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Navier-Stokes Simulation of a Close-Coupled
Canard-Wing-Body Configuration
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NASA Ames Research Center, Moffett Field, California 94035

The thin-layer Navier-Stokes equations are solved for the flow about a coplanar close-coupled canard-wing-
body configuration at a transonic Mach number of 0.90 and at angles of attack ranging from 0 to 12 deg. The
influence of the canard on the wind flowfield, including canard-wing vortex interaction and wing vortex break-
down, is investigated. A study of canard down wash and canard leading-edge vortex effects, which are the
primary mechanisms of the canard-wing interaction, is emphasized. Comparisons between the computations
and experimental measurements of surface pressure coefficients, lift, drag, and pitching moment data are
favorable. A grid refinement study for configurations with and without canard shows that accurate results are
obtained using a refined grid for angles of attack where vortex burst is present. At an angle of attack of
approximately 12 deg, favorable canard-wing interaction which delays wing vortex breakdown is indicated by
the computations and is in good agreement with experimental findings.

Introduction

M ANY modern aircraft, both operational and experi-
mental, utilize canards for improved aerodynamic per-

formance. The influence of canards can often result in in-
creased maximum lift and decreased trim drag. In addition,
canard configurations have significantly different stability and
trim characteristics from conventional tailplane configura-
tions. For example, with the capability of present-day auto-
matic control systems, the reduced or even negative static
stability of a canard configuration can lead to improved air-
craft maneuverability. For close-coupled canards, aerody-
namic performance is a function of the aerodynamic inter-
action between the canard and wing. However, depending
upon geometry and flow parameters, this interaction can be
either favorable or unfavorable. Proper utilization of canards
requires an accurate understanding of their influence on the
structure of the flow about the wing.

At moderate angles of attack, for configurations with sharp
leading edges, the flow separates at the leading edge due to
the adverse pressure gradient on the leeward side. Figure 1
shows a perspective schematic of the flow structure over a
typical canard or wing with leading-edge separation. A free
vortex sheet is formed which rolls up over the upper surfaces
of the canard or wing. If the vortex is strong enough, sec-
ondary (S2) and, in some cases, tertiary (S3) separations may
result.

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. A schematic of the canard-
wing vortex interaction is given in Fig. 2. In the absence of
vortex breakdown over the canard, the canard vortex convects
downstream and modifies the wing flow structure through its
induced flow and interaction with the wing vortex. The down-
wash of the canard modifies the flowfield of the wing within
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the canard-tip span-line by decreasing the effective angle of
attack of the wing. Beyond the canard tip, upwash from the
canard increases the wing's effective angle of attack. The
downwash and upwash effects of the canard have a significant
influence on the formation of the wing leading-edge vortex.
The canard downwash can weaken or delay the formation of
the wing vortex, thus affecting its position over the wing sur-
face.

Fig. 1
wing.
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Fig. 2 Schematic of the canard-wing vortex interaction.
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Additional flow features contributing to the complex flow
structure of canard configurations include secondary, trailing-
edge, and tip vortices, as well as regions of shock-induced or
boundary-layer separation. A strong primary vortex often causes
the formation of a strong secondary vortex which will signif-
icantly affect 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 down-
stream. Boundary-layer separation due to high angles of at-
tack or induced by a strong recovery shock is also influenced
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. An experimental study by
Behrbohm1 indicated the potential for improved aerodynamic
characteristics of short or close-coupled canard configurations
based on the canard-wing interaction. Other experimental
studies by Lacey and Chorney,2 McKinney and Dollyhigh,3
and Dollyhigh4 showed the canard's potential for obtaining
increased lift and reduced drag. Studies by Gloss and Mc-
Kinney,5 and Gloss6'8 provided further insight into the effects
of canard geometry and positioning on aerodynamic loading,
while other studies9-10 investigated the effects of canard and
control surface deflections on realistic canard configurations.
A series of experimental studies by Gloss and Washburn11'13

provided detailed measurements of surface pressures as well
as integrated force quantities on a variety of configurations
and flow conditions near the transonic regime. More recent
experimental studies by Er-El and Seginer,14 Calarese,15 and
Oelker and Hummel16 concentrated on the canard and wing
vortex systems and provided details into the mechanisms of
their interaction.

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.17"27 How-
ever, to the author's best knowledge, limited computational
work has been performed using the Navier-Stokes equations.
Although viscous computations are generally not required for
sharp leading-edge-type separations, viscous modeling is es-
sential to capture some of the other significant features of
canard-wing aerodynamics such as vortex-induced secondary

separations and other boundary-layer-type separations. With
the emergence of faster computers and increased memory
capacities, the Navier-Stokes equations can now be utilized.

Using an extension of the NASA Ames Research Center's
Transonic Navier-Stokes (TNS) code,28-29 the thin-layer Na-
vier-Stokes equations are solved for the flow about a highly-
swept coplanar canard-wing-body configuration. Extensive
comparisons with experimental measurements are made, and
a grid refinement study is performed. The results of the com-
putations are used in the investigation of the aerodynamic
characteristics of the canard configuration including the ca-
nard-wing leading-edge vortex interaction and its effects on
wing vortex breakdown. The current application of the TNS
code expands the capability for analysis of the complex aero-
dynamics of 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.28"32 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.28'30 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 configuration31 and a complete F-16A aircraft,32 re-
spectively. The code used in this study is a generalized version
of the TNS code without restriction on grid topology or zonal
arrangement.

Since the TNS code solves the Reynolds (or time) averaged
equations, the Baldwin-Lomax algebraic eddy-viscosity model33

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. For this
study, the Degani-Schiff modification,34 as originally devel-
oped for crossflow type separations, is employed. Further
details about the TNS code, algorithm, zonal approach, and
general performance are given in Refs. 28-30.

Specific code performance information for the current study
is given as follows. All results were computed using the su-

25.40

(Dimensions in centimeters)

Canard

AR =4.12
C =14.83 cm
S = 288.73 cm2 (exposed)
Root chord = 17.92 cm
Tip chord = 3.59 cm

Wing

AR = 2.5
C = 23.31 cm
S =1032.2 cm2

Root chord = 29.80 cm
Tip chord = 6.77 cm

Circular arc
airfoil sections
maximum thickness

Root = 6%
Tip = 4%

Fig. 3 Coplanar canard-wing-body geometry.
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Canard off
2,110 upper surface points

Canard on
4,625 upper surface points

Fig. 4 Baseline surface grid for the wing-body configuration with
and without canard.

Fig. 5 Canard-wing-body flowfield grid topology.

percomputer facilities at NASA Ames Research Center. Each
case used 4 million words or less of memory under the zoning
technique described above and required 5-30 h of CPU time
depending on geometry, flow conditions, and grid resolution.
The average performance of TNS was 140 Mflops, and 20 jas
per iteration per grid point. Approximately 3000-5000 iter-
ations were required to converge each case, as defined by a
three-order drop in residuals (L2 norm), stable configuration
forces, and stable wing surface pressure distributions.

Geometry Modeling and Grid Generation
The geometry in this study is based on the wind-tunnel

model used by Gloss and Washburn7'11"13 and is illustrated in
Fig. 3. In the wind-tunnel model, fairings were used to facil-
itate a vertical offset canard (i.e., noncoplanar). These fair-
ings, which account for slight asymmetries in the experimental
results, are omitted in the current computational modeling.
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.

Using the S3D surface geometry and grid generation code,35

the canard, wing, and body component surface geometries
are modeled from their original analytical definitions. Further
details of the S3D code and its applications are given in Ref.
35. Figure 4 shows the baseline surface grids generated for
the wing-body configuration with and without canard. The
upper surface of the canard-wing-body grid contains 4625 points.
From this total, 1360 points are on each canard or wing upper
surface, and 1905 points are on the upper portion of the body.
To capture complex flow regions, the canard and wing surface
grids are clustered near the leading edge, trailing edge, and
tip. For the wing-body alone geometry, the total number of
points on the upper surface is reduced to 2110 points.

The flowfield grid is generated using the 3DGRAPE
program36 and is illustrated in Fig. 5. The 3DGRAPE program
is a block-type general-purpose elliptic grid generator which
allows for user-specified orthogonality and normal grid spac-
ing conditions. The baseline grid for the canard-wing-body
configuration is generated as a single block, H-O topology
grid with 152 axial, 32 radial, and 97 circumferential points.
The H-O topology is ideal for this type of configuration be-
cause of the natural clustering of grid points in certain regions
of the grid. When clustering is applied to obtain a viscous grid
at the canard, wing, and body surfaces, grid clustering also
results along the complex flow regions of the canard and wing
wakes, and in the singularity regions along the nose radial
axis and upstream of the canard.

= 0.90
Canard on (a = 4.21°)
———— Computations
D A Experiment

Canard off (a = 4.09°)
-- — - Computations
+ x Experiment

.5
.2 .4 .6

X/C
Fig. 6 Comparison of computed and experimental surface pressure coefficients for the baseline grid with and without canard at a ~ 4 deg.
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For the current configuration, up to 10 zones are utilized
with matching zonal interfaces such that no interface inter-
polations are required. In essence, the flowfield grids are
generated as single blocks and then subdivided into suitable
overlapping zones for memory management purposes. How-
ever, with the non-matching zonal interface capability of TNS,
improved grid "efficiency" could be obtained by reducing the
grid resolution far upstream and downstream of the config-
uration.

Since the computations are performed in the transonic re-
gime, the flowfield grid is extended upstream and downstream
by approximately eight wing root-chord lengths, and in the
radial direction by six wing span lengths. Refined grids with
similar topologies and outer boundary dimensions are also
used, and their descriptions are included in the following sec-
tion.

Results and Discussion

Experimental Comparisons
To investigate the influence of the canard, a series of com-

putations is conducted on the wing-body geometry with and
without a canard. All computational results are for fully tur-
bulent flow at a transonic Mach number (M^) of 0.90, a Rey-
nolds number based on mean wing aerodynamic chord (Re£
of 1.52 million, and nominal angles of attack (a) ranging from
0 to 12 deg. To validate the computational modeling, com-
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Fig. 7 Comparison of computed and experimental force coefficients
for the baseline grid with and without canard.

parisons between the computed results and the force balance
and wing surface pressure measurements are made for the
baseline and refined grids.

Baseline Grid Computations
The first set of results is for computations performed on

the baseline grids which were generated from the surface grids
of Fig. 4. A comparison of computed wing surface pressure
coefficients (Cp) with experimental data13 at a ~ 4 deg is
illustrated in Fig. 6. The precise angles of attack are reported
in Ref. 13 and shown in the figure. It is noted that no angle-
of-attack or Mach number corrections to calibrate the code
were made for any computations in this study. Comparisons
with the experimental data are given at wing span-stations of
25, 45, and 65% as measured from the symmetry plane. The
first two span-stations on the wing are within the canard-span
region.

For the canard-bff case, the leading-edge vortex, as indi-
cated by the suction peak in the Cp distribution, moves aft
with increasing wing span. At the relatively low incidence of
approximately 4 deg, the major canard influence on wing
surface pressures is the canard downwash effect. Within the
span of the canard, a significant difference in wing surface
pressure between the canard-on and canard-off cases is ob-
served. The effective local angle of attack (o:eff) of the wing
is reduced, and the formation of the wing leading-edge vortex
is inhibited.

The discrepancies between the computed and measured
data towards the wing tip are due to both computational mod-
eling of the tip geometry and grid resolution. A previous study
by Srinivasan et al.37 found that, especially for separated and
vortex-dominated flows, the modeling of the tip geometry has
a considerable effect on the accuracy of the numerical results.
Since detailed geometry data were unavailable for the canard
and wing tips of the wind-tunnel model, the tips are com-
putationally modeled as rounded.

In addition to the tip modeling, grid resolution has a sig-
nificant effect on the accuracy of the computations. Difficulty
in capturing the leading-edge vortex increases towards the
canard and wing tips. As the vortex is converted downstream
and away from the leading edge, computational accuracy be-
comes increasingly sensitive to the degrading grid resolution.
This effect becomes more acute at higher angles of attack
where the vortex trajectory is further above the wing surface.
An effort to improve the computational accuracy by increas-
ing the grid resolution is performed and presented later in
this study.

Although detailed comparisons of flow quantities such as
surface pressure are better measures of the computational
accuracy, integrated force quantities such as lift, drag, and
moments are often used to assess the overall aerodynamic
performance characteristics of a given configuration. Figure
7 presents the comparison of canard-on and canard-off inte-

o -

-.2-

Moment curve Moo = 0.90
Rec = 1-52 million

Canard on
———— Computations (config. lift/moment)

a Experiment

———— Computations (wing lift/moment)
A Experiment

Computations (canard lift/moment)
+ Experiment

Canard off
— - — Computations (wing lift/moment)

4 6 8 10 12 14
Angle-of-attack

-2 0 2 4 6 8 10 12 14
Angle-of-attack

Fig. 8 Comparison of component force coefficients for the baseline grid with and without canard. (Lift and moment curves are given for shaded
regions of the geometry.)
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Canard off
——— Computations (refined grid)

Computations (baseline grid)
D A Experiment

-1.5
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Fig. 9 Comparison of baseline and refined grid surface pressure coefficients with experiment at a = 8.21 deg.
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Fig. 10 Comparison of baseline and refined grid force coefficients
with experiment.

grated force quantities for the canard-wing-body configura-
tion. The canard-on computations are also compared with the
appropriate experimental data.7 Figure 7 shows that the non-
linearity of the lift coefficient curve for the canard-on case is
captured well by the computations. For angles of attack less
than 6 deg, the computed lift coefficients for the canard-off
and canard-on cases are comparable. At these low angles of
attack, the reduction in wing lift due to the canard downwash
is balanced by the additional canard lift.

The drag polar in Fig. 7 indicates comparable levels of drag
coefficient for both the canard-on and canard-off cases. The
"cross-over" of the two drag curves shows the potential of
the canard configuration for reduced drag at a given lift. At
low angles of attack, the canard-on drag is higher due to the
additional viscous drag of the canard surface area. At higher
angles of attack, the computed additional lift due to the canard
and the canard's influence on the wing aerodynamics results
in a higher lift-to-drag ratio for the canard-on case.

Due to the relative location of the canard and the moment-
center (Fig. 3), the pitching moment curve in Fig. 7 illustrates
the typical nose-up pitching moment which is characteristic
of many canard configurations. At higher angles of attack,
the computations over-predict the pitch-up moment of the
canard-on case. This overprediction is further studied by ex-
aming the lift and moment curves of the canard and wing
regions separately.

The curves of lift and pitching moment coefficients for dif-
ferent regions of the canard-wing-body configuration are given
in Fig. 8. The forward and aft regions* including the body
(henceforth designated as the canard and wing regions) are
chosen to correspond with regions measured in the experi-
ment.7 The significant decrease in the wing-region lift for the
canard-on case in comparison with the canard-off case results
from the canard downwash. In Fig. 8, the lift coefficient of
the complete canard-on configuration is being supplemented
by the canard region lift. Favorable experimental comparisons
of the canard and wing region lift curves confirm that the
computed lift is accurately distributed between these two re-
gions. The pitching moment curves show that the canard's
influence on the wing region pitching moment is nominal. The
nose-up pitching moment of the canard-on configuration is
almost entirely due to the canard region. Again, good com-
parisons with experiment data indicate accurate distribution
of pitching moment in the computed results. Figure 8 shows
that the overpredicted pitch-up moment for the complete con-
figuration, noted in Fig. 7, is approximately evenly distributed
between the canard and wing regions.
Refined Grid Computations

At higher angles of attack, the canard and wing leading-
edge vortex trajectories move above the highly-clustered grid
region of the canard and wing surfaces. In addition, separated
regions on the wing become more prominent, recovery shock
strength increases, and the potential for leading-edge vortex
burst exists. Accurate computational modeling of these and
other relevant flow features requires improved surface and
flowfield grid resolution.

To improve the accuracy of the computed results in this
study, refined surface and flowfield grids were generated for
the canard-on and canard-off cases. The total number of upper
surface grid points is increased from approximately 2110
(baseline grid) to 4320 (refined grid) for the canard-off case
and from 4625 (baseline grid) to 8790 (refined grid) for the
canard-on case. Refinement of the wing and canard surface
grids, as well as the body surface grid near the canard-wing
junction, was emphasized. For the current topology, the body
surface grid at the junction directly determines the grid res-
olution between the canard and the wing, and therefore affects
the computational accuracy of capturing the canard's influ-
ence on the wing. The resulting canard-off and canard-on
flowfield grids generated from the refined surface grids con-
tain over 900,000 and 1.7 million points, respectively.

Since the wing, in the absence of the canard, exhibits a
higher aeff and a more pronounced leading-edge vortex, the
canard-off configuration was chosen to verify the anticipated
improvement in computational accuracy with the refined grid.
Figure 9 illustrates computed surface pressure coefficients for
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Canard on (a = 12.83°) Canard off (a = 12.38°)
OO = 0.90 ————Computations —--- Computations
eg = 1.52 million D A Experiment + x Experiment

-2.0

-1.0

CP

Fig. 11 Comparison of computed and experimental surface pressure coefficients for the refined grid with and without canard at a ~ 12 deg.

Secondary separation (82)

Fig. 12 Upper surface flow patterns for the wing-body configuration
with and without canard.

the baseline and refined grids of the canard-off configuration
at a = 8.21 deg. In the figure, the comparison with the ex-
perimental data shows the considerable improvement of the
refined grid over the baseline grid. Figure 10 illustrates the
computed force quantities using the refined canard-off grid.
Note that since the computations were performed at three
angles of attack only, the refined grid results in Fig. 10 are
indicated as solid square symbols. Improvements in lift, drag,

and moment comparisons with experimental data are also
observed.

A comparison between canard-on and canard-off wing sur-
face pressure coefficients at a ~ 12 deg is shown in Fig. 11.
Good agreement between the computed and experimental
data13 shows the suitability of both the canard-on and canard-
off refined grids for angles of attack up to at least 12 deg.
The discrepancy between computed and measured canard-off
results at the 65% span station is due to premature vortex
burst in the computations and is discussed in the following
section.

A strong secondary vortex, which induces a local low pres-
sure region, is also evident in Fig. 11 from the sustained low
pressure between the suction peak of the primary vortex and
the wing leading edge. In the absence of a secondary vortex,
such as one would expect in an Euler computation, the pres-
sure distribution resulting from the primary vortex usually
results in a single, clearly defined, suction peak. In comparing
the results of Fig. 11 with Fig. 6, one observes that for the
canard-on case at higher angles of attack, the wing leading-
edge vortex is no longer inhibited at the inboard wing span-
stations. The vortex forms at the wing apex and remains near
the leading edge up to the wing location corresponding to the
canard-tip span-line.
Visualization of Canard-Wing Interaction

For the current configuration, the primary mechanism for
the canard-wing interaction is the canard's influence on the
wing leading-edge vortex. Both the canard downwash and the
canard leading-edge vortex have pronounced effects on the
formation and subsequent trajectory of the wing vortex. At
higher angles of attack, the canard's influence may extend to
delaying or eliminating wing vortex breakdown.
Canard Effects on Wing Vortex Trajectory

Figure 12 illustrates a comparison between the upper-sur-
face flow patterns of the canard-off and canard-on configu-
rations at three angles of attack. The primary vortex-induced
secondary separation line (S2) gives a qualitative estimate of
the vortex trajectory over the upper surface. As the angle of
attack is increased, the secondary separation and primary
attachment lines move inboard and are indicative of the up-
ward and inward movement of the wing primary vortex. The
surface flow patterns for the canard-on cases show the mod-
ified wing flowfield including the delay in wing primary vortex
formation. At a ~ 4 deg, no evidence of a leading-edge vortex
is detected on the inboard portion of the wing. At a ~ 8 deg
and 12 deg, the corresponding inboard surface flow patterns
are influenced by a weak leading-edge vortex which is com-
parable to a leading-edge vortex formed at lower angles of
attack. These observations correlate with the surface pressure
distributions which were given earlier in Figs. 6 and 11.
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Fig. 13 Crossflow plane visualization of normalized total pressure contours and scaled velocity vectors of the canard and wing leading-edge
vortices at a « 8 deg.

The dominating effect of the canard downwash on the wing,
inboard of the canard-tip span-line, has already been illus-
trated. Outboard of the canard-tip span-line, the canard lead-
ing-edge vortex is the primary mechanism for the canard's
influence on the wing flowfield. Crossflow-plane vortex vis-
ualizations in the form of normalized total pressure contours
and velocity vectors at two constant streamwise stations are
given in Fig. 13 and show the effect of the canard-vortex
induced flow on the wing. The approximate total pressure
loss at each canard/wing primary vortex core is also given in
Fig. 13 and is an indication of the instantaneous vortex strength.
Although the computed canard vortex (Fig. 13a) is consid-
erably weaker than the corresponding wing vortex, its influ-
ence on the wing flowfield is still significant. For the two co-
rotating vortices, each with a counter-clockwise rotation and
position as shown in Fig. 13a, the wing vortex flowfield in-
duces a relative downward and inward motion of the canard
vortex, while the canard vortex induces an upward and out-
ward movement of the wing vortex. In the absence of such
interaction, the canard and wing vortex trajectories would be
expected to follow an upward and outward path which would
be dependent on the angle of attack and respective sweep
angles.

In addition to the canard-wing vortex interaction, the flow-
field is further complicated by the presence of a counter-
rotating secondary vortex. The secondary vortex for the can-
ard-off case is clearly visible in both total pressure contours
and velocity vectors of Fig. 13b. The smaller wing vortex for
the canard-on case renders the corresponding secondary wing
vortex undetectable in the scale of Fig. 13a. However, com-
puted surface flow patterns given earlier in Fig. 12 clearly
show the existence of secondary separation for both the ca-
nard-on as well as the canard-off cases. Evidence of a tertiary
wing or canard vortex is not observed.

Canard Effects on Wing Vortex Breakdown
The potential for a canard to delay or eliminate wing vortex

breakdown is of significant interest and has been the topic of
numerous experimental studies11'14-38'39 and a recent numerical
study.40 By comparing vortex lift theory with experimental
results, Gloss and Washburn11 found that wing vortex burst
occurs at a ~ 13 deg for the current canard-off case. For the
canard-on case, their study indicated no evidence of wing
vortex burst for angles of attack up to at least 20 deg.

Figure 14 shows off-surface particle traces for the canard-
off case at three angles of attack. At the higher angles of
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a = 4.09

a = 8.21°

a = 12.38°

Fig. 14 Off-surface particle traces of the wing vortex for the canard-
off case at a = 4.09, 8.21, and 12.38 deg.
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Fig. 15 Crossflow plane visualization of scaled axial velocity contours
for the canard-off case at a = 12.38 deg and x/c = 3.6.
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Fig. 16 Off-surface particle traces of the canard and wing vortices
for the canard-on case at a = 12.83 deg.

attack, the resulting increased vortex strength and relative
shift of the core location is observed. Evidence of vortex burst
is observed at a = 12.38 deg. Crossflow-plane visualization
of scaled axial velocity contours in Fig. 15 serves to confirm
the presence of vortex breakdown over the wing for the can-
ard-off case. Reversed axial flow in the core of the primary
vortex is identified41 as a qualitative indication of vortex
breakdown and is observed in Fig. 15. From Fig. 14, the wing
vortex burst location appears to be near the trailing edge of
the wing and indicates that the computed angle of attack for
vortex burst is approximately 12 deg, which is within reason-
able agreement with the experimental observations.11

Computed particle traces for the canard-on case at a =
12.83 deg are given in Fig. 16. The lower leading-edge sweep-
angle of the canard results in a canard vortex burst further
upstream of the canard trailing edge compared to the wing
vortex burst relative to its trailing edge shown earlier. Figure
16 shows a stable wing vortex with no evidence of wing vortex
breakdown in the presence of the canard.

In order to verify that the vortex breakdown computed in
this study is physically correct and devoid of significant nu-
merical effects, a further study of grid refinement and nu-
merical dissipation parameters is required. However, good
comparisons with the experimental data for both the canard-
on and canard-off cases at a « 12 deg, and the corresponding
canard-off vortex burst location near the wing trailing edge
leads the author to believe that the computed relative effects
on vortex breakdown location and behavior in the presence
of the canard are accurate.

Concluding Remarks
A numerical investigation of the canard-wing aerodynamic

interaction has been performed. Favorable comparisons with
experimental data verify that the present method is capable
of predicting the flow about such configurations. For low
angles of attack (up to approximately 6 deg), a relatively
coarse (baseline) grid was found to be effective in accurately
computing surface pressures and forces. A more refined grid
was shown to be critical for higher angle of attack cases where
boundary-layer separation, strong shocks, and vortex break-
down dominate the flow characteristics.

The canard-induced downwash was found to weaken or
delay formation of the wing leading-edge vortex. At a ~ 4
deg, the formation of the wing leading-edge vortex is delayed
to the canard-tip span-line of the wing. At a ~ 8 and 12 deg,
a weakened leading-edge vortex was observed on the inboard
portion of the wing. The wing vortex on the outboard span
was shown to be influenced by both the canard vortex and
the aforementioned canard downwash. The presence of the
canard was also shown to eliminate the wing vortex break-
down which was evident in the canard-off case at a ~ 12 deg.
These computational results confirm the canard's potential
for delaying wing vortex breakdown which has been docu-
mented in numerous experimental studies.
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