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Computational Study of Subsonic Flow over a Delta
Canard – Wing – Body Con� guration
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Subsonic � ow� elds over a close-coupled, delta canard– wing– body con� guration at angles of attack of
20, 24.2, and 30 deg are computed using the OVERFLOW Navier– Stokes solver. Computed � ow� elds
are presented in terms of particle traces, surface streamlines, and leeward-side surface pressure distri-
butions for the canard-on and -off con� gurations. The interaction between the canard and the wing
vortices, wing vortex breakdown, and the in� uence of the canard on vortex breakdown are identi� ed.
The comparison of the pressure data with the available experimental data at Re = 0.32 3 106 and Re =
1.4 3 106 shows a signi� cant Reynolds-number dependence. Good agreement is obtained with the exper-
iment for the canard-off con� guration at all three angles of attack, and for the canard-on con� guration
at 20-deg angle of attack.

Introduction

T HE � ow over a close-coupled canard– wing– body con� g-
uration at high angles of attack is highly complex because

of � ow separation, formation of canard and wing vortices and
their interaction, and vortex breakdown. Studying the complex
� ow� eld and understanding the effect of the canards on the
performance, stability characteristics, and development of � ow
asymmetries are crucial to efforts in designing future aircraft
and missile airframes. A recent comprehensive review of high-
angle-of-attack aerodynamics has been given by Rom.1 The
present work is aimed at utilizing the current computational � uid
dynamics (CFD) methods for studying the complex � ow� elds
and validating the computed results with experimental data.

The canard– wing– body con� guration was shown to in-
crease the maximum lift coef� cient and the corresponding an-
gle of attack by constructive interaction between the canard
and the wing vortices.2 The interaction of the two vortex sys-
tems strengthens the wing vortex and delays its breakdown.
Hummel et al.3,4 investigated experimentally the interaction be-
tween the canard and delta wing vortices of a close-coupled
delta canard con� guration and showed that the breakdown of
the delta wing vortices is delayed because of the presence of
the canard vortices. They also traced vortex trajectories and
determined the effect of the canard vortices on the surface
pressure distribution over the wing.

Recent numerical computations5–12 of � ow� elds around
complete aircraft and missile con� gurations at high angles of
attack show encouraging agreement with available experi-
mental data. Tu6,7 studied the transonic � ow over a canard– w-
ing– body con� guration by means of the thin-layer
Navier– Stokes equations. He calculated the strong effect of
the canard vortex on the strength, reattachment, and separation
of the wing vortex. He also calculated the effect of the canard
on the surface pressure distribution. Similar solutions were
performed by Ekaterinaris8 for the con� guration studied by
Hummel et al.3,4 at low subsonic speeds. He limited his anal-
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ysis to laminar � ow computations for 20-deg incidence only,
but con� rmed the delay of vortex breakdown resulting from
the canard and obtained good agreement with Hummel’s data.
Gutmark et al.9,10 conducted a combined experimental and nu-
merical study of a close-coupled canard– wing con� guration.
They compared pressure distributions over the wing and sur-
face � ow patterns with numerical computations and showed
the strong effect of the canard on the � ow� eld over the wing
over a wide range of angles of attack.

In this work, we build upon the previous work done by
Ekaterinaris8 and Gutmark et al.9,10 The � ow� elds around the
delta canard– wing– body (canard-on, Fig. 1) and wing– body
con� guration (canard-off ) are computed using the OVER-
FLOW thin-layer Navier– Stokes solver. The computed � ow-
� elds are analyzed in terms of particle traces, surface stream-
lines, and leeward-side surface pressure distributions. The
computed surface pressure distributions on the wing, canard,
and body are compared against available experimental data.

Numerical Method
The wing– canard– body con� guration shown in Fig. 1 con-

sists of a 60-deg swept delta canard and a delta wing with
aspect ratios of 2.31. The canard and the wing are of sym-
metric parabolic pro� les in both chordwise and spanwise di-
rections and have sharp leading edges. They are mounted co-
planar on the midfuselage section with zero setting angles. This
con� guration is the same as the one employed in the experi-
ments conducted by Hummel et al.3,4 and Gutmark et al.9,10

In this study, only � ows at zero sideslip angle are considered
and the � ow� eld is assumed to be symmetric with respect to
the midfuselage plane. Therefore, only the computational do-
main around the half-fuselage canard– wing con� guration is
discretized by overset, structured subgrids. As shown in Fig.
2, six computational subgrids with a total number of approx-
imately 1 million grid points are employed.8 The canard and
wing grids and the outer grids around them are relatively high-
resolution grids with clustered grid points around the leading
edges. The average grid spacing normal to the wing surface is
1 3 1025c based on the wing chord length. Similarly, the av-
erage grid size on the leeward side of the wing is about 0.01
and 0.03c in the cross� ow and freestream directions, respec-
tively. The PEGSUS code is used as a preprocessor to deter-
mine the hole boundaries created by the overset grids in the
outer grids and to localize the intergrid boundary points with
interpolation stencils on the donor grid and the corresponding
interpolation weights.
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Fig. 5 Leeward-side surface pressure distribution. a = 20 deg,
M` = 0.2, and ReC = 0.32 3 106.

Fig. 4 Particle traces and surface streamlines. Turbulent � ow at
a = 20 deg, M` = 0.2, and ReC = 0.32 3 106

Fig. 3 Particle traces and surface streamlines. Laminar � ow at
a = 20 deg, M` = 0.2, and ReC = 0.32 3 106.

Fig. 2 Overset computational grid (every other grid point is plot-
ted).

Fig. 1 Delta canard– wing– body con� guration.

The OVERFLOW Navier– Stokes solver with multiblock,
overset grids developed at NASA Ames Research Center,5 is
employed for the computation of the viscous, compressible
� ow� elds. The OVERFLOW code has several discretization
and time-integration schemes. In this study, for grids in which
one of the (i, j, k) grid directions aligns with the freestream
� ow direction, the partial � ux vector splitting algorithm is se-
lected. Otherwise, the 3-factor diagonal scheme with central
differencing is employed. The partial � ux-vector-splitting al-
gorithm uses Steger– Warming � ux vector splitting for dis-
cretization of the convection terms in the streamwise direction,
and central differencing in the other two directions. For the
� ux-splitting algorithm, the central difference smoothing co-
ef� cient was gradually reduced to about 0.06 from the starting
value of 0.10. For the central-difference algorithm on the wing
and canard grids the fourth-order smoothing coef� cient was
similarly reduced to 0.08 from 0.1. Local time stepping was
used for convergence to a steady-state solution, and the con-
vergence criteria was based on the L2 norm of the residuals
and the variation of the aerodynamic loads on the wing and
canard surfaces.

In this work we � rst computed laminar and fully turbulent
� ow� elds at a low-Reynolds-number � ow for comparison. In
turbulent � ow computations we employed the Baldwin– Barth
one-equation turbulence model in all of the grids. Because the
equation governing the turbulent eddy viscosity is solved in
all of the grids with intergrid boundary conditions, the com-
puted eddy viscosity is continuous across the grid boundaries

as opposed to the discontinuous distribution in the
Baldwin– Lomax algebraic eddy viscosity model.

All of the computations were carried out on remote Cray
Y-MP and Cray C90 supercomputers. The FAST � ow visual-
ization software was used for postprocessing the � ow� eld data.

Results and Discussion
We computed � ow� elds for the canard-on and canard-off

con� gurations at a = 20, 24.2, and 30 deg; M` = 0.2; and at
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Fig. 6 Leeward-side wing surface pressure distribution. Canard-off con� guration, a = 20 deg, M` = 0.2, and ReC = 0.32 3 106.

two different Reynolds numbers ReC = 0.32 3 106 or 1.4 3
106. The Reynolds number is based on the root-chord length
of the wing. Computations with local time stepping for a single
case took about 6000– 10,000 time steps for convergence and
70– 120 CPU hours on a Cray Y-MP. Convergence degraded
signi� cantly as the incidence angle increased. We analyzed the
computed � ow� elds by means of particle traces shed from the
leading edges of the wing and the canards, and the leeward-
side surface streamlines. We also compared the leeward-side
surface pressure distributions against the experimental data
given by Gutmark et al.9,10 and Bergmann et al.4 for the same
con� gurations at the matching Reynolds number. For this com-
parison, surface pressure values at the experimental data points
were interpolated from the neighboring surface grid points af-
ter the data point is localized on the surface grid projected
onto a two-dimensional surface. The localization of the ex-
perimental data points on the surface grid is based on an al-
gorithm developed earlier for an overset grid solution
method.13

The experiment by Gutmark et al.9 was performed at the
NASA Ames Research Center. The surface pressure distribu-
tions were obtained using pressure-sensitive, paint-measuring
techniques14 at M` = 0.3 and ReC = 0.32 3 106. They also
employed a Mie scattering visualization technique for tracing
the vortical � ow and the vortex breakdown.

Hummel et al.3,4 performed six-component aerodynamic
load measurements, surface pressure measurements with pres-
sure tabs, � ow� eld measurements using a � ve-hole probe, and
� ow visualization by means of oil� ow patterns and a laser-
lightsheet technique at M` = 0.1, ReC 1.4 3 106, and various
incidences and sideslip angles.

The laminar and turbulent � ow� elds and surface pressure
distributions computed for the canard-off con� guration at a =
20 deg, ReC = 0.32 3 106 are given in Figs. 3 – 5. It is readily
observed that the laminar and turbulent � ow� elds differ sig-

ni� cantly. The laminar solution predicts two strong vortices
over the wing—the primary wing vortex and a secondary vor-
tex—which induce suction peaks on the surface pressure dis-
tribution. The secondary and tertiary � ow separation lines over
the wing are also seen in the surface streamline patterns, which
suggest the presence of a tertiary vortex. The laminar � ow
completely separates at the wing trailing edge as shown by the
surface streamlines cut off at about 90% chord. It is also man-
ifested by the pressure values higher than the freestream pres-
sure at the inboard section of the wing. Moreover, it is also
seen that the � ow separates on the fuselage upstream of the
wing, and forms a fuselage vortex. A secondary � ow separa-
tion line is observed on the fuselage, and the suction peak
trajectory on the body shown in Figure 5 suggests that a strong
fuselage vortex initially develops.

In contrast to the laminar � ow� eld, in the turbulent � ow� eld
predictions, the vortex � ow over the wing remains attached
until the trailing edge and the secondary vortex remains rela-
tively weak as depicted by the absence of a secondary suction
peak in the pressure distribution. The primary vortex core and
the induced suction trajectories are closer to the leading edge.
Incidentally, the surface pressure distribution on the wing in
general agrees remarkably well with the experimental data. In
the experimental data the increased suction at the forward
wing-fuselage junction is caused by the presence of a small
gap at the junction, where a jet-like � ow develops, originating
from the bottom surface. It is also observed in Fig. 4 that the
primary wing vortex breaks down at about 90% chord location
as shown in the particle traces. The vortex breakdown was
captured by � rst scanning the computational domain for di-
minishing axial velocity and then by particle traces originating
at the corresponding locations. In the experiments, although it
was not conclusive, the vortex breakdown location is predicted
downstream of the 80% chord location.8
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Fig. 9 Leeward-side surface pressure distribution. a = 20 deg,
M` = 0.2, and ReC = 3.2 3 105.

Fig. 8 Particle traces and surface streamlines. Turbulent � ow at
a = 20 deg, M` = 0.2, and ReC = 0.32 3 106.

Fig. 7 Particle traces and surface streamlines. Laminar � ow at
a = 20 deg, M` = 0.2, and ReC = 0.32 3 106.

In Fig. 6 the measured and computed spanwise pressure dis-
tributions on the wing are shown in detail at four chordwise
stations, x /c = 0.16, 0.4, 0.64, and 0.88. It is readily seen that
there are signi� cant differences between the measured distri-
butions at the Reynolds numbers of 0.32 3 106 and 1.4 3 106

on the forward part of the wing at x /c = 0.16 and 0.4. This
difference can be partially explained by the presence of a small
gap between the fuselage and the wing in the model tested by
Gutmark et al.9,10 The effect of this gap is visible in the pres-
sure distribution near the fuselage at x/c = 0.4. However, most
of the differences must be attributed to the difference in Reyn-
olds number, which appears to produce a weaker vortex and
therefore a smaller suction peak at the lower-Reynolds-number
case. Using a laminar � ow calculation, Ekaterinaris8 obtained
remarkably good agreement with Hummel’s experimental re-
sults3 at ReC = 1.4 3 106. Our turbulent � ow computations at
ReC = 0.32 3 106 agree fairly well with the measurements of
Gutmark et al.,9,10 except near the fuselage.

The � ow� elds for the canard-on con� guration at a = 20 deg
are shown in Figs. 7 – 9. In addition to the different trends
between laminar and turbulent � ow� elds observed earlier, in
the presence of the canard the laminar � ow� eld stalls over the
fuselage and over a large portion of the wing and pressure
values larger than freestream pressure are predicted. The in-
teraction between canard and wing vortices is also less pro-
nounced in the laminar � ow� eld as the canard vortex is pushed
inboard by the wing vortex sidewash. Whereas in the turbulent
� ow� eld there is a stronger interaction between the canard and

wing vortices, and the canard vortex merges into the wing
vortex. The combined vortex is then pushed farther outboard
as compared to the canard-off case. The wing vortex break-
down appears to be eliminated completely and the vortex suc-
tion over the wing is preserved off of the trailing edge. The
wing surface pressure distribution again agrees remarkably
well with the experimental data for the turbulent � ow com-
putations. Figure 10 similarly shows a comparison of the mea-
sured and computed spanwise wing pressure distributions in
detail. A signi� cant Reynolds number effect is again observed.
In fact, the measurements of Gutmark et al.9,10 show no en-
hanced suction peak because of the presence of the canard at
ReC = 0.32 3 106. However, our turbulent � ow calculations are
again in fairly good agreement with the measurements, except
near the fuselage because of the gap effect, as noted earlier.

The computed turbulent � ow� eld predictions for the canard-
on and canard-off con� gurations at a = 24.2 deg and ReC =
1.4 3 106 are shown in Figs. 11– 13. The � ow� elds closely
resemble those at a = 20 deg, except that in the canard-off
con� guration the vortex breakdown now occurs at about 75%
chord location and the secondary � ow separation lines on the
wing and the canard surfaces move farther outboard toward
the leading edge. This is attributed to the downwash induced
by a stronger vortex, which is also manifested in the surface
pressure distribution by the greater suction peak. The wing
vortex is also lifted farther up from the surface. Similar to the
a = 20-deg case, the primary vortex breakdown is not observed
in the canard-on con� guration. On the other hand, in the ex-
periment4 the vortex breakdown locations are denoted approx-
imately at the 30 and 70 chord locations for canard-off and
-on con� gurations, respectively. Although the vortex breakdown
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Fig. 10 Leeward-side wing surface pressure distribution. Canard-on con� guration, a = 20 deg, M` = 0.2, and ReC = 0.32 3 106.

Fig. 11 Particle traces and surface streamlines. Turbulent � ow
at a = 24.2 deg, M` = 0.2, and ReC = 1.4 3 106.

Fig. 12 Particle traces and surface streamlines. Turbulent � ow
at a = 24.2 deg, M` = 0.2, and ReC = 1.4 3 106.locations are signi� cantly different, the surface pressure distri-

bution in the canard-off case agrees quite well with the experi-
mental data. However, in the canard-on con� guration, the pres-
sure distributions and the wing vortex suction peak trajectories
differ signi� cantly. It is reported in the experiment that the canard
vortex preserves its core over the wing. The separate presence of
the canard vortex therefore signi� cantly pushes the wing vortex
toward the leading edge, which is clearly seen in the experimental
surface pressure distributions in Fig. 11. In contrast, in the com-
putations the interaction between the vortices is much stronger
and the canard vortex is completely engulfed into the wing vor-
tex. The canard vortex appears to be highly diffused and not
resolved suf� ciently in the present computations. It might be

speculated that because a strong vortex core is not preserved, it
gets engulfed by the wing vortex.

At a = 30 deg, � ow� elds are computed at ReC = 1.4 3 106

and 0.32 3 106 for the canard-off and canard-on con� gurations,
respectively (Figs. 14– 16). Figure 17 shows the comparisons of
the spanwise wing pressure distributions for the canard-on con-
� guration in detail. Again, the experimental results indicate that
there is a substantial Reynolds-number effect. Both, Ekateri-
naris’ laminar high-Reynolds-number8 and our turbulent low-
Reynolds-number computations differ signi� cantly from the
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Fig. 13 Leeward-side surface pressure distribution. Turbulent
� ow at a = 24.2 deg, M` = 0.2, and ReC = 1.4 3 106.

Fig. 14 Particle traces and surface streamlines. Turbulent � ow
at a = 30 deg, M` = 0.2, and ReC = 1.4 3 106.

Fig. 15 Particle traces and surface streamlines. Turbulent � ow
at a = 30 deg, M` = 0.2, and ReC = 0.32 3 106.

Fig. 16 Leeward-side surface pressure distribution. Turbulent
� ow at a = 30 deg, M` = 0.2, and ReC = 1.4 3 106 for canard-off
con� guration, and ReC = 0.32 3 106 for canard-on con� guration.

measurements. In the canard-off con� guration, as the vortical
� ow lifts off the wing surface, the secondary � ow separation
line on the wing moves much closer to the leading edge. Inci-
dentally, the vortex breakdown occurs at about 40% chord lo-
cation. Although in Hummel’s experiment3,4 at a = 29.1 deg,
the vortex breakdown location is depicted at about 15% chord
location, the computed surface pressure distribution agrees well

with the experimental data. In the canard-on con� guration, at
the lower-Reynolds-number � ow, the vortex breakdown is now
observed at the trailing edge. However, there are again signi� -
cant differences between the computed and the experimental
surface pressure distributions. In the experiments the vortex
breakdown appears to occur closer to the apex and the suction
� eld on the wing collapses earlier.
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Fig. 17 Leeward-side wing surface pressure distribution. Canard-on con� guration, a = 30 deg, M` = 0.2, and ReC = 0.32 3 106.

Concluding Remarks
A thin-layer Navier– Stokes solver with overset grids, OVER-

FLOW, was employed to compute the subsonic � ow over fu-
selage– wing and fuselage– canard– wing con� gurations at high
angles of attack from 20 to 30 deg. The available experimental
results show that there is a signi� cant Reynolds-number in� u-
ence. Using a fully turbulent � ow computation it was found that
the � ow� eld and the pressure distribution on the fuselage– wing
con� guration could be predicted fairly well. However, the pre-
diction of the � ow over the close-coupled fuselage– canard– w-
ing con� guration presents a far more challenging problem. Here,
reasonable agreement could be obtained only at 20-deg angle
of attack. It appears that in the computations the strong inter-
action between the canard and wing vortices is not resolved
accurately at higher angles of attack. Further experimental and
computational work is necessary to study the complicated vor-
tical � ow interactions that occur at higher angles of attack.
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