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Low-Speed Aerodynamic Characteristics of Close-Coupled
Canard Configuration at Incidence and Sideslip

G. Bandyopadhyay*
Indian Institute of Technology, Kharagpur, 721 302, India

A numerical method has been developed for the prediction of low-speed aerodynamic characteristics of close-
coupled canard configurations at zero and nonzero sideslipping angles, taking into consideration the effect of
separation along the leading edges of the canard. The method is based on the nonplanar vortex lattice model in
which free vortex sheets separating from the leading edges of the canard and trailing edges of both canard and
main wing are represented by multiple nonintersecting line vortices. To illustrate the effect of canard leading-
edge flow separation, attached flow solutions, based on the vortex-lattice model, are also obtained for zero and
nonzero sideslipping angles. To check the accuracy of the separated flow solution, experimental tests have been
conducted in a low-speed wind tunnel on a canard model at 0- and 10-deg sideslipping angles. The comparison
shows good agreement for both cases up to approximately 16-deg incidence.

Nomenclature
Aj =influence coefficient matrix
B =influence coefficient matrix
b =span
C, =lift coefficient of canard-wing combination based

on wing area S,, = C + (8.78,)Cy,

C,,  =canard lift coefficient based on canard area S,
C,, =wing lift coefficient based on wing area S,,

C, =rolling moment coefficient

C,,  =pitching moment coefficient

c =local chord

¢ =mean aerodynamic chord

G =local lift coefficient

Cr =root chord of canard

M,N =number of spanwise and chordwise divisions of
lifting surfaces, respectively

S. =canard chordal surface area

Sw =wing chordal surface area

s =semispan

U, = freestream speed

u,v,w =perturbation velocity components

V., =local velocity at the midpoint of a vortex segment
w; =total downwash at the jth collocation point
@ =angle of incidence

B =angle of sideslip

T =wing dihedral

AT';  =vortex strength on ith panel

|6} =length of vortex segment

) = air density

Subscripts

w =main wing

c =canard

Introduction

ONSIDERABLE aerodynamic benefits can be achieved

by placing a vortex generating surface ahead of a lifting
wing. One of the most common forms of the vortex generating
surface is the canard, which is being used increasingly in the
design of modern generation combat aircrafts (e.g., XFV-
12A, SAAB Gripen, or European Fighter Aircraft).
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The main advantages of canard configurations are observed
in an enhancement of lifting capability, particularly at high
angles of attack, and in an extension of the lift curve through
the stall compared to the canard-off case. This extension of
the linear characteristics is due to a delay of the bubble-type
separation from the wing surface. This results in a reduction
of separation drag and an improved effectiveness of the aft-
located control surface.

A significant disadvantage for canard configurations is as-
sociated with the problem arising from the presence of free
vortices quite close to the configuration surface. This may
pose considerable difficulties particularly for the sideslipping
motion due to asymmetry in vortex formation. Another disad-
vantage is related to the problem of vortex breakdown at high
angle of attack, which effectively puts an operational limit on
such configurations.

To resolve these problems and to get an understanding of
the aerodynamic characteristics of the close-coupled canard
configuration, a number of experimental studies'-!° have been
conducted for the past three decades. However, the availabil-
ity of theoretical models for such configurations, even for the
symmetric problem, is not so common. The difficulty in devel-
oping theoretical models seems to get the canard-induced vor-
tex field represented properly as it passes over the wing since
the strength, shape, and position of separation vortices are all
unknowns.

For a single-wing problem involving separation along lead-
ing edges, simplified methods have been developed in the past
due to Brown and Michael,!! Mangler and Smith,'? and
Polhamus.!* These methods were followed by three-dimen-
sional techniques based on a vortex-lattice model in which sep-
aration vortex is represented by multiple line vortices. The var-
ious three-dimensional methods!4!8 use a variety of dis-
cretization schemes. Rectangular paneling is used by Mook and
Maddox!* and Kandil et al.,’> whereas in the method devel-
oped by Jepps, !¢ conical paneling is used. An unsteady vortex
lattice model using rectangular paneling was developed by
Katz!” for wings in sideslip and wings having coning motion.
A generalized method applicable for both zero and nonzero
angles of sideslip was developed by Bandyopadhyay.!® In this
method, streamwise paneling is used because of its wider ap-
plicability to arbitrary planform shapes.

With recent advancements in computer hardware and soft-
ware, efforts'®2! are being made to solve Euler and Navier-
Stokes equations for a more appropriate calculation of
leading-edge separated flows. The major advantages of such
codes lie in their ability not only to capture the vorticity at a
sharp edge or at a smooth surface but also to align the vorti-
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city with streamlines. However, these codes require large com-
puter memory space and long computing time, even for single-
wing configurations and an extension to a two-wing
arrangement would not perhaps be practicable unless compu-
tational resources are very high.

It is primarily because of this reason that attempts have
been made to develop prediction methods for canard configu-
ration by extending the vortex lattice models described earlier
to a two-wing arrangement. A method has been developed by
Kandil??> by extending the earlier model!® for single wing in
which free vortex is represented by multiple line vortices.
Another method has been developed by the Office National
d’Etudes et de Recherches Aérospatials (ONERA)?? in which
separation vortex is simulated by multiple point vortices. For
delta canard configuration, a simplified method, based on a
combination of Brown and Michael’s theory!! and the vortex-
lattice concept®* has been developed by Bandyopadhyay.® In
this method, the strength and position of separation vortices
at the canard trailing edge are computed by the method of
Brown and Michael,!! and the effect of these vortices on the
flow over the main wing are calculated by assuming that they
pass over this in chordal direction.

An attempt has been made in this paper to develop a predic-
tion method for a close-coupled canard configuration of arbi-
trary planform shape at incidence and sideslip by extending
the earlier method!® developed for the single-wing problem.
The effect of the vortices shed from the canard leading and
trailing edges on the wing surface are computed in an iterative
manner starting from an assumed initial shape. To make the
method applicable for both zero and nonzero angles of side-
slip, the entire configuration surface is discretized. Also, the
condition argued by Javed and Hancock® that for a wing
sideslipping to starboard the port tip wing loading should be
zero is not satisfied. No significant loss of accuracy will pre-
sumably arise due to this, since differences in solution® ob-
tained by models with zero and nonzero port wingtip loading
are small, particularly for small taper ratio wings.

Computer memory and time requirements for this method
are not large and results were obtained using a minicomputer.
The method will, therefore, be particularly useful in a prelimi-
nary design environment where computational resources are
limited and turnaround time on configuration is necessarily
short.
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Fig. 1 Attached flow model for canard wing in sideslip.
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To evaluate the effect of canard-induced separation vor-
tices, an attached flow model is also developed. Theoretical
solutions obtained with attached and separated flow models
are compared with experimental values obtained from the
wind-tunnel tests of a canard wing model at low speeds. Lift,
pitching, and rolling moment estimates are emphasized in the
comparison.

Mathematical Model
Attached Flow Model

To illustrate the difference with the separated flow model,
the attached flow model is described briefly. In this model,
which is based on the planar vortex-lattice theory, both the
canard and wing chordal surfaces are divided into a large
number of quadrilateral panels. On each panel a horseshoe
vortex is placed. The strength of each horseshoe vortex varies
from panel to panel. This model with sideslip involves a modi-
fication so that the trailing vortices in each panel aft of the
trailing edge are taken along the resultant flow direction rather
than along the chordal direction (Fig. 1), as shown in Ref. 25
for a single wing. To determine the strengths of the horseshoe
vortices AT'; the boundary condition of zero normal flow is
satisfied at all collocation points. This results in a system of si-
multaneous linear algebraic equations, which can be written in
matrix form as

4,1 (AT} = (W) M

J

where

=
I

—U,a + UGl for port wing

= —Uga — U,pT for starboard wing 2)
where U,, is the onset flow speed.

Once the system of linear algebraic equations, Eq. (1), is
solved, the loading on a single panel can be computed from

AF = pV, x AT'§ 3)

In the asymmetric case, both the bound and trailing vortices
on the configuration surface carry lift, and the normal force
on each panel can be computed from Eq. (3) as given in Ref.
25 as

AF, = pU AT [(y, — ¥1) + B(xq — X3)] C))

and the lift coefficient of each lifting surface can be obtained
by numerical integration as

1 NxM
€= m i§1 aF ©)
1 NxXM
o= Gpurs, B A ©
Cr= Cp, + %CLC M

where (x.,y)), (x2,¥2), (X3,¥3), (x4,y4), are the four corner
points of each panel (Fig. 1).

Pitching and rolling moment coefficients and the spanwise
load distribution can be calculated similarly by numerical inte-
gration, as shown in Ref. 25.

Separated Flow Model

The basic difference of the separated flow model with the
attached flow model is in the formation of free vortex sheets
along sharp edges where separation occurs, i.e., canard lead-
ing and trailing edges and the wing trailing edge. To simulate
separation along the canard leading edge, a horseshoe vortex
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Fig. 2 Separated flow model for canard wing in sideslip.

pattern of each of the N leading-edge panels is modified by
suppressing one of the trailing vortices (left one for port
panels and right one for starboard panels). Instead of taking it
downward to the trailing edge and then to infinity down-
stream, it is taken upward until it meets the leading edge and is
then continued into the fluid to form a free vortex line (Fig. 2).
Separation vortex sheets emanating from the canard and wing
trailing edges are, likéwise, represented by multiple free vortex
lines. Each of these free vortex lines is composed of a series of
straight line segments, except the last segment, which is semi-
infinite extending downstream. The last semi-infinite segment
is aligned with the freestream direction; however, the direc-
tions of all finite segments are unknowns and are to be cal-
culated iteratively starting from an assumed initial direction.
With a prescribed wake shape, the unknown vortex strengths
AT'; dre obtained by satisfying the flow tangency condition at
collocation points. The set of linear algebraic equations may
be given by

[B;1{AT;} = {W;} ®)
where
W; = —U,, sina cosI" + U, cosa sinf sinl' for port wing

= — U, sina cosI' — U, cosa sing sinl' for starboard wing

®

In the subsequent iterations, each finite vortex segment is
aligned with the commputed velocity at its midpoint, starting at
the separation points. In computing the velocity at the mid-
point of a finite segment, the influence of the entire vortex line
on which that segment lies is ignored, rather than just that of
the local segment, as argued by Maskew.26 With the new wake
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position, the influence coefficient matrix is recalculated from
the flow tangency condition, Eq. (8).

The iteration is terminated when the changes in lift coeffi-
cients are < 2%. Convergence is usually quick if the initial
direction of free vortex segments is taken as mean flow direc-
tion, as argued by Kuchemann,? i.e., at an angle «/2 to the
main stream.

Once the final vortex strengths are known, loading on a sin-
gle panel can be obtained from Eq. (3), as before. In the
nonplanar vortex-lattice model, V, and é are given by

V, = Uscosa cosfi—Ujcosa sinff + Usinak
+ul +vj + wk (10)
& =0xi + 6y + bzk an

The load carried by each bound vortex segment in each
panel can be obtained, as shown in Ref. 24, from Eq. (3) as

AF, = pAT[(— U, cosa sinf + v)6z — (U, sina + w)éy] (12)
AF, = pAT[(U,, sine + w)dx — (U, cosa cosB + u)dz] (13)

AF, = pA.I‘[(U<=° cosc cosf + u)dy
+ (U, cosa sin — v)éx] (14)

The load carried by each trailing vortex on the configura-
tion surface can be calculated using the previous expressions
with suitable modifications. The length of trailing vortex in
gach panel, éx, is taken as extending from the quarter-chord of
the panel to the quarter-chord of the next downstream panel;
perturbation velocity components are calculated at the mid-
point of this length. Also, §y and 6z are both zero in the pres-
ent streamwise paneling discretization scheme.

Once the total load on each panel is computed by adding the
load carried by the bound and two trailihg vortices (except the
free vortex segments), the resulting lift coefficient of any lift-
ing surface, pitching and rolling moment coefficients can be
calculated by numerical integration, as shown in Ref. 24.

Two computer programs have been developed in FOR-
TRAN IV for attached and separated flow models. To make
the programs applicable for both zero and nonzero angle of
sideslip, the complete configuration surface is discretized. No
restriction is imposed on the number of panels in the attached
flow model. However, a restriction on the number of spanwise
divisions is imposed by Almosnino® to prevent the generation
of exaggerated induced velocities on the midpoint of a free
vortex segment due to the influencing vortex segment next to
it. In the separated flow model, the same criterion is used and
the optimum lattice of 6 x 8 is used for each lifting surface.
Results are obtained on the Horizon III minicomputer.

Wind-Tunnel Testing

A flat plate canard-wing model has been tested in a low-
speed wing tunnel having test section dimensions of 60 X 90
cm. The canard is a swept wing of aspect ratio 2.9, having a
leading-edge sweep of 51.5 deg. The main wing is a moderately
swept wing of aspect ratio 3.2 having 29.3-deg sweepback and
10-deg dihedral (Fig. 3). Both canard-on and canard-off con-
figurations have been tested to study the effect of the canard
on the flow over the main wing at different angles of incidence
and sideslip.

The overall forces and moments were measured by a strain-
gauged sting balance using differencing circuits for forces and
summing circuits for moments, as described by Bernstein.?
Data acquisition and reduction were performed using an IBM
PC together with an interface circuit employing a 12-bit A/D
converter.

Experimental tests were conducted at a Reynolds number of
2 X 10° based on the root chord of the main wing. Correc-
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tions due to wind-tunnel interference effect were small and
have not been taken into account. A more detailed account of
the tests is given in Ref. 30.

Results and Discussion

Variation of lift with incidence, obtained from wind-tunnel
testing, is shown in Fig. 4 for both canard-on and canard-off
configurations for sideslipping angles of 0 and 10 deg. The ad-
vantage of using the canard is observed, for both symmetric
and asymmetric flow, in an enhancement of lift, particularly
beyond 8 deg. Also, there is an extension of the linearity of the
curve for the canard-on configuration due to a delay in
bubble-type separation on the wing surface caused by the pres-
ence of the canard. Beyond 16 deg, a non-linearity takes place,
presumably due to the effects of separation from the wing sur-
face. The figure also indicates the effect of sideslip, which
seems to be a slight decrease of lift with sideslip.

ALL DIMENSIONS ARE [N MM
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g. 3 Canard-wing model for wind-tunnel testing.
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Fig. 4 Comparison of the measured lift coefficients between the
canard-off and canard-on configurations for § = 0 and 10 deg.
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Figures 5 and 6 show the comparison of theoretical solu-
tions for C, with experimental values for 0- and 10-deg
sideslipping angles, respectively. For both cases, there seems
to be good agreement with separated flow solutions except at
higher values of incidence where flow separation begins, as in-
dicated by the change in lift-curve slope of the experimental
results around 16 deg. This discrepancy beyond 16 deg is due
to the fact that the effect of bubble—type flow separation from
the wing surface is not taken in the theoretical model.

To illustrate the effect of separation along the canard lead-
ing edge, the attached flow solution is also plotted in the same
figures. The predicted values of lift are virtually identical up to
a 4-deg incidence, beyond which the difference in two solu-
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Fig. 8 Comparison of measured and predicted rolling moment coef-
ficients vs @ at 8 = 10 deg.

tions becomes appreciable, indicating the effect of leading-
edge separation from the canard.

Both theoretical and experimental results for pitching mo-
ment are shown for 0- and 10-deg sideslipping angles in Fig. 7.
Pitching moment characteristics appear to be linear, particu-
larly for the zero sideslip case. The comparison of separated
flow solutions with experimental values appears to be reason-
able. Difference in attached and separated flow solutions
(shown for 10-deg sideslip angle) appears to be appreciable
beyond 4 deg.

A similar comparison of theoretical solutions with ex-
perimental values are shown for rolling moment in Fig. 8.
Agreement of the separated flow solution with experimental
data is reasonably good, again, except at high incidence. The
solution obtained by the attached flow theory, however,
shows considerable disagreement, even at low incidence.

Once the accuracy of the separated flow model is estab-
lished, the effects of horizontal and vertical stagger are studied
theoretically. The effect of horizontal stagger seems to be
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Fig. 9 Predicted spanwise load distribution on main wing at « = 12
deg and 8 = 10 deg.

Fig. 10 Pattern of free vortices at « = 12 deg and 8 = 10 deg.

negligible, whereas the effect of vertical stagger seems to pro-
vide a marginal increase in lift but a considerable reduction in
rolling moment (— C,). Variation of the rolling moment coef-
ficient with incidence is also plotted in Fig. 8 for a small verti-
cal stagger (//cg) of 0.2.

An explanation of these features can be obtained from the
spanwise load distribution for the 10-deg sideslipping angle
shown in Fig. 9. The asymmetry in spanwise loading is consid-
erably enhanced in a separated flow solution compared to an
attached flow solution due to canard-induced separation vor-
tices leading to an increased loading on the starboard and
decreased loading on the port. This results in a considerable
increase in the rolling moment coefficient compared to the at-
tached flow solution, whereas the difference in normal force
may be relatively small. Similarly, comparison of theoretical
solutions for zero and nonzero vertical stagger cases shows
that the effect of canard-induced vortices on wing loading is
reduced with vertical stagger resulting in a reduction in asym-
metry in the spanwise load distribution. As a result of this,
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rolling moment is considerably reduced and normal force re-
mains relatively unchanged.

Separation of free vortices from leading edges of the canard
and trailing edges of both the canard and the main wing and
the subsequent roll up is obtained by using a 6 X 8 lattice for
each lifting surface and is shown in Fig. 10.

Conclusions

Attached and separated flow models have been developed
for predicting low-speed aerodynamic characteristics of a
canard configuration at various angles of attack and sideslip.
To compare the accuracy of theoretical models, wind-tunnel
testing has been conducted in a low-speed wind tunnel. A sep-
arated flow model is shown to be capable of predicting aero-
dynamic forces and moments at moderate to high incidence
until bubble-type separation occurs. Comparison with the at-
tached flow solution indicates the effects of canard-induced
separation vortices.

The experimental and numerical results presented in this
paper illustrate some of the general longitudinal and lateral
aerodynamics of the canard configuration. Variation of lift
with sideslip seems to be small and an advantage of the canard
is observed in an enhancement of lifting capability, particu-
larly at high angles and in extending the linearity of the lift-
curve slope beyond stall, compared to a canard-off configura-
tion for both zero and nonzero sideslipping angles. The linear
characteristics are also observed for pitching and rolling mo-
ment for a canard configuration. The effect of horizontal
stagger appears to be negligible, whereas the effect of vertical
stagger is observed in a marginal increase in lift but a consider-
able reduction in rolling moment.
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