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Experimental and Nonlinear Vortex Lattice Method Results for
Various Wing-Canard Configurations

J. Rom,* B. Melamed,t and D. Almosnino
Technion— Israel Institute of Technology, Haifa 32000, Israel

Experimental measurements of the aerodynamic characteristics of five close-coupled wing-canard configu-
rations up to moderately high angles of attack are used to evaluate the ability of the nonlinear vortex lattice
method (NLVLM) to calculate the aerodynamic characteristics of such configurations. The longitudinal aero-
dynamic coefficients, the rolled-up vortex trajectories, and the pressure distributions are compared for the five
wing-canard configurations, as well as for the three wing planforms for which experimental data is available.
The investigation includes the effects of varying the canard deflections and the canard positions relative to the
wing of the various configurations. The lift- and induced-drag coefficients which are evaluated by the NLVLM
for the wing-canard configurations are found to be in good agreement with the experimental data up to the
angle of attack of 20-25 deg. The NLVLM works even better for wings alone in that the pitching moment can
also be well-predicted. Therefore, this analysis tool can potentially be used in the ‘‘design by analysis’’ process
employed during the preliminary design for wing-canard configurations.

Nomenclature

=

aspect ratio

wing span, mm

induced-drag coefficient based on wing planform
area

lift coefficient based on wing planform area
pitching moment coefficient based on wing area
and wing root chord

pressure coefficient when Ap is the “lifting”
pressure, Ap/0.5p. V2

wing root chord, mm

drag force, kg

height of canard above wing plane/c

= lift force, kg

Reynolds number based on wing root chord
velocity, m/s

distance from wing apex to canard apex/c

= coordinate in the spanwise direction/c

angle of attack

canard deflection angle relative to wing

density
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Subscripts
c = canard
© = free stream conditions

Introduction

T is by now well-established that higher lift coefficients

can be achieved on slender wing configurations by the use
of aerodynamic means that stabilize the free rolled-up vortices
and/or delay vortex breakdown at high angles of attack. At
increasing angles of attack, the lift due to these vortices is
increasing as long as the rolled-up vortices remain coherent
and stable. Such enhancement of the leading-edge vortices is
obtained by the close-coupled wing-canard configuration. The
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canard vortices interact with the wing vortices in such a way
as to stabilize the free rolled-up vortices to higher angles of
attack and also delay the vortex bursting. This results in the
extension of the useful range of the angles of attack enabling
higher values for the maximum lift coefficients for the wing-
canard configurations. Similar effects of enhancing the co-
herence of the free rolled-up vortices and delaying vortex
breakdown is also achieved by various devices such as leading-
edge extensions (LEX), “saw tooth” extensions, strakes and
vortex generators, and by blowing of jets.

The close-coupled wing-canard configuration has the ad-
ditional advantage of utilizing the movable canard as an aero-
dynamic control surface. In this case the movable canard gen-
erates (in addition to its lift and pitching moment) strong
vortices that augment the strength of the wing’s rolled-up
vortices, resulting in an increase of the total lift at higher
angles of attack. The flowfield generated at these vortices will
cause an upwash on the canard due to the wing, and a down-
wash on the wing due to the canard that will affect the lift
forces and the pitching moments on each one of these surfaces
and, therefore, the total lift and the trim and control effec-
tiveness of the wing-canard configuration. In the present in-
vestigation we will examine the capabilities of the nonlinear
vortex lattice method (NLVLM) to evaluate the aerodynamic
characteristics of the wing-canard configuration which is dom-
inated by the interactions between the canard and the wing
vortices. '

It is generally assumed that the vortex flow over the slender
wing with or without the canard can be predicted with rela-
tively good accuracy by inviscid methods of analysis. It is clear
that the generation process of the free vortices, which is started
by the separation of the vortical shear layer from the body
and/or the wing’s surface (or at the sharp leading edges), is
due to viscous effects. These viscous effects may be viewed
as the result of the strong interaction between the viscous flow
near the surfaces with the inviscid external flow. It is then
assumed that once the shear layers separate from the surfaces
or leave the sharp leading edges they then roll up into the
known “rolled up vortices,” and from then on the resulting
flow is dominated by the inviscid vortical flow characteristics.
This hypothesis is the justification for the various panel meth-
ods as well as the justification for the application of the re-
cently developed Euler code methods (Refs. 1-4). The com-
plexity, the difficulty, and the high costs of the Euler code
calculations for practical aerodynamic configurations at sub-
sonic speeds is still rather formidable.® One of the objectives
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of this article is to show that it is possible to obtain reasonably
accurate values for the aerodynamic characteristics of wing-
canard configurations in subsonic flows by the use of the much
simpler and the much more economical (in computer re-
sources) NLVLM presented in Refs. 6-9, and an improved
version'® will be used in this article.

The NLVLM is a modification of the classical vortex lattice
method (VLM)!! by adding the effects of the rolling-up of
the free vortices in the computation scheme (as detailed in
Refs. 6 and 7) for the calculations of the aerodynamic param-
eters of wings, including the close coupled wing-canard con-
figurations. The application of the NLVLM to slender bodies
and lifting surfaces of various cross sections is presented in
Refs. 8 and 9. An improved version of the NLVLM is pre-
sented in Ref. 10. A brief review of the method and descrip-
tion of the recent improvements in the calculation scheme are
included in this article.

Method of Calculation

The first step in the NLVLM calculation is to divide the
surfaces of the configuration to small panels (quadrilateral or
triangular) and to imbed the appropriate potential singular-
ities in each one of these panels, these are the elementary
solutions to the Laplace equation such as horseshoe line vor-
tices and source distributions. In the classical VLM the trailing
vortices are kept in the plane of the lifting surfaces, therefore,
all the aerodynamic coefficients vary linearly with angle of
attack. In the NLVLM the trailing vortices are allowed to
detach from the lifting surfaces into the freestream and follow
the streamlines into the rolled-up vortex structure. For thick
wings and for bodies, the thickness effects are accounted for
by the superposition of potential sources which are distributed
on the panel surfaces. In the cases of wings with rounded
leading edges and bodies of various shapes, it is required to
determine (independently) the shape and the position of the
separation lines.

a) European model A

NONLINEAR VORTEX LATTICE METHOD

The strength of the vortices in each panel and the induced
flowfield are then calculated by solving the matrix equation
using the procedures presented in Ref. 10. The trailing vor-
tices are allowed to leave the lifting surfaces at all edges and
on bodies along specific separation lines. The trajectories of
the free vortices are calculated imposing a cutoff distance
parameter to join vortices as they approach this limiting dis-
tance. The induced velocities and the vortex strengths are
calculated by a double iterative procedure—an inner itera-
tion, and then the full iterative cycle. The program was mod-
ified to insure better criterion for convergence. The conver-
gence is insured by checking the deviations of the values of
the strength of all bound vortices in all panels (as was already
done in Ref. 12 for slender bodies) and also the convergence
of the trajectories of all free vortices at every point of the
calculated trajectories. The application of these two conver-
gence criterions insures that both the lift coefficient and the
pitching moment coefficient as well as the pressure distribu-
tion are converged.

Close-Coupled Canard-Wing Configurations

Experimental data on five wing-canard configurations (Figs.
la—e) are available and published in Refs. 13-20. These ex-
periments also include data for the wings along (canard off
cases). It is therefore possible to compare the aerodynamic
characteristics evaluated by the NLVLM with the experi-
mental data.

Two of these configurations are the European test models
used for computer code verification—models A and B, shown
in Figs. 1a and 1b. Details of model A are given in Refs. 14
and 15, and the details of model B in Ref. 16. The other three
models are the Technion models—the cropped wing-canard,
the wide canard, and the narrow canard shown in Figs. lc,
1d, and 1e, respectively. Details of the cropped wing-canard
are given in Ref. 13, and those for the wide and narrow
canards in Refs. 17-19.

¢) Cropped-delta

d) Wide canard

e) Narrow canard

Fig. 1 Five wing-canard models.
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The European model A (Fig. 1a) has a 60-deg triangular
wing and a 60-deg triangular canard; both wing and canard
are of AR = 2.31. The wing span is 600 mm and the canard
span is 40% of the wing span. Both are attached to a flat
fuselage where the canard can be placed at various vertical
and horizontal positions in relation to the wing, and the canard
can also be deflected as shown in Fig. 1a. The experiments
are conducted with the canard trailing edge just forward of
the wing apex, and the canard vertical position is 4% of wing
chord above the wing plane.

The European model B (Fig. 1b) has a cropped delta wing
with AR = 1.38, 65-deg swept leading edge and the wing
span is 412 mm. The canard has 60-deg sweep for the leading
edge and 35-deg swept back trailing edge (as seen in Fig. 1b)
with AR = 1.65, and the canard span is 44% of the wing
span. The horizontal position of the canard is so that the apex
of the trailing edge of the canard is at the wing apex and the
canard vertical position is at 4% wing chord above the wing
plane.

The Technion cropped delta (CD) model (Fig. 1c) is the
model investigated in Ref. 13. The wing planform is a mod-
erate AR cropped delta having a triangular angle of 59 deg
and AR = 1.85 and a small trailing edge sweep angle of 4.1
deg and the wing span is 212.8 mm. The canard planform is
the same as that used in the wide canard model, with AR =
2.9, and an area which is 18% of the wing area and the canard
span is 113 mm. The canard can be positioned at various
horizontal and vertical stations in relation to the wing. The
experiments are conducted for the canard at 9% of wing root
chord above the wing plane.

The Technion wide canard (WC) model (Fig. 1d) has a 60-
deg triangular wing (AR = 2.31) and the span is 288 mm,
and it has a canard which is a cropped delta with a 60-deg
swept leading edge and 35-deg swept back trailing edge (AR
= 2.9). The Technion narrow canard (NC) model (Fig. 1¢)
has a 60-deg triangular wing (AR = 2.31) and the span is 288
mm and it has a canard which is a 75-deg swept leading-edge
delta (AR = 1). These models are similar to those used in
the investigation presented in Ref. 17 except that in the pre-
sent tests the wing has sharp leading edges and a flat upper
surface. The canard can be placed at various vertical and
horizontal positions and also can be deflected by the use of
a series of spacers. The experiments are conducted for the
canard at 14% of wing root chord above the wing plane.

Presentation and Discussion of Results

The NLVLM program enables the calculation of the vortex
trajectories, the bound vortex strength (aerodynamic loads)
in each panel of the wing and each panel of the canard, as
well as the velocity vector field over the configuration and its
wake. The results can be presented as aerodynamic forces
and moments variation with angle of attack, trajectories of
the free vortices over the configuration, and its wake and
velocity vector field at various cross sections around the con-
figuration.

As a first test, selected experimental aerodynamic coeffi-
cients for the two wing planforms alone (the wings of Euro-
pean models A and B) are compared with the calculated
NLVIM results in Figs. 2 and 3. The agreement between the
experimental data and the NLVLM calculations is very good
for both the lift- and induced-drag coefficients (corrected for
the friction drag by subtracting the measured drag at zero
angle of attack) as well as for the pitching moment coefficients
up to angles of attack of 17-20 deg for the delta wing of
model A and up to 25 deg for the cropped delta wing of model
B. The NLVLM results are higher than the experimental data
for the higher angles of attack since vortex breakdown reaches
the trailing edges of these wings at an angle of attack of about
14-17 deg, resulting in a loss of vortex lift and the corre-
sponding effect on the pitching moment. Some of the differ-
ences may be attributed to the presence of the fuselage whose
effect is to lower the experimental values of the lift coeffi-

cients. Comparison of the experimental and calculated lift
coefficients of the wing alone of the cropped delta model is
included in Fig. 4 where the lift coefficients for the cropped
delta canard configuration are also included.

The lift, induced drag, and pitching moment coefficients
for the other wing-canard configurations are presented in Figs.
5-8. The resuits for the European model A at canard de-
flections of 8, of —12, 0, and +12 deg are presented in Fig.
5, and for model B with zero canard deflection, 8. = 0, are
presented in Fig. 6. Comparing the experimental data and the
NLVLM calculated results indicate very good agreement for
the lift- and induced-drag coefficients for angles-of-attack of
20 deg and the NLVLM results are only 5% higher at « =
25 deg. However, the pitching moment results are different.
There is some agreement at low angles of attack, but large
differences at increasing angles of attack.

The effects of canard deflections on the aerodynamic coef-
ficients of the European model A are shown in Fig. 5. The

O CANARD OFF CONFIGURATION
® NLVLM CALC.
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Fig. 2 Aerodynamic coefficients of the 60-deg delta wing.
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Fig. 3 Aerodynamic coefficients of the wing of model B.
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canard deflection has a small effect on the lift coefficient as
is well-predicted by the NLVLM calculation. Again, the
agreement in the case of the lift coefficient is very good up
to 25 deg. In the case of the pitching moment coefficient the
NLVLM is able to predict the effect of canard deflection at
low angle of attack, but the error becomes large as the angle
of attack increases.

The results for the wide canard and narrow canard models
are shown in Figs. 7 and 8. The canards are positioned at only
one height of 14% wing root chord above the wing since
previous investigation (Ref. 13) indicated that the vertical
height of the canard when it is above the wing has only a
small effect on the aerodynamic characteristics. Measure-
ments and calculations are conducted on the wide canard
model for three canard horizontal positions: 1) apex of canard
at the same horizontal position of the apex of wing, X = 0;
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Fig. 4 Lift coefficient of the cropped delta model.
18 [NLVLN ExP oL
. 0 3¢a- 120
CL ) o 8¢+ 0°
v v 8c=*12¢
Lo

0.3

Fig. 5 Aerodynamic coefficients of the wing-canard European model
A at various canard deflections.
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Fig. 6 Aerodynamic coefficients of the wing-canard European model
B at zero canard deflection.
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Fig. 7 Aerodynamic coefficients of the wide canard model for canard
deflections of —10, 0, +15 deg and X = —0.1.

2) apex of canard 10% of wing root chord ahead of wing apex,

X = —0.1; and 3) apex of canard 37% of wing root chord
ahead of wing apex, X = —0.37. On the narrow canard model
two horizontal positions of the canard apex, at 25 and 73%
of wing root chord ahead of the wing apex, X = —0.25 and
—0.73 are used. The results indicate that as the canard is
moved forward, the lift and drag coefficients variation is not
affected much, and only the maximum lift coefficient increases
slightly. The increase in the maximum lift coefficient is about
10% at the most forward position for both the wide canard
and narrow canard models. Therefore, only the comparisons
of the measurements with the calculated results for the wide
canard positioned at X = —0.1 are shown in Fig. 7, and for
the narrow canard positioned at X = —0.25 in Fig. 8. The
measurements show that the canard deflection has practically
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no effect on the lift coefficients up to very close to the max-
imum lift, while the maximum lift coefficient is slightly higher
for positive canard deflection. There is an increase in the
induced drag particularly at higher angles of attack as the
canards are deflected and there is a marked effect on the
pitching moment— higher moments for positive deflection and
lower moments for negative deflection. It is seen that the lift
force on the wing-canard configuration remains almost in-
dependent of the relative angle between the canard and the
wing because the lift forces on the canard increase as the
canard angle of attack increases, while the lift on the wing
decreases so as to cancel most of the additional lift of the
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Fig. 8 Aerodynamic coefficients of the narrow canard model for
canard deflections of —10, 0, +15 deg and X = —0.25.

-40 -
I~ % | ExP NLVLM
cp 025 —a— | —a=
0.70] —o— | —-e--
085 —o— | —@--
-30r a= 18°
PPER SURFACE
20 v s
-lof »
rd
- »
- _./"( A o SN
oo &=
1.0 1 ] ] = 1
00 05 y 10

Fig. 9 Pressure distribution on the wing of the wide canard wing-
canard model B at « = 18 deg.

canard. The NLVLM calculations results are in very good
agreement for the lift and induced drag data, however, there
is a large difference in the pitching moments. This large dif-
ference in the pitching moments can be also deduced from
the large differences between the calculated and measured
pressure distributions (presented in Fig. 9) for the wide canard
configuration. The calculated pressure distribution fail to ob-
tain the high suction on the forward part of the wing. On the
rear part of the wing the calculations seem to spread the low
pressure due to the vortex over a larger part of the span and
shift the much lower peak inwards. The “spread” of the suc-
tion over the wing in the NLVLM calculation results in lift
values which are found to be in reasonable agreement with
the experimental data, but there is a large difference in the
pitching moment. It should be noted that the differences be-
tween the measured and calculated positions of the aerody-
namic center are in the range of 2—5% of the mean aerody-
namic chord.

Photographs of the positions of the cores of the canard and
wing vortices above the wing surface using a schlieren optical
system were presented in Ref. 17. Some indications as to the
ability of the NLVLM to obtain the vortex trajectories can
be seen from the side-by-side comparison of the measured
vortex core positions with the calculated vortex trajectories
on the narrow canard model as shown in Fig. 10. It can be
seen that the calculated vortex trajectories emanating from
the canard into its wake (describing the canard vortex) and
flowing over the wing—shown in the right side, seem to agree
reasonably well with the position of the core obtained in the
schlieren photograph—shown in the left side. However, the
rolling up of the vortex trajectories emanating from the lead-
ing edge of the wing is seen to be very slow on the forward
part of the wing so that the rolling up is delayed to the rear
part of the wing. This discrepancy in the vortex trajectories
can be used to explain the discrepancies in the pressure dis-
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Fig. 10 Schlieren photograph visualization of vortex cores on the
narrow canard model at &« = 17 deg-—left side; and the calculated
vortex trajectories by the NLVLM —right side.
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Fig. 11 L/D ratio variation with angle of attack for the wide canard
model.

tributions and in the evaluation of the pitching moment, as
discussed previously.

In addition to the maximum lift and the pitching moments
which are affected by the canard and by its deflections, a most
interesting effect is observed in the variation of the L/D ratio
at various canard deflection angles as a function of the angle
of attack as presented in Fig. 11 for the wide canard model.
The experimental results show a relatively large reduction of
the L/D ratio due to positive (and somewhat less for negative)
canard deflection for an angle-of-attack variation between 2—
10 deg with some effect maintained up to 15 deg.

Conclusions

The present study of various wing planforms and wing-
canard configurations and the comparison between the aero-
dynamic characteristics evaluated by the NLVLM program
and the experimental measurements can be used to examine
the merit of the NLVLM as a working program for aerody-
namic analysis. Although the fuselage was not included in the
present study, it is possible to simulate a complete aircraft
configuration by the NLVLM program.

The studies of the wing-canard configurations indicate that
a positive canard deflection causes a slight increase in the
maximum lift of the configuration while having only small
effect on the variation of the lift as a function of angle of
attack. There is also an increase in the induced drag partic-
ularly at high angles of attack. The main effect is the variation
of the pitching moments due to canard deflection angles. There
is also a very interesting effect of a marked decrease of the
L/D ratio at positive canard deflections for small-to-moderate
angles of attack.

The evaluation of the usefulness of the NLVLM program
by the comparisons of the calculation results with the exper-
imental data shows that the NLVLM program can be used to
estimate the lift and induced drag of wing-canard configura-
tions reasonably well. It is also shown that this method works
even better on isolated wings in that the pitching moment can
also be well-predicted.

Considering the fact that the NLVLM program requires
much less computer resources and can be used with very short
turnaround time in comparison with Euler code calculations,
these lead to the conclusion that this analysis tool can poten-
tially be of use in the design by analysis process employed
during the preliminary design for wing-canard configurations.
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