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Flowfield Study of a Close-Coupled Canard Configuration

Richard M. Howard* and John F. O’Leary#
Naval Postgraduate School, Monterey, California 93943

A wind-tunnel study was completed examining the flowfield behavior of the canard-vortex/wing-vortex in-
teraction for a close-coupled canard configuration in the post-stall regime. Three cross-planes were mapped in
the lee flowfield using a five-hole pressure probe. The mappings traced the canard and wing vortices as they
moved downstream, and gave clear evidence that the canard vortex provided the mechanism for flow reat-
tachment over the inboard wing section. The previously separated flow became a coherent wing leading-edge
vortex under the canard vortex influence. A tertiary vortex at the canard-fuselage juncture was revealed; this
vortex may have an impact upon the resulting flow, and would not be evident in studies of bodiless wings with
canards. Surface flow visualization aided in revealing the effects of the post-stall behavior.

Introduction

HE maintenance of air superiority in the future will de-

pend upon an ability to perform rapid transient maneu-
vers at high angles of attack, often into the post-stall flight
regime. The advent of reliable, highly maneuverable all-as-
pect missiles has brought a quick-kill capability to any air
engagement. On the defensive, an aircraft must possess very
high speeds and turn rates for intercept avoidance; on the
offensive, the aircraft must possess a rapid point-and-shoot
capability, and be able to maintain a turn rate margin over
his adversary. Maximum sustained turn rates can no longer
be increased by conventional means.! The longer a turn lasts,
the more time an opponent has to set up an attack. For in-
creased survivability in future air combat situations, agility
will be required to enable the aircraft to point at an enemy
quickly, to continue pointing or maneuvering over prolonged
periods of time, and to accelerate rapidly to regain maneu-
vering speed or for pursuit.?

Supermaneuverability has become a topic of increased in-
terest in the popular press®>~¢ and in the aerospace profes-
sional community.”~® Studies continue to develop a set of
metrics or parameters by which the performance capability
of new fighters can be compared. This new class of metrics
is generally distinguished by performing a change in attitude
or maneuver in a minimum time, or by holding a flight con-
dition for a specified time interval. A new way of defining
flight maneuvers has arrived.

With the advent of highly maneuverable aircraft, a resur-
gence of interest is taking place in the favorable interaction
between a close-coupled canard and a highly swept or delta
wing for enhanced lift. Many new fighter aircraft designs,
including the Israeli Lavi, the Swedish Gripen, the French
Rafale, the French Mirage 3, and the European Fighter Air-
craft (EFA), all employ a variation of such a configuration.
An exception is the X-31, which uses a long-coupled canard
for the purpose of pitch recovery at high angles of attack
rather than for enhanced lift.*
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Previous Work

The SAAB Viggen aircraft is usually credited with being
the first successful operational close-coupled canard config-
uration.!' Behrbohm!? described the aerodynamic gains ac-
complished with that aircraft. Lift on final approach was in-
creased by 65% over the pure delta wing, although wing loadings
were almost identical. The enhancement was due not only to
the favorable canard/wing interaction, but also to the trim
requirements of the two aircraft: the canard, providing high
lift forward of the center of gravity, demands a trimming
moment brought about by a positive (trailing-edge-down) wing
elevon deflection. This deflection also increases the wing lift.
On the other hand, the delta wing used alone must trim with
up-elevon deflection, which reduces the overall lift.

Lacey'! performed an extensive study of the close-coupled
canard with regard to relative canard size and canard longi-
tudinal and vertical placement for optimum lift enhancement.
Canard leading-edge sweep should exceed that of the wing,
to provide a strong canard vortex to affect the formation and
position of the wing leading-edge vortex at low angles of
attack, and, as is indicated in the current study, to reattach
the separated wing flow at high angles of attack. Within the
limits of the different geometrical constraints of the tested
configuration, recommended guidelines for canard size and
placement in the current study followed Lacey’s results.

Stoll and Koenig'? found the canard to delay wing leading-
edge vortex breakdown; maintenance of the wing vortex raised
the maximum lift coefficient from 1.1 to 1.5 at an angle of
attack of 33 deg. Er-El and Seginer'* and Er-EIl'* found that
for a close-coupled canard, the onset of vortex breakdown
was delayed from an angle of attack of 14-24 deg.

Calerese!'® tested a coplanar and a high canard on a generic
fuselage model, and found an increase of 12% in the lift-to-
drag (L/D) ratio for the high-canard case. Oelker and Hummel?’
presented surface-pressure and flowfield-measurement results
for a 60-deg-swept canard/wing configuration. The results,
though well described, were limited to the relatively low an-
gle-of-attack case of 8.7 deg.

Erickson et al.'® studied a coplanar configuration for com-
pressible flows and found results similar to those of other
investigators, that the vortex-dominated flow about the ca-
nard induced a downwash on the inboard wing section tending
to delay wing vortex formation and flow separation. They
noted that the flowfield interaction did not exhibit a favorable
lift synergism; in fact, the increase in lift was less than that
expected from the simple area increase.

An earlier study by the first author and colleague presented
the results of varying canard deflection for a close-coupled-
canard configuration through the post-stall regime, with the
desire to ascertain the effect on optimal lift enhancement.'
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The overall lift enhancement was greatest in the regime where
initial flow separation over the wing took place, where the
canard-leading-edge vortex provided the mechanism to en-
ergize and reattach the flow. This result reinforced the notion
of using a highly swept canard to provide a strong vortex at
angles of attack where wing separation had begun, but no
strong wing-leading-edge vortex had yet formed. In the region
where the wing-leading-edge vortex itself provided a reat-
taching mechanism, the canard provided an additional, though
smaller, enhancement.

For the geometry tested, with a swept wing and a highly
swept canard, studies are lacking of flowfield measurements
at the angles of attack for which major lift enhancements were
found (above 20 deg). In this regime, the flow over the wing
alone is generally separated, and the canard vortex plays a
major role in providing apparent reattachment. It was desired
to conduct wake surveys using a five-hole pressure probe to
map out cross-planes of total pressure and velocity vectors,
in order to better quantify the mechanisms of the canard-
vortex/wing-vortex interaction for enhanced lift. Although
measurement limitations were expected in regions of sepa-
rated and highly vortical flow, it was felt that changes in the
flowfield with and without the canard might be clearly iden-
tified by this approach. -

Experiment

Wind Tunnel and Test Facility

A wind-tunnel study was carried out for high angle-of-at-
tack tests in the low-speed wind tunnel at the Naval Post-
graduate School. The wind-tunnel test section is 28 by 45 in.
in cross section, with the reflection plane installed. The wind
tunnel has a contraction ratio of about 10, and the ambient
turbulence intensity of the test dynamic pressure was 0.2%.

A five-hole, prism-head pressure probe was used for the
wake surveys. The probe is of the nulling type, where the
sensor is physically turned until the pressure differential be-
tween the two horizontal ports is zero. The limit of the probe
was reached whenever no pressure equalization was possible,
due to the locally strong gradients in the vortex core. Calibra-
tion limits on pitch angle were +40 deg. The probe was ex-
tended from a three-dimensional, computer-driven traverse
mounted on the top of the wind tunnel. A rotary pressure
scanner driven by a personal computer read the pressures.
The signals were then multiplexed through an A/D system for
recording with the PC. Multiple signals were read and aver-
aged; no unsteady or time-dependent data were recorded.

Model

A close-coupled canard model was designed for experi-
ments in the low-speed wind tunnel, which accommodates
half-models with the use of the reflection plane for force and
moment measurements. Figure 1 shows a side view of the
half-model in the wind tunnel with the probe in place at one
of the cross-plane locations. Note that the model rests on a
raised platform above the reflection-plane balance used for

Fig. 1 Wind-tunnel model with probe, side view.
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Fig. 2 Wind-tunnel model at 22-deg angle of attack, front view.

the lift-and-drag measurements discussed in Ref. 19. The ver-
tical rise was necessary to allow the probe to reach the desired
cross-plane position. The model is seen from an upstream
position in Fig. 2. The wing has a 50-deg leading-edge sweep
and an aspect ratio of 3; the canard has a 60-deg leading-edge
sweep and an aspect ratio of 2. The reference area of the
wing was taken to the fuselage centerline; that for the canard
was taken as the exposed area, because this was the actual
area added between tests. The canard-to-wing area ratio is
0.20. The canard was located a distance of 0.20 mean aero-
dynamic chord (MAC) above the wing chord plane, and the
longitudinal distance from the canard exposed root chord at
the 40% chord location to the quarter-chord of the MAC was
1.20, nondimensionalized by the wing MAC. The exposed
canard root leading edge is 11.2 in. aft of the nose, and the
exposed wing leading edge is 21.55 in. aft of the nose. Exposed
root and tip chords are 8.0 and 0.8 in. for the canard, and
11.0 and 2.1 in. for the wing, respectively. The NACA 64A008
airfoil was used for both canard and wing sections. The fu-
selage was rectangular with rounded corners, with an ogive
nose. The fuselage was constructed from mahogany and was
slightly oversize with relation to the wing to allow for accom-
modation of the canard-positioning mechanism. The canard
and wing were made from mahogany with aluminum cores.
The half-model was 36 in. long with a semispan of 12.1in. A
more complete description of the model geometry can be
found in Ref. 20.

Test Conditions

To correlate these results with those of Ref. 19, the ex-
perimental conditions were held as identical as possible to the
earlier ones. The test-section dynamic pressure was 37.6 1b/
ft* for an average velocity of 177 ft/s. The Reynolds number
based on wing MAC was 9 x 10°.

To account for possible tunnel crossflow, probe installation
misalignment, and flowfield disturbances caused by the ad-
dition of the model platform, an initial run was made without
the model installed, to establish baseline freestream-velocity
pitch and yaw angles. These measurements were then used
as tare values. Measurements were made at three cross-plane
locations, as indicated in Fig. 3. The lines shown vertically
drawn above the survey-grid dimensions are the cross-planes
when looking from above. The survey planes were normal to
the freestream flow rather than to the model centerline. Sur-
vey grid 1 was 4 by 5 in., grid 2 was 5.5 by 6 in., and grid 3
was 7.5 by 6.5 in., as indicated in Fig. 3. The first two grids
were mapped at i-in. intervals, while the third and larger grid
was mapped at 3-in. intervals.

Grid 1 was taken just behind the canard trailing edge in
order to capture and define the canard leading-edge vortex.
Grid 2 was placed at the midchord location of the wing; grid
3 was placed just behind the trailing edge of the wing. Figure
4 shows a side view of the longitudinal locations of the survey
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Fig. 3 Sketch showing angle of attack, canard deflection, and mea-
sured cross-plane locations and sizes, top view.
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Fig.4 Sketch showing cross-plane locations, side view; measurements
in inches.

planes at their far sides. The location of the corner of each
survey plane nearest the model can be described in airplane
coordinates x, y, and z, where x is along the centerline (de-
fined aft of the nose); y is spanwise out the wing (measured
from the side of the fuselage); and z is below the aircraft
centerline. The coordinates are (21.1, 0.8, 0.0) for grid 1;
(28.6, 0.8, 0.75) for grid 2; and (34.7, 0.8, 0.3) for grid 3,
with all dimensions given in inches. The model was set at 22-
deg angle of attack with the canard fixed at a deflection angle
of 7 deg, the conditions found in the first study to provide
the greatest enhanced lift.

Surface flow-visualization studies were performed to cor-
relate with the earlier force tests and the current flowfield
study. In these separate tests, a mixture of black tempera and
motor oil was applied with a brush to the model before the
tunnel was started. After the oil mixture had stabilized, pho-
tographs were taken of the surface flow patterns.

Results
Previous Tests

Figure 5 shows the lift curve from the previous study, com-
paring the wing-body to the canard-wing-body values of lift
coefficient. It should be noted that the additional canard area
has been included in the reference area for the canard case;
therefore, all enhancement is due to the vortex-vortex inter-
action, and not to the increased area. Of the cases tested, the
greatest increase in lift came in the first post-stall regime at
22-deg angle of attack, where the wing had stalled and no
strong wing-leading-edge vortex had yet formed. The opti-
mum canard placement was a deflection of 7 deg (29 deg
angle of attack); the lift enhancement was 34%. This condition
for model angle of attack and canard deflection was used for
the current study. For a more complete discussion of the
earlier effort, see Ref. 19.

Current Tests

Shown will be plots of flowfield velocity streamlines, plots
of total pressure coefficients (loss in total pressure nondi-
mensionalized by freestream dynamic pressure), and flow-
visualization photographs. In the plots, the grids are shown
wings-level rather than as measured in the tunnel (with the
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Fig. 5 Comparison of lift with and without canard with optimal
canard deflection.'®

Fig. 6 Surface flow visualization of wing, 22-deg angle of attack, no
canard.

wing upward). Part of the model cross section is shown in
each plot. The wing-fuselage or canard-fuselage juncture is
in the lower right of each figure.

Because of the dynamic nature of flowfields surrounding
aerodynamic surfaces at high angles of attack, there were
regions in which the capabilities of the probe were exceeded
(it could not be nulled). In particular, the probe was unable
to make accurate measurements downstream of stalled sur-
faces or i]ﬁ the core of a strong vortex. The plots have areas
where data are not present, and the boundaries of determined
data will be noted. Since the probe is unable to distinguish
between areas of strong coherent vortical flow or the reversed
flow of a stalled surface, the surface flow visualization will be
useful in indicating this difference.

Wing-Alone Case

Without the canard, with the wing-body at 22-deg angle of
attack, the flow over the main wing was characterized by a
large region of reversed flow, indicative of a stalled wing.
Figure 6 shows the surface flow visualization. What begins as
a secondary-separation line near the wing apex becomes a
large separation region over most of the wing. The oil pattern
indicates a reversed and spanwise flow moving toward the
secondary-separation line. Figure 7 shows the crossflow
streamlines from the pressure-probe measurements at grid
station 2, at midchord. Graph numbers are in inches measured
from the outer grid corner. The black region indicates the
area where data were unobtainable due to probe limitations.
Although the flow represents a stalled surface, the streamlines
indicate a vortex entrainment in the region, and a general
clockwise rotation. Figure 8 shows contours of loss of total



HOWARD AND O’LEARY: CLOSE-COUPLED CANARD 911

Fig. 7 Cross-plane streamlines, wing midchord (grid 2), no canard;
dimensions in inches.

Fig.8 Cross-plane total-pressure-coefficient loss contours, wing mid-
chord (grid 2), no canard; dimensions in inches.

pressure coefficient. Data were not measurable in the black
area, but the contour gradient indicates the rapid change in
total pressure at the boundary of the separation region. The
size of the separation region clearly supports the flow-visu-
alization photograph in indicating the region to be experi-
encing separation, rather than a strong coherent vortex.

The crossflow streamlines at the trailing edge of the wing
are shown in Fig. 9. The stalled area has greatly increased in
size, but the vortex entrainment is still evident. A strong
downwash component is evident near the fuselage. Figure 10
shows the total-pressure-coefficient contours. The gradient is
more diffuse than at midchord, and the region extends about
60% of the MAC out from the wing surface. The separated
region appears to extend spanwise beyond the trailing-edge
wingtip, but the extent of the region was not directly mea-
sured.

Wing/Canard

The addition of the canard to the model caused large-scale
reattachment of the flow over the wing, as expected from the
lift results of Fig. 5. Flow visualization over the canard and
wing is shown in Fig. 11. At 29-deg angle of attack, the canard
produces a strong leading-edge vortex due to the sweep angle
of 60 deg. The secondary-separation line is evident from the
oil pooling, and the remaining surface is clean. The flow over
the wing results in a line of secondary separation parallel to

Fig. 9 Cross-plane streamlines, wing trailing edge (grid 3), no ca-
nard; dimensions in inches.

Fig. 10 Total-pressure-coefficient loss contours, wing trailing edge
(grid 3), no canard; dimensions in inches.

Fig. 11 Surface flow visualization of wing and canard, 22-deg angle
of attack, canard deflection 7 deg.

the wing leading edge, and a small amount of pooling can be
seen at the trailing edge. Note that, unlike the secondary-
separation line apparent on the canard, which is at a sweep
angle slightly greater than that of the leading edge, the wing
secondary-separation line (and therefore the vortex) is being
maintained close to the leading edge. Consistent with the
evidence of Ref. 13, the canard vortex acts not only to assist
in the formation of a leading-edge vortex over the outer wing
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at this high angle of attack, but also to displace it from the
location expected on a swept wing at lower angles of attack.
The wing is fairly clean of oil with the exception of a wedge
starting just aft of the apex and growing as it moves down-
stream parallel to the fuselage. Not particularly evident in the
photograph is the fact that there is a section on the top fuselage
surface at the wing/body junicture that is free of oil. The wedge
of oil on the lower wing and the clean fuselage area are likely
due to the formation of a secondary vortex, as will be shown
in the following flowfield plots.

The clockwise action of the strong canard leading-edge vor-
tex is indicated in Fig. 12, with significant changes in the flow
direction at (1.0,2.0) in the horizontal (spanwise) and vertical
dimensions, respectively, above the canard wingtip. The clas-
sical secondary vortex, forming under the primary vortex near
the wingtip, is indicated by the streamlines there. The for-
mation of a tertiary vortex near the canard-fuselage juncture
is evident in the lower right corner of the grid. The action of
this vortex is counterclockwise. It appears to have formed as
a result of the interaction of the primary canard vortex with
the flow in the juncture of the canard and fuselage; a vortex
from the model forebody would be expected to have a clock-
wise rotation, like that of the canard vortex.

The primary and tertiary vortices are more clearly visible
in the pressure contours of Fig. 13. Oddly, the secondary
vortex could not be resolved in the pressure plots; see Ref.
20 for the velocity-vector plots that also indicate the existence
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Fig. 12 Cross-plane streamlines, canard trailing edge (grid 1); di-
mensions in inches.

Fig. 13 Total-pressure-coefficient loss contours, canard trailing edge
(grid 1); dimensions in inches.

of the secondary canard vortex. The black area represents the
undetermined region. The contour gradients indicate the vor-
tex boundary, with the upper-half of the tertiary vortex cap-
tured in the lower right grid. The canard leading-edge vortex
has completely and cleanly separated from the wing, as cor-
relates with the flow-visualization photograph.

The following figures show the cross-plane at grid 2, the
midchord location. Figure 14 shows the cross-plane stream-
lines; the separated region on the wing surface has been greatly
reduced by the action of the canard vortex, which shows up
in the upper portion of the grid. A strong downwash is induced
by the canard vortex, which energizes the wing flowfield. In
the area of (5.0,4.5), the downwash component is up to 65%
of the total freestream velocity. The figure indicates strong
rotational behavior, with a saddle point in the outer flow at
(2.0,2.0). The energizing of the wing leading-edge vortex over
the outer wing section and the reattached flow over the in-
board section leads to a level of enhanced lift much greater
than that due to the added canard area.

Figure 15 shows a close-up of the wing-surface flow visu-
alization at the test angle of attack. The wedge of oil slightly
away from the fuselage is probably a result of the impact of
this large downwash component on the wing surface and the
action of the tertiary juncture vortex. The region adjoining
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Fig. 14  Cross-plane streamlines, wing midchord (grid 2); dimensions
in inches.

Fig. 15 Surface flow visualization of wing under influence of canard
vortex, 22-deg angle of attack.
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the wing is not stalled separated flow, as was seen for the
wing-alone case, but is the reformation of the coherent wing
leading-edge vortex. The flow over the mid to lower wing has
reattached.

The total-pressure-loss plot in Fig. 16 captures not only the
canard and wing leading-edge vortices, but also the tertiary
vortex of opposite rotation noted in the canard plots. This
vortex, although weaker than the primary canard vortex, may
have a significant impact on the wing surface flow in providing
reattachment due to its proximity to the inboard wing section.
The oil wedge noted in the flow-visualization photographs
may be deposited by the action of the two vortices on either
side of it, the strong downwash providing a reattaching region
and subsequent oil pooling. If the vortex was initiated by the
juncture flow of the canard and fuselage, then studies using
a full-span wing and canard may neglect the body’s significant
influence.

Figures 17 and 18 show plots of cross-plane streamlines and
pressure contours at grid 3, at the wing trailing edge. The
canard vortex has remained high in the grid, whereas the wing
vortex has, of course, followed the leading edge under the
influence of the canard vortex and moved to the lower left
portion of the grid. The oil pooling in Fig. 14 shows the wing
vortex at this point to be interacting with the tip vortex. The
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Fig. 16 Total-pressure-coefficient loss contours, wing midchord (grid
2); dimensions in inches.

0.0 1.0 20 3.0 4.0 50 86.0
0.0 4

S SUNS N TS U S RN

S )

1.0

2.0

3.0

4.0

5.0

6.0

7.0

Fig. 17 Cross-plane streamlines, wing trailing edge (grid 3); dimen-
sions in inches.
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Fig. 18 Total-pressure-coefficient loss contours, wing trailing edge
(grid 3); dimensions in inches.

streamlines indicate strong entrainment into the wing leading-
edge vortex. As indicated in the flow visualization, the flow
over most of the wing has reattached. The total-pressure plot
reveals the location of the tertiary vortex, much diffused but
still evident, and apparently playing a part in the flow reat-
tachment process. A comparison of Fig. 18 with Fig. 10 shows
the significant impact of the canard vortex on wing-flow be-
havior. Not only can the canard vortex displace the wing
vortex outward as shown in earlier studies at lower angles of
attack, but it can even provide a reattachment mechanism for
the previously separated wing flow, turning a stalled wing into
a lifting surface under the influence of a complex vortex sys-
tem.

Conclusions

Studies of the flowfield behavior of the canard/wing vortex
interaction have been extended beyond the 8- to 10-deg angles
of attack considered previously, to include an angle of attack
of 22 deg, where the first wing stall took place for the tested
configuration. Although the extreme flow angles in the lee
flowfield prevented a complete pressure mapping of the cross-
planes to be carried out, the canard vortex clearly provided
the mechanism for massive flow reattachment over the in-
board wing section. The flow-visualization helped to indicate
that the previously separated (stalled) flow over the wing
became a strong coherent leading-edge vortex under the in-
fluence of the canard primary and tertiary vortices.

The reattachment can be viewed as a delay in wing vortex
breakdown, caused by the high-energy downwash induced by
the canard vortex. The inboard wing does accordingly see a
reduced angle of attack, and this effect at low angles, where
flow separation is minimal, may have led to the reduced lift
synergism noted in earlier studies. However, at higher angles
(22 deg), the downwash effect of reattaching the separated
flow is much more important than the reduction in local angle
of attack in promoting enhanced lift.
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