chosen as
a basis for comparisons. Its parameters are

€ 0°, H= 0, R =0.05

and it is called subsequently "normal configura-

tion".

3.2 Description of the tests

The wind-tunnel investigations have been car-
ried out at free stream velocities of V_ = 30 m/s
and V = 40 m/s, which correspond to Reynoldsnum-
bers of Re 106 and Re 1.4.106,

Three-component measurements have been perform-
ed for ~5° £ o £ +40° with Ao 2.5°, The surface-
pressure measurements have been carried out on the
suction side for 7 selected angles of attack only.
The flow on the upper surface of the configuration
has been studied by means of oilflow patterns. For
this purpose the black model surface was painted by
a mixture of aluminumoxide-powder and petroleum and
benzine (ratio of components 1g aluminumoxide
3cmd petroleum 1cm? benzine) and exposed to the
flow for about half a minute. The investigations,
mentioned so far, were made for the normal configu-
ration and for a large variety of other canard po-
sitions. In order to get data for a comparison with
the non-interfering case these investigations were



also extended to the wing~fuselage configuration
without the canard.

Flow-field measurements were carried out in
planes perpendicular to the free stream using a
conical five-hole probe of 2 mm diameter. These
measurements were performed with the normal confi-
guration at stations & = 0, 0.3, 0.6 and 0.8 over
the wing as well as at stations & = 1.01 and 1.125
downstream of the wing. In order @o detect interfe-
rence effects the flow-field measurements were ex-
tended to the wing-fuselage configuration without
canard at stations £ _ = 0.3, 0.6 and 0.8 over the
wing as well as at sk%tion £ = 1.01 downstream of
the wing. In all cases the angle of attack was
o = 8,7°, where vortex breakdown is present neither
at the wing-~fuselage configuration nor at the ca-
nard-on normal confiquration.

15 l 1

c {1 Canard - off configuration
c O Canard - on configuration
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\

10 :;:;Er }L

05 g?J

N

!

|

T
. |
N

02 ven
0° 100 20° 0° g 400

Fig. 2: Results of three-component measurements
for the canard-off and the canard-on nor-
mal configuration at Re = 106

4. Results

Major interference effects between canard and
wing have been studied by means of the canard-on
normal configuration and the canard-off configura-
tion, see section 3. The results of these investi-
gations have been published in Refs. 33 and 34. The
main outcome 1is to be repeated here, since the
knowledge of these results is essential for the
understanding of the flow-field measurements pre-
sented in this paper.
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At first the results of the three-component
measurements for the canard-off and the canard-on
normal configuration are presented in Fig. 2. For
low angles of attack both configurations have near-
ly the same lift and drag. The addition of the ca-
nard to the wing-fuselage configuration changes a
formerly nose~down pitching moment to a nose-up
pitching moment. The results of the corresponding
surface-pressure measurements at o = 8.7°, marked
in Fig. 2 by the black symbols, are presented in
Fig. 3: The traces of the leading-edge vortices can
be detected from the suction peaks on both configu-
rations and it can clearly be seen, that vortex
breakdown does not take place at this angle of at-
tack. A comparison between Figs. 3a and 3b reveals
two characteristics of the flow around the canard
configuration: The pressure distribution on the
canard is very similar to the one on the wing alone
and in both cases the flow is fairly conical, apart
from the trailing-edge region. On the wing of the
canard configuration :the pressure distribution
shows considerably lower suction peaks in the front
part, which also lie closer to the leading-edge
than in the non-interfering case. This can be seen
more easily in Fig. 4 in a direct comparison of
pressure distributions on the wing for the canard
configuration and the non-interfering case. This
comparison is taken at the same measuring stations,
where the flow-field measurements presented in this
paper have been performed. Fig. 4a shows at
£ = 0.3 for the canard-off configuration a suction
peak, which results from a developed vortex. On the
contrary it shows for the canard configuration a
suction peak, which is smaller and which lies very
close to the leading edge. This "little" suction
peak can only, if at all, result from a small vor-
tex. At £ = 0.6 Fig. 4b shows for both cases suc-
tion peaks resulting from developed vortices. For
the canard configuration the suction peak lies
closer to the leading~edge than for the non-inter-
fering case. At § = 0.8, Fig. 4c, the suction peak
on the canard configuration has finally reached
almost size and position of the suction peak on the
wing of the canard-off configuration. Fig. 4 shows,
that the flow on the wing of the canard configu-
ration is distinctly non~conical. This review ends
with the presentation of the flow visualization by
surface oilflow patterns at a = 8.7°. Fig. 5a shows
the result for the non-interfering case and one can
detect the traces of vortices with the aid of pri-
mary attachment and secondary separation lines. The
flow is fairly conical. Fig. 5b shows a very simi-
lar pattern on the canard of the canard confiqura-
tion. The streamlines on the wing of this configu-
ration, however, are distinctly different from the
non-interfering case. Primary attachment and secon-
dary separation lines indicate, that the wing vor-
tices start a fair distance downstream of the wing
apex. On the inner portion of the leading-edge
either an attached flow or a very weak flow separa-
tion is present. This delay in the formation of
leading-edge vortices coincides with the smaller
suction peaks of the pressure distributions, which
were presented in Figs., 3 and 4a. It can also
clearly be seen, that the flow on the wing of the
canard configuration is highly non-conical. Fig. 5
shows again, that no vortex breakdown is present in
this case.

The presentation of these results reveals, that
there is a strong influence of the canard on the
wing at this small angle of attack: The canard in-
duces 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. This leads to a suppression
of flow separation there., The upwash field increa-~
ses the effective angle of attack in the outside
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Fig. 3: Upper surface-pressure distribution at ¢ = 8.7° and Re = 1.4.106 a) canard-off configuration

b} canard-on normal configuration

and rear portion of the wing, which supports flow
separation there. This mechanism leads to a delayed
formation of the wing vortex downstream of the wing
apex. Because of the nonuniform 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 it is known from the non-
interfering case. For this reason it is possible,
that the suction peak in the surface pressure dis-
tribution of the wing vortex at £ = 0.8, see Fig.
4c, reaches almost size and location of the suction
peak, which is induced by the vortex in the non-
interfering case. In total, though, the wing works
at a lower angle of attack than in the non-interfe-
ring case, which leads to a compensation of the
additional 1lift at the canard through a loss of
1ift at the wing. Therefore both configurations
have almost the same lift. At this angle of attack
of a = 8.7° the influence of the wing on the canard
was very small,

All investigations performed so far have not
revealed, how the vortices coming from the canard
behave over the wing of the configuration. No in-
formation could be obtained on the location and the
structure of the canard wake in this region of the
flow field. In order to clarify this situation ex-
tensive flow-field measurements have been carried
out for the canard-on normal configuration as well
as for the canard-off configuration. The investiga-
tion of both cases yields the possibility of com-
parison between corresponding results, so interfe-
rence effects can be detected easily. Because a
conventional five-hole probe was used, these meas-
urements were limited to flow fields without vor-
tex breakdown. The angle of attack was therefore
chosen at o = 8.7°.
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Fig. 4: Direct comparison of the upper surface-
pressure distributions between the ca-
nard-off and the canard-on normal con-
figuration at ¢ = 8,7° and Re = 1.4-10°



Fig. 5: Upper surface oilflow-pattern at o
b) canard-on normal configuration

4.1 Documentation of the three-dimensional flow
field for the canard-off configuration

The documentation of the three-dimensional
flow field for the canard-off configuration was
carried out at several plans { _ = const., see Sec-
tion 3.2. The obtained results are all very simi-
lar, which is due to the "conicality" of the flow,
see Figs. 3a and 5a. Therefore only results of the
measurements for one plane & const. will be pre-
sented here.

Fig. 6 shows the results, which were obtained
in the measuring plane {_ = 0.8. It presents lines
of constant total pressure c_, see Fig. 6a, lines
of constant dynamic pressure’ ¢ , see Fig. 6b, as
well as the velocity vector comgonent in the meas-
uring plane, see Fig. 6c. The isobars of total
pressure in Fig. 6a clearly indicate those regions
of the flow field, where energy losses are present.
Above the centre part of the wing as well as above
the fuselage these losses emanate from the corres-
ponding boundary layers. Local flow separation may
be present in the region of the wing-fuselage junc-
tion and also on the fuselage, but these phenomena
are too small and too close to the wall in order to
be detected with the five-hole probe used in this
investigation. The large total pressure loss region
in the right-hand part of the figure is due to the
leading-edge vortex system. The centre of the pri-
mary vortex is found at the location of minimum
total pressure, which is at n_= 0.82 and ¢
0.06. This vortex is accompanied by a secondary
vortex, which is due to secondary flow separation
below the primary vortex. The centre of the secon-

8.7° and Re
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1.4.108 a) canard-off configuration

dary vortex lies at approximately ﬁ = 0.93 and
cw 0.02. The secondary vortex is rather small,
because the boundary layer on the wing beneath the
primary vortex is turbulent. For this reason secon-
dary flow separation occurs rather close to the
leading-edge, which leads to a small secondary vor-
tex. This effect has been investigated for delta
wings by D. Hummel37. The location of the vorticity
sheet coming from the leading-edge is indicated by
a dash-dotted line. It was found by searching for
relative minimum values in the total pressure dis-
tribution.

Fig. 6b shows the isobars of dynamic pressure
and Fig. 6c presents the projection of the corres-
ponding velocity vector into the measuring plane.
The boundary layers on the wing and on the fuselage
are clearly indicated by a loss in dynamic pres-
sure, The centre of the primary vortex at = 0.82
and [, = 0.06 lies in a region with a relative mi-
nimum of dynamic pressure. Also the secondary vor-
tex is indicated by a region with low dynamic pres-
sure. Below the centre of the primary vortex an
increase of dynamic pressure is present, which
leads to a relative maximum there. A second rela-
tive maximum appears above the centre of the pri-
mary vortex just outside of the region, where total
pressure losses are present, see Figs. 6a and 6b.
From this presentation it is obvious, that at the
test Reynoldsnumber of Re = 1.4.106 the velocity
distribution within the wing vortex system is
strongly influenced by viscous effects in a rather
large area around the centre of the primary vortex.
The increase of velocity on a line from above the
primary vortex through its centre is stopped at the
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Fig. 6: Results of flow-field measurements over the canard-off configuration at g

Re
vector into the measuring plane

border, where total pressure losses start to domi-
nate the flow. Beginning there, the velocity vector
decreases as the centre of the vortex is approa-
ched, see Fig. 6c. This type of velocity field is
well known for trailing vortices behind wings with
attached flow, which are mainly under the influence
of viscous decay, as described by C.W. Oseen38,
B.G. Newman39 and D.S. Dosanjh, E.P. Gasparek and
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= 0.8, o = 8,7° and

1.4.108 a) total pressure isobars b) dynamic pressure isobars c) projection of the velocity

S. EskinaziV for example. The shape of the velo-
city field within the leading-edge vortex of this
wing here is very different from the velocity field
of a potential vortex. The results given in this
section can now be used for comparison with the
measurements above the canard configuration, which
will be presented in the following section.



4.2 Documentation of the three-dimensional flow
field for the canard-on configuration

The documentation of the three~dimensional
flow field for the canard-on normal configuration
is performed with the presentation of total pres-
sure isobars for each measuring plane. The results
of the investigations above the forward part of the
wing of the normal configuration are given in Fig.
7. The first measuring plane is located at .the apex
of the wing at § = 0, which is equal to £ =
1.125. The result is shown in Fig.7a: Regions of
total pressure loss indicate the fuselage's boun-
dary layer and the inner portion of the canard's
trailing-edge wake, which is a vorticity sheet. In
the region of 0.7 £n_ S5 1.1 a relatively large
area of total pressure Eosses represents the vortex
system of the canard. This vortex system consists
of the canard's primary vortex with its centre at
N, = 0.8 and of the already fully developed trai~-
ling-edge vortex at n_ = 0.93. At this measuring
station the secondary Vortex can hardly be detec-
ted, because it has no longer been fed with vorti-
city since it left the canard's trailing-edge. Both
vortices though are counterrotating with respect to
the primary vortex. A detailed survey on the devel-
opment of a delta-wings's trailing-edge vortex and
the behaviour of the secondary vortex is given by
D. Hummel”’. The results according to Refs. 33 and
34 have revealed, that there exists almost no in-
fluence of the wing on the canard at this angle of
attack of @ = 8.7°, Therefore the result of Fig. 7a
can be also considered as a documentation of the
flow behind a delta wing without interference.

The results of the second measuring plane at
E = 0.3 are given in Fig. 7b. Again total pressure
losses indicate where the boundary layer of the
fuselage is located. Detailed investigations of the
flow above the fuselage were not performed. The
vorticity sheet coming from the trailing-edge of
the canard has "touched" the upper surface of the
wing for n_ = 0.6. Therefore in this region a fu~
sion of the canard's vorticity sheet with the suc-
tion side Roundary layer of the wing has taken
place. For n_ 2 0.6 the vorticity sheet has again
separated from the wing and it rolls into the ca-~
nard's vortex system. The centre of the ,primary
vortgx of the canard can be detected at n_ = 1.1
and L = 0.4 by the absolute minimum of total pres-
sure. The trailing-edge vortex has turned around
the primary vortex in the sense of rotation of the
primary vortex. During this process the correspon-
ding total pressure losses are spread out and their
intensitiy is weakened considerably. At this meas~
uring station only a very small primary vortex at
the wing is present. This is due to the strong ca-~
nard induced downwash at the wing leading-edge, see
Fig. 4a.

The results of the third measuring plane at
£ = 0.6 are given in Fig. 7c. The process of fu-
sion between the vorticity sheet from the canard
and the suction side boundary layer of the wing has
advanced. This leads to a rather thick layer of
total pressure losses on the suction side of the
wing. The vorticity sheet separates again from the
wing at approximately n_ = 0.45 and rolls into the
vortex system of the canard, which,&ies with the
gentre of its primary vortex at nw = 0.5 and
L= 0.31. The pressure losses associated with the
trailing-edge vortex have rotated further around
the primary vortex in the sense of rotation of the
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primary vortex. The level of these pressure losses
has also further decreased. At this station the
canard vortex system is completely within the local
wing span and the induced velocities of this system
at the leading-edge of the wing are therefore di-
rected upwards. This situation favours flow separa-
tion at the wing leading-edge and a relatively
large area of total pressure losses associated with
a wing vortex system can be found above the wing.
The centre of the primary vortex lies at = 0.87
and ¢, = 0.06, whereas the centre of the corres-
ponding secondary vortex 1lies at n_ = 0.95 very
close to the wing surface. The small secondary vor-
tex indicates that the flow beneath the primary
vortex is turbulent. The relative size of the wing
vortex system is considerably smaller than in the
non-interfering case, as it is revealed in a com-
parison with Fig. 6a, which is valid since the flow
over the wing without canard is fairly conical.

Fig. 8 presents the results of the flow field
measurements for the fourth station at ¢ = 0.8,
which are presented in the same manner like it was
done for the non-interfering case at the same meas-
uring station in Fig. 6. Fig. 8a shows the isobars
of total pressure. Compared with the results of the
upstream station at §_= 0.6, see Fig. 7¢, no prin-
cipal differences can be found. Only the relative
size of the wing vortex at gw = 0.8 has grown
slightly, but it has not yet reached the relative
size of the wing vortex in the non-interfering
case, which is revealed through a comparison be-
tween Figs. 8a and 6a. Fig. 8b shows the isobars of
dynamic pressure. The wing vortex is dominated by
strong viscous effects in the same manner as it was
found for the non-~interfering case, see Fig. 6b. At
the location of the canard vortex system a rela-
tively flat distribution of dynamic pressure with
small gradients can be found. The projection of the
local velocity vector into the measuring plane in
Fig. 8c shows a distinctly rotating velocity field,
which still indicates the location of the canard
vortex over the wing. The presentation of the re-
sults from above the wing of the normal configura-
tion shows, that the canard vortex system is moved
inwards and downwards towards the wing surface as
it passes downstream.

Fig. 9 presents the results of the flow field
measurements behind the wing. The situation just
downstream of the trailing-edge at ¢ = 1.01 is
given in Fig. 9a. The process of fusion between the
vorticity sheet from the canard and the suction
side boundary layer of the wing has led to a rather
thick wake coming from the trailing-edge of the

wing for n_ £ 0.45. The vorticity sheet of the ca-
nard separates from this wake and rolls into the
canard vortex system as observed earlier. The total
pressure losses of the canard vortex system still
show regions, which can be associated with the ca-
nard's trailing-edge vortex. The relative size of
the wing vortex has grown again. A comparison with
Fig. ®6a reveals, that the wing vortex has now
reached the same relative size as the wing vortex
of the non-interfering case. The canard induced
upwash along the wing leading-edge causes an in-
crease of effective angle of attack there, which in
turn supports flow separation at the leading-edge.
This mechanism is responsible for the growth along
the leading-edge from the almost negligibly small
vortex at ¢ _ = 0.3, see Fig. 7b, up to the same
relative size of the vortex of the non~interfering
case, which is reached at the trailing-edge of the
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wing, see Figs. 9a and 6a. This means also, that accompanied by a distinct counter-rotating trai-

the wing vortex of the canard configuration is fed
with vorticity in a different manner along the
leading-edge than in the non-interfering case. The
presentation of the preceding figures also indi-
cates, that the flow over the canard configuration
is highly non-conical.

The results of the measurements in the last
plane at £ = 1.125 are presented in Fig. 9b. Con-
cerning the canard vortex system principal changes
have not occurred. The wing primary vortex is now
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ling-edge vortex. At n 0.42 one can detect a
small relative minimum of total pressure in the
wake coming from the wings's trailing~edge, which
results from the separation process between the
vorticity sheet from the canard and the suction
side boundary layer of the wing. This relative mi-
nimum may represent the total pressure losses of a
small vortex, which lies inside the trailing-edge
wake. This vQrtex may also be present already above
the wing at n_ = 0.47, see Fig. 8a. The correspon~
ding oil flow pattern supports this idea, see Fig.
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5b: In the vicinity of the trailing-edge at approx-
imately n_ = 0.42 a slight convergence of the wall
streamlines is observed, which might be an indica-
tion of small and local flow separation. Unfortu-
netly this phenomenon is too small in order to be
resolved properly with the five-hole probe in use
or even with the given surface~pressure distribu-
tion measurements, because the distance between two
pressure tabs of A"w = 0.1 is relatively large.

Another outcome of the flow-field measurements
is the distribution of the static pressure in each
measuring plane. Because of limited space these
results will not be presented here. Only a conclu~
sive overview is given in Fig. 10. This figure re-
presents the distribution of minimum static pres-
sure in each measuring plane as a function of the
longitudinal coordinate £ _. Minimum static pressure
always occurs in the centre of the primary vorti-
ces. Fig. 10 shows for the non-interfering case a
constant value of minimum static pressure in the
centre of the primary vortex over the wing, which
experiences a steep positive pressure gradient as
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Fig. 11: Schematic overview of the flow field above the canard-on normal configuration at low angle of

attack and inviscid flow

the trailing-edge is approached. This behaviour
again indicates, that the flow around the canard-
off configuration is fairly conical above the for-
ward part of the wing. It is known from Refs. 33
and 34, that the flow over the canard is not sig-
nificantly influenced by the wing at this angle of
attack. Therefore the distribution of minimum sta-
tic pressure for the non-interfering case is also
used for the canard of the normal-configuration,
see Fig. 10. Through this method one achieves the
distribution of minimum static pressure in the
centre of the canard's primary vortex from above
the canard to a point downstream of the wing trail-
ing-edge: Over the canard the already discussed
pressure distribution is present. From the trail~
ing~edge of the canard to the apex of the wing the
the minimum static pressure increases further. Over
the wing the value of minimum static pressure
within the canard's primary vortex decreases and
towards the trailing-edge of the wing the value of
minimum static pressure increases again, but not as
steep as in the vicinity of the canard's trailing-
edge. The decrease of minimum static pressure above
the wing is caused by the wing flow. It is due to
the 1ift, which is generated by the wing. This de-
crease of static pressure can be interpreted as an
acceleration of the vortical flow coming from the
canard. At larger angles of attack, when the canard
vortices burst above the canard, this situation is
responsible for the process of restoring the burst
canard vortices back into a non-burst state. This
phenomenon is documented in detail in Refs. 33 and
34 already. Finally the distribution of minimum
static pressure of the wing vortex of the normal-
configuration shows much lower values than for the
non-interfering case. This again is an illustration
of the nonuniform vorticity feeding mechanism of
the wing vortex at the canard configuration.

At the end of this documentation Fig,ll gives a
global overview of the three-dimensional flow field
above the canard-on normal configuration as it is
understood by the authors. For this presentation
the effects of viscosity have been neglected, wing
and canard are considered to be flat plates and no
fuselage is taken into account. Fig. 11 illustrates
how the canard vortex system develops and how this
system is located above the wing. The shaded area,
which lies in Fig. 11 towards the centre line of
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the configuration, shows that region of the wing,
where the vorticity sheet of the canard joins the
suction side boundary layer of the wing, as docu-
mented in the preceding figures. This means for the
simplified case of Fig. 11, that the free vorticity
sheet coming from the canard joins the wing~fixed
vorticity sheet. Therefore in the shaded region of
the wing instead of two only one combined vorticity
sheet is present. Finally behind the wing one can
clearly see a system of four vortices on the right-
hand side of the configuration. These vortices were
generated during the course of the flow and there
is one primary vortex each for canard and wing,
which is accompanied by a corresponding trailing-
edge vortex after having left either canard's or
wings's trailing-edge. These vortices are already
existing in non-viscous flow. Fig. 11 demonstrates
the complexity of the flow and it gives a guideline
for numerical simulators in the sense, that it
shows all those features of the flow, which should
be an outcome of an inviscid flow theory.

5. Conclusions

Comprehensive aerodynamic investigations have
been carried out on a close-coupled A = 2.31 delta-
canard configuration at 1low speed. Results of
three-component, surface-pressure and flow-field
measurements as well as oilflow patterns are pre-
sented for the canard-off and the canard-on con-
figuration. The flow-field measurements were car-
ried out at a 8.7°, where vortex breakdown is not
present over the configuration.

Major findings of these investigations are:
1) The vortices existing in both cases are strong-
ly influenced by viscous effects at the test
Reynoldsnumber of Re 1.4+108. In regions with
total pressure losses, ¢ < 1, a considerable
decrease of flow velocitg is present, if the
centre of a vortex is approached. In a numeri-
cal simulation this phenomenon will turn out by
taking into account viscous effects properly.

2) The canard vortex system passes the wing lea-
ding-edge relatively high above the configura-

tion. Through wing influence this system is



3)

4)

moved above the wing inward towards the centre
of the configuration and also downward towards
the wing surface. The canard vortex system con-
sists of the canard's primary vortex as well as
the corresponding trailing-edge vortex, which
develops just downstream of the canard. This
vortex system keeps its structure up to sta-
tions downstream of the wing trailing-edge.

Due to induced velocities the vorticity sheet
coming from the canard's trailing-edge is moved
towards the upper wing surface, which leads to
a fusion between this vorticity sheet and the
suction side boundary layer in the inner por-
tion of the wing surface. In non-viscous flow
this process is equivalent to a fusion of the
free canard vorticity sheet with the wing bound
vorticity sheet. Beneath the canard vortex the
vorticity sheet of the canard separates from
the wing surface again and it rolls into the
canard vortex system.

Because of the canard's downwash at the lead-
ing-edge in the forward, inner portion of the
wing the effective angle of attack is reduced
there considerably. This leads to a suppression
of flow separation and the formation of the
wing leading-edge vortex is therefore delayed
until the canard's induced upwash supports flow
separation. Because of the nonuniform distri-
bution 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 it is known from the non-interfering case.
Nevertheless at the wing trailing-edge the same
relative size and position of the wing vortex
is reached as in the non-interfering case. The
wing vortex system of the canard configuration
is therefore highly non-conical.
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