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Effect of Canard Deflection on Close-Coupled
Canard-Wing-Body Aerodynamics

Eugene L. Tu*
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The thin-layer Navier-Stokes equations are solved for the flow about a canard-wing-body configuration at

- transonic Mach numbers of 0.85 and 0.90, angles of attack from —4 to 10 deg, and canard deflection angles

from —10 to + 10 deg. Effects of canard deflection on aerodynamic performance, including canard-wing vortex

interaction, are investigated. Comparisons with experimental measurements of surface pressures, lift, drag, and

pitching moments are made to verify the accuracy of the computations. The results of the study show that the

deflected canard downwash net only influences the formation of the wing leading-edge vortex, but can cause
the formation of an unfavorable vortex on the wing lower surface as well.

Introduction

ANY modern aircraft, both operational and experi-

mental, utilize canards for maneuver control and im-
proved aerodynamic performance. In addition to providing
positive pitch control, influence of canards on wing aerody-
namics can often result in increased maximum lift and de-
creased trim drag. Canard configurations have inherently dif-
ferent stability and trim characteristics from conventional
tailplane configurations. However, with the capability of
present-day automatic control systems, the reduced or even
negative static stability of a canard configuration can lead to
improved aircraft agility and maneuverability.

Aircraft using canards as primary pitch control surfaces
often require large canard deflections. For example, the X-
31 aircraft has a long-coupled canard which deflects between
+20 and — 70 deg for pitch and recovery control.! For closely
coupled canards, a deflected canard has a more significant
effect on the canard-wing aerodynamic interaction and, con-
sequently, the aerodynamic performance of the aircraft. The
NASA X-29, SAAB Viggen, and SAAB Gripen are three
examples of fully integrated close-coupled canard configu-
rations. The X-29 has a forward swept wing and a movable
close-coupled canard which is the primary pitch control sur-
face as well as an integral component in the active control
system.2 The Viggen has a close-coupled fixed canard for high-
performance aerodynamics, while its successor, the Gripen,
utilizes movable close-coupled canards to obtain maximum
lift in maneuvering, maximum lift-to-drag ratio in cruise, and
even nose-down pitching moment during short-field landing
rollout.® Proper utilization of canards in present and future
aircraft requires an accurate understanding of their influence
on the flow structure about the wing.

At moderate angles of attack, for canards or wings with
sharp leading edges, the flow separates at the leading edge
due to the adverse pressure gradient on the leeward side. A
free vortex sheet is formed which rolls up over the upper surfaces
of the canard or wing. If the vortex is sufficiently strong, sec-
ondary, and in some cases, tertiary separations may result.
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The flow structure of highly swept or delta canard-wing
configurations is characterized by a canard downwash which
modifies the wing flowfield and an interaction between the
canard and wing vortex systems. The inboard wing flowfield
is often dominated by the canard downwash, and the outboard
is affected by the subsequent change in wing leading-edge
vortex formation and the canard-wing vortex interaction. De-
tails of a typical coplanar canard-wing flow structure are given
in Ref. 4. Deflecting the canard can drastically change the
canard-wing aerodynamic interaction. For example, the stronger
canard downwash and modified canard trailing-edge location
of a positively deflected canard will significantly change the
wing flowfield relative to that of the coplanar canard case.

Additional flow features contributing to the complex flow
structure of deflected canard configurations in the transonic
regime include secondary, trailing edge, and tip vortices, as
well as regions of shock-induced or other boundary-layer sep-
arations. In addition to off-surface crossflow shocks, a strong
primary vortex often causes the formation of a strong sec-
ondary vortex which significantly affects the surface pressures
near the canard or wing leading edge. Furthermore, trailing-
edge and tip vortices can interact with the leading-edge vortex
as it convects downstream. If these vortices are formed on
the canard, then further interaction with the wing vortex sys-
tem occurs. The boundary-layer separation due to a high angle
of attack, or induced by a strong recovery shock, is also in-
fluenced by the presence of these vortices.

The use of canards for improved performance has been
supported by numerous experimental studies as well as some
recent computational studies. Gloss and McKinney® and Gloss®’
provided insight into the effects of canard geometry and po-
sitioning on the aerodynamic loading of a typical canard-wing-
body geometry. Lacey® conducted an extensive four-volume
experimental study on the effects of canard geometry, posi-
tion, and deflection on aerodynamic loads in the subsonic to
supersonic regimes. A series of experimental studies by Gloss
and Washburn®~!! provided detailed measurements of surface
pressures, as well as integrated force quantities on a variety
of configurations and flow conditions near the transonic re-
gime. More recent experimental studies!2~!# concentrated on
the canard and wing vortex systems and provided details into
the mechanisms of their interaction. In addition to canard
sizing and positioning, Gloss et al.'*> and Dollyhigh'¢ showed
the effects of canard deflection on integrated forces and mo-
ments in the high subsonic and supersonic regimes, respec-
tively. In the past, Refs. 8, 15, and 16 were some of the few
detailed studies available on canard configurations with canards
at various deflection angles. Recent experimental studies by
Howard and Kersh'” and Ponton et al.'® have given detailed
information on the flow structure of deflected canard geometries



TU: EFFECT OF CANARD DEFLECTION 139

Axis of rotation
L

«+— 30.04 —>|
A=51.7°
47.04

59.14

A=60°

i
|
T
|
L 96.52

| i
[3e oot :‘qoﬂe
= \

(Dimensions in centimeters)

Canard Wing
AR =4.12 AR=25 Circular arc
C =14.83cm C =2331cm airfoil sections
S = 288.73 cm? (exposed) S =1032.2 cm? maximum thickness
Root chord = 17.92 cm Root chord = 29.80 cm Root = 6%
" ~ =6%
Tip chord = 3.58 em Tip chord = 6.77 cm Tip = 4%

Fig. 1 Canard-wing-body geometry; &, shown.

MISMATCHED SURFACE GRID

Fig. 2 Surface grid for the deflected canard configuration (8, = 10.0
deg).
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Fig. 3 Canard-wing-body flowfield grid topology and canard/wing
mismatched interface.

in the low subsonic regime, and have shown encouraging results
towards the optimization of such configurations.
Computational fluid dynamics (CFD) has become a valu-
able tool for understanding the complex three-dimensional
flow physics of canard configurations. A number of studies
based on conformal mapping, linear and nonlinear vortex
lattice methods, the transonic small perturbation (TSP) equa-
tion, and Euler equations, have been performed and are listed
in Ref. 4. However, to the author’s knowledge, limited com-
putational work to study canard-wing interaction has been
performed using the Navier-Stokes (NS) equations, and even
less work has been conducted using the NS equations to study
the effects of deflected canards in detail. Although viscous
computations are generally not required for sharp leading-
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Fig. 4 Comparison of computed and experimental surface pressure
coefficients for the undeflected (6, = 0.0 deg) canard configuration
with and without canard. M. = 0.90, « = 4 deg.

edge-type separations, viscous modeling is essential to capture
some of the other significant features of canard-wing aero-
dynamics, such as vortex-induced secondary separations, re-
sulting secondary and tertiary vortices, and other boundary-
layer-type separations. With the emergence of faster com-
puters and increased memory capacities, the Navier-Stokes
equations can now be utilized to study the complex flow struc-
ture of canard-wing-body aerodynamics.

Using an extension of the NASA Ames Research Center’s
Transonic Navier-Stokes (TNS) code,'*® the thin-layer Na-
vier-Stokes equations are solved for the steady flow about a
highly-swept canard-wing-body configuration, including ca-
nard deflection. A previous study* by the author confirmed
the suitability of the present method for accurately simulating
coplanar canard-wing-body aerodynamics. Accuracy was
demonstrated by extensive comparisons with experimental
measurements and a grid refinement study. In the present
study, the aerodynamic characteristics of a deflected canard
configuration, including the effects of canard deflection on
the canard-wing leading-edge vortex interaction, are inves-
tigated. Comparisons with available experimental data for the
deflected canard cases are used to validate the extension of
the code. This current application of the TNS code expands
the capability for analysis of the complex aerodynamics of
general canard configurations.

Computational Modeling

Numerical Procedure

The TNS code is a Reynolds-averaged thin-layer Navier-
Stokes solver with structured zoning capability, and has been
demonstrated for a wide range of wing and aircraft configu-
rations.*'?~2* The original four-zone version of the TNS wing

.code has been used to solve for and investigate transonic

viscous flows over various wing geometries with and without
wind-tunnel wall modeling.'*?! The 16- and 27-zone versions
of the TNS wing-fuselage (TNSWF) code have been success-
fully used to compute the flow about a modified F-16A wing-
fuselage configuration® and a complete F-16A aircraft,? re-
spectively. The code used in this study is a generalized version
of the TNS code without restriction on grid topology or zonal
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Fig. 5 Comparison of computed and experimental forces and mo-
ments for the undeflected (6, = 0.0 deg) and deflected (6, = 10.0
deg) canard configurations. M. = 0.85: a) lift curves, b) drag polars,
and ¢) moment curves.

arrangement. For applications to deflected close-coupled ca-
nard configurations, the TNS code has been further extended
to allow for mismatched patched interfaces.

Since the TNS code solves the Reynolds- (or time-) aver-
aged equations, the Baldwin-Lomax algebraic eddy-viscosity
model* is chosen to compute the effects of turbulence on the
flow. Due to the vortex-dominated flow structures of the highly
swept sharp leading-edge canard and wing, a modification to
the original Baldwin-Lomax formulation is required. Without
such a modification, the author has found that the level of
turbulent viscosity predicted by the Baldwin-Lomax model is
incorrectly influenced by the canard and wing vortices. For
this study, the Degani-Schiff modification,? as originally de-
veloped for crossflow-type separations, is employed. It is noted
that with present-day CFD technology, higher-order eddy-
viscosity models could easily be utilized and are readily avail-
able within the TNS code. However, with the lack of signif-
icant nonequilibrium effects anticipated and the moderate
angles of attack being investigated, the benefits for the current
study of such higher-order models do not justify the increased
computational costs. Further details about the TNS code,
algorithm, zonal approach, and general performance are given
in Refs. 19-21.
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Fig. 6 Comparison of component lift and pitching moment curves
for the deflected canard configuration at 6, = 10.0 deg. M.. = 0.85:
a) lift and b) moment.

All results were computed using the supercomputer facil-
ities at NASA Ames Research Center. A typical case required
3000 iterations from freestream conditions to converge, as
defined by a three-order drop in residuals (L2 norm), stable
configuration forces, and stable wing surface pressure distri-
butions. Less than 1000 iterations were required for restart
cases with perturbations in angle of attack, Mach number, or
Reynolds number.

Geometry Modeling and Grid Generation

The geometry in this study is based on the wind-tunnel
model used by Gloss et al.,*~!-'> and is illustrated in Fig.
1. In the wind-tunnel model, fairings were used to facilitate
a vertical offset canard. These fairings, which account for
slight asymmetries in the experimental results, are omitted in
the current computational modeling. The deflected canard
rotates about the spanwise axis (perpendicular to the sym-
metry plane) at the midcanard-root location as shown. For
the swept canard, deflection results in pure rotation at the
canard root section and a combination of translation and ro-
tation at the canard tip. The cross-sectional shape of the body
allows for a +10- to —10-deg canard deflection without a
canard-root/body gap. Canard deflection angles 8, are given
relative to the body axis (or wing position), with positive 8§,
representing higher canard angles of attack a,.. The 8, = 0.0-
deg canard deflection represents the coplanar canard case.
The sting used for wind-tunnel mounting is modeled by ex-
tending the body, with its appropriate no-slip boundary con-
dition, to the downstream boundary. In order to compare
with the experimental data,® integrated force and moment
results are given for the configuration without the sting, and
the drag coefficients are given assuming a condition of free-
stream static pressure on the base area of the model.
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Fig. 7 Effect of 8, on wing and canard portion lift and moment curves. M. = 0.85: a) canard portion lift, b) wing portion lift, c) canard portion

moment, and d) wing portion moment.

Using the S3D surface geometry and surface grid generation
code,? the canard, wing, and body component surface ge-
ometries are modeled from their original analytical defini-
tions. S3D is first used to generate the coplanar (undeflected)
case, and an algebraic redistribution of the surface grid com-
bined with cubic spline interpolation is then used for the de-
flected canard cases. Only the canard portion (canard plus
forebody) of the surface grid is modified for the deflected
canard cases. It is emphasized that for the current compu-
tations, the deflected canard is actually rotated (not sheared)
about the midcanard-root spanwise axis. An example of the
surface grid for the deflected canard case is shown in Fig. 2.
The redistribution of the surface grid is performed as follows:
1) the canard points are rotated about the specified axis; 2)
the upper/lower body dividing line forward of the canard is
assumed to be parabolic; 3) the axial distribution of the body
cross sections is adjusted according to the rotated canard; and
4) the points along each cross section are redistributed using
cubic spline interpolation based on the new arc length of each
section.

Figure 2 shows that a mismatch in the surface grid is pro-
duced on the body at the canard-wing junction. Consequently,
there is a mismatch in the zonal interface separating the ca-
nard and wing portions of the flowfield grid. The 3DGRAPE>
program is used to generate the coplanar canard and wing
portions of the flowfield grid individually with a mutual over-
lapping interface analytically defined. In order to resolve the
viscous boundary layer near the canard, wing, and body sur-
faces, an average value of y* < 5 was achieved by clustering
the flowfield grid to the surface (average first grid spacing is
approximately 10~5¢).

In a manner similar to the surface grid, the flowfield grids
for the deflected canard cases are generated using an algebraic
redistribution of the original elliptically generated coplanar
canard-wing-body grid. By using this technique for both the
surface and flowfield grids, the grids for any &, can be effi-
ciently obtained.

The overall H-O topology grid, with the mismatched in-
terface, for a typical deflected canard case (8. = 10 deg) is

shown in Fig. 3. An expanded crossflow plane view of the
interface is also shown with the solid grid indicating the down-
stream boundary of the canard portion grid. Since the mis-
matched interface surface is not necessarily a plane, trilinear
interpolation as formulated in Ref. 28 is used to transfer flow
quantities from one zone to the other. For all of the cases
presented in this study, the nonconservative form of inter-
polation is used. Accuracy was determined by comparing the
solution from a single-block (conservative) coplanar canard
case with the solution from a multiblock mismatched-interface
(nonconservative) coplanar canard case. Differences in sur-
face and flowfield pressure contours between the two test
cases were negligibly small.

The resulting grid for a deflected canard case contains 9400
points on the surface (total for half-model) and 590,000 flow-
field points. Up to six zones stacked in the streamwise direc-
tion are used to minimize core memory requirements. Except
for the canard/wing portion interface, one-to-one grid match-
ing is used on all interfaces. Since the current computations
are performed in the transonic regime, the flowfield grid is.
extended upstream and downstream by approximately eight
wing root-chord lengths, and in the radial direction by six
wingspan lengths.

Results and Discussion

Experimental Comparisons

Comparisons between computed results and experimental
data®®-'115 are made to validate the current method for ac-
curately predicting the steady flowfield of deflected canard
cases. All computations are at transonic Mach numbers M.,
of 0.85 and 0.90, angles of attack « ranging from —4 to +10
deg, and 8, from —10 to +10 deg. To match experimental
conditions, at M., = 0.85 and 0.90, the Reynolds number
based on the mean aerodynamic chord of the wing Re, is 2.82
and 1.52 million, respectively. Transition strips were used in
the experiments at the body nose and leading edges of the
canard and wing. Therefore, the computations are performed
assuming fully turbulent flow.
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Figure 4 shows the effect of an undeflected canard on the
wing flowfield at an inboard wing span station of 45% for M..
= 0.90 and @ = 4 deg. This is the only case in the current
study for which experimental surface pressure data'® is avail-
able. For all deflected or noncoplanar canard cases, only in-
tegrated force and moment experimental data'® are available.
The inboard station of the wing is significantly influenced by
the presence of the canard. For the canard-off case, the suc-
tion peak on the upper surface identifying the presence of a
leading-edge vortex is clearly evident. At this angle of attack,
the canard-on results show that the formation of the wing
leading-edge vortex is inhibited at the inner station. This effect
of the canard on the leading-edge vortex is directly attributed
to the canard downwash. At higher angles of attack, more
extensive coplanar canard results® show that the wing leading-
edge vortex is weakened at the inboard stations, and a sig-
nificant canard-wing vortex interaction occurs at the outboard
stations. The results presented in Ref. 4 also show that the
minor discrepancy between the computational and experi-
mental results in Fig. 4, particularly in resolution of the vortex
strength, is essentially resolved with grid refinement. For the
current study, such grid refinement is deemed unnecessary
for the accuracy required.

Comparisons of the computed lift, drag, and pitching mo-
ment curves with experimental data's are given in Fig. 5 for
8. of 0 and 10 deg. In order to match with experimental test
conditions, the computations performed for Fig. 5 and all
subsequent figures are at M., = 0.85 and Re, = 2.82 million.
Figure Sa shows the nonlinearity in the lift curves. Note that
the subtle differences in the experimental §, = 0-deg and 4.
= 10-deg lift curves are captured well by the computations.
The drag polar curves in Fig. 5b show that the undeflected
canard (8, = 0.0 deg) exhibits a lower overall drag coefficient
Cp. The drag polars also show that minimum C, for the
10-deg case occurs at a negative lift coefficient C,. Figure
Sc shows that increasing canard deflection increases overall
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Fig. 10 Effect of 6. on wing surface pressures at M, = 0.85 and
a = 4.27 deg. (Upper surface pressures indicated by U.)

pitching moments for all computed angles of attack. For these
results, the moment center is located at 63:17 ¢cm from the
nose (slightly aft of the model c.g. at 59.14 cm shown in Fig.
1). Significant nonlinearities due to the canard-wing inter-
action are also noted in the pitching moment curves.

In order to examine the effects of canard deflection in more
detail, the lift and pitching moment curves are separated into
two configuration component regions. The canard region con-
sists of the canard and the body forward of the wing leading-
edge root location (forebody). The wing region consists of
the wing and the remaining aft-body (not including the sting).
Figures 6a and 6b illustrate lifts and moments, respectively,
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for the 8, = 10-deg case. The wing portion lift curve of Fig.
6a shows the effect of the canard downwash on reducing wing
lift. For example, at « = 0 deg, the additional canard lift
(due to its deflection) is mostly cancelled by the negative lift
generated by the wing (due to the canard downwash). The
pitching moment curves in Fig. 6b show that the wing, in the
presence of the canard, exhibits statically stable characteris-
tics, while the canard pitching moment causes the total con-
figuration to be statically unstable. Such characteristics are
often typical of canard configured aircraft. Favorable com-
parisons in Figs. 6a and 6b between computations and ex-
perimental data indicate that the distribution of lift and mo-
ment between the component regions are captured well by
the computations.

Effect of Canard Deflection

Integrated Forces and Moments

An analysis of the effect of canard deflection on lift, pitch-
ing moment and, particularly, trimmed conditions, is given

in this section. For long-coupled canard configurations, the
effect on aerodynamic performance is usually limited to the
lift of the canard itself and the total pitching moment. How-
ever, the close-coupled canard, by definition, has significant
influences on wing performance.

Figure 7 shows lift and moment curves for the canard and
wing portions at various &8,, ranging from —10 to +10 deg.
While the canard portion lift curve (Fig. 7a) exhibits increas-
ing lift for increasing &, at a given «, the wing portion lift
curve (Fig. 7b) decreases for increasing 8,. As 8, is increased,
the canard generates greater lift and, consequently, greater
downwash in the canard wake. The resulting effective wing
angle of attack «,, on the inboard portion of the wing decreases
with increasing 8. Vortex visualization results presented later
in this article will show that, for certain a and 8, values, a,,
can be negative in the inboard wing while freestream « is
positive.

The canard and wing portion pitching moment curves for
various canard deflection angles are given in Figs. 7c and 7d,
respectively. The canard portion pitching moment increases
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as 8, is increased, while the wing portion pitching moment is
relatively insensitive to §,. The strong 8, coupling with wing
portion lift (Fig. 7b) and the weak coupling with wing moment
(Fig. 7d), indicate a significant shift in wing c.p. as a function
of é,.

Figure 8 illustrates lift and moment as a function of 8, at a
representative a of 4.27 deg. The lift curves in Fig. 8a are
given for the total configuration, canard portion, and wing
portion. For increasing 8., the cancellation of the lift between
the canard and wing portions is clearly observed. At this
moderate angle of attack, the total lift is minimally affected
by the deflection of the canard. The moment curves in Fig.
8b show that the canard portion moment is the major con-
tributor to changes in the total configuration moment. At this
condition (M, = 0.85, a = 4.27 deg), the configuration is
trimmed about 69.17 cm from the nose at 8, = —4 deg.

For a realistic aircraft configuration, the determination of
trimmed lift and drag is critical in assessing aerodynamic per-
formance. A contour plot of pitching moment about the model
c.g. location (59.14 cm from the nose) is given in Fig. 9. The
trimmed (C,, = 0.0) pitching moment curve is highlighted,
and indicates that relatively small negative canard deflections
are required to trim this configuration at moderate angles of
attack.

Canard-Wing Vortex Interaction

For the current configuration, the primary mechanism for
the canard-wing aerodynamic interaction is the canard’s in-
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{Surface Pressure Map)

b= 10°

fluence on the wing leading-edge vortex system. Both the
canard downwash and the canard leading-edge vortex have
pronounced effects on the formation and trajectory of the
wing vortex. At given angles of attack, the additional free-
dom-of-motion of canard deflections allows for widely varying
types of wing vortex structures. In addition to the strength of
the canard downwash, changing 8, affects the strength of the
canard vortex, the location of the canard trailing-edge relative
to the wing, and the subsequent canard vortex trajectory in
the wing flowfield. The following flow visualization figures
are given for M., = 0.85 and « = 4.27 deg.

Figure 10 illustrates the effect of canard deflection on wing
surface pressure at 35, 55, and 75% span. For clarity, the
upper surface pressure curves are indicated (U). As canard
deflection is increased from 0 to 10 deg, the leading-edge
lower surface pressure at 35% span transitions from positive
to negative values. At 8. = 10 deg, a strong suction peak
exists on the lower surface, indicating the possibility of a wing
vortex on the wing lower surface. Towards the outboard sta-
tions, the effect of canard deflection on surface pressure is
minimal.

To visualize the effect of canard deflection on the canard-
wing vortex interaction, crossflow contours of total stagnation
pressures are given in Fig. 11 for 5, = 5 and 10 deg. The
crossflow contours are shown at x/é = 2.0, 2.8, and 3.5, as
measured from the fuselage nose. The relative primary vortex
strengths are indicated in the figure by the approximate total
pressure loss in the vortex core. For §, = 5 deg (Fig. 11a),
there are canard primary (C1), canard secondary (C2), and
wing primary (W1U) vortices over the upper surfaces of the
canard and wing. The distortion of the canard primary vortex
at x/¢ = 2.8 is due, in part, to the canard secondary vortex.

At 8, = 10deg (Fig. 11b), an additional wing primary vortex
(WIL) forms and is visible on the wing lower surface (x/¢ =
2.8). This vortex causes the suction peak on the lower surface
of the wing observed earlier in Fig. 10, and would generally
be considered an unfavorable effect. At these flow conditions,
there is a transition from negative to positive a,, from the
wing-root to wing-tip locations. At the last station, x/¢ = 3.5,
the wing flowfield structure for the 6. = 10-deg case includes
two wing primary vortices (upper and lower) as well as the
canard primary vortex.

The mutual interaction between these vortices is an im-
portant factor in wing performance and is complex in nature.
A comparison of the relative position of the canard vortex
between x/¢ = 2.8 and 3.5 in Fig. 11 shows that the trajectory
of the canard vortex is influenced by the wing upper-surface
vortex. For two corotating vortices (canard and wing pri-
mary), each with a position and counterclockwise rotation as
shown in the figure, the wing vortex induces a relative inward
motion of the canard vortex.

The influence of the wing vortex on the canard vortex tra-
jectory is more clearly visualized in Fig. 12, which illustrates

5 Wing Primary Vorieéc {Lippen)

5

5
Wing Primary Yartex (L ower)

Fig. 13 Perspective view of computed surface pressures and simulated particle traces for 6, = 10 deg. M., = 0.85, a = 4.27 deg.
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the upper surface canard and wing vortex systems for §, = 5
deg. Crossflow contours of total stagnation pressure are shown
at selected streamwise stations. At 8, = 5 deg, the formation
of the wing vortex on the wing upper surface is inhibited by
the canard downwash until outboard of the canard-tip span
location. Figure 12 also shows that as the canard primary
vortex is convected over the wing upper surface, the wing
primary vortex in the outboard region clearly modifies the
canard vortex trajectory inward.

Figure 13 shows a perspective view of the overall flowfield
for the configuration at « = 4.27 deg, and a higher canard
deflection of 8. = 10 deg. The darker region over the canard
upper surface indicates low pressure induced by the canard
vortex. The particle traces released near the wing root and
towards the wing tip, show the formation of the leading-edge
vortices on the lower and upper surfaces. The wing vortex on
the lower surface forms near the wing apex and is fed by the
free vortex sheet from the inboard-wing leading edge. Toward
the outboard wing, as «,, transitions from negative to positive
values, the lower vortex is convected downstream and the
upper vortex forms.

Concluding Remarks

A numerical investigation of canard-wing aerodynamic in-
teraction, including effects of canard deflections, has been
performed. An efficient grid generation procedure, coupled
with a thin-layer Reynolds-averaged Navier-Stokes solver, al-
lows for the computations of any deflected canard cases with
8. between —10 and +10 deg. Solution accuracy has been
demonstrated by favorable comparisons with experimental
data. The results show a pronounced effect of the deflected
canard on aerodynamic performance parameters, particularly
wing lift and configuration pitching moment. For the current
close-coupled canard geometry, small canard deflections are
required to trim the configuration.

Visualization of the canard-wing-body flowfield shows a
complex flow structure consisting of several interacting canard
and wing vortices. Specifically, at significantly large canard
deflection angles, effective wing angle-of-attack transitions
from negative (inboard) to positive (outboard) values causing
the formation of both lower and upper surface leading-edge
vortices. Furthermore, due to the strength of these vortices,
secondary vortices are present, indicating strong viscous ef-
fects. Accurate prediction of such effects are needed in the
design and optimization of future close-coupled canard air-
craft.
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