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Fig. 2 Comparison of speed up of the three schemes (aircraft case).
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Fig. 3 Convergence history (m = 9, aircraft) with and without pre-
conditioners.

responding figures are different for the two test cases. With
the wing case, the best speed up is about 4 and the average
speed up is about 2.8. The corresponding figures are about
1.8 and about 1.4, respectively, for the aircraft case.

It may be seen in Fig. 2 that for certain dimensions of the
Krylov subspace, GMRES (without preconditioner) does not
converge. Such cases are not observed in Fig. 1, for the wing-
alone case. This may be due to the fact that the ordering of
the panels in the aircraft case is arbitrary. In the wing case,
panels are ordered stripwise. Structured panels would lead to
some structure in the matrix also.

The convergence histories for the three GMRES schemes
and point Gauss-Seidel iteration scheme are compared in
Fig. 3, for a case where GMRES does not converge (m =
9). There is no convergence problem with either GS-GMRES
or J-GMRES.

Conclusions
It has been shown in the present study that preconditioned

GMRES is very efficient in obtaining solutions to linear sys-
tems with fully populated matrices arising in panel methods.
GMRES with Gauss-Seidel preconditioner performs the best.
It gives maximum speed ups (over Gauss-Seidel iterations)

of about 7, and average speed ups of the order of 5, with
panel method matrices. Jacobi preconditioner is also effec-
tive, but the corresponding speed ups obtained are less, about
5 and 3, respectively.
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Introduction

T HE favorable interference effect between the vortex sys-
tems of the static canard and the wing in a close-coupled

canard configuration has been well recognized and demon-
strated.1-2 Another potential area of interest for lift enhance-
ment involves interaction between an oscillating close-coupled
canard and the flowfield of the main wing. During canard
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Fig. 1 Model support system of the NFS water tunnel.

oscillations, the canard tip vortex and the canard wake be-
come unsteady. In addition, the dynamic stall vortex shed
from canard's leading edge plays a role in modifying the wing
flowfield. The interaction during the dynamic motion of the
wing becomes even more complicated as it is influenced
by additional parameters defining the dynamic motion. The
experimental data available on the influence of canard os-
cillations on the flow characteristics of the static wing are lim-
ited,3"5 and the data for the dynamic case are still rather
scarce, even for simple wing shapes, let alone for complete
aircraft configurations.6-7 The objective of this investigation
therefore was to study the influence of an oscillating canard
on an X-31A-like model in both static and dynamic (pitching)
conditions. Specifically, the wing root vortex breakdown char-
acteristics were investigated in the Naval Postgraduate School
(NFS) water tunnel using the dye-injection technique. The
data reported here is believed to be the first of its kind for
an oscillating canard-configured model in pitching motion.
These results should be of interest to researchers working on
similar configurations, especially in view of the clean support
system used. Additional details of the investigation appear in
Refs. 8 and 9.

Experimental Program
The NFS water tunnel is a horizontal, continuous-flow,

closed-circuit facility with a test section 38 cm wide, 51 cm
high, and 152 cm long.8-9 The model support system attached
to the top of the tunnel (Fig. 1) has two servomotors providing
independent control of model pitch and yaw. The X-31A-like
model used in this investigation is a simplified 2.3% scale
model resembling the Navy's X-31A fighter demonstrator with
a double-delta wing, a close-coupled delta-canard, and a rec-
tangular fuselage (Fig. 2). While the wing section has a NACA
66-206 profile, the canard is essentially a flat plate airfoil with
square leading edges. Dye injection is accomplished through
dye tubes located on the bottom surface of the wing close to
the fuselage. Some key model dimensions are shown in Fig.
2. The canard can be oscillated at two frequencies by a flexible
shaft driven by a small dc motor through a speed reduction
gear unit. With the mean-deflection angle of the canard 8 set
at 0 deg, the canard amplitude 8a can be varied up to ±25
deg.

The program was carried out in two phases with zero side-
slip, the first phase involving the static model at different angle

Longitudinal location XG= /̂C^-5* 47 „ 7%
Vertical location Z : 7.95%

b)

Axis of Canard
Oscillations

Fig. 2 X-31A-like aircraft model: a) model planform and b) canard
location (schematic).

of attacks (AOAs) and the second phase involving the dy-
namic model executing simple pitch-up and simple pitch-down
motions in the AOA range a = 0-50 deg. The flow velocity
was 7.6 cm/s, corresponding to a nominal Reynolds number
of 10.2 x 103 based on the wing root chord Cwr. The reduced
pitch rates were k = dL/2U^ = 0.08 and 0.16, where L is
the model length, Ux is the freestream velocity, and a is the
pitch rate in rad/s. The model pitch axis was located at 62.7%
of the wing root chord. The canard reduced frequency pa-
rameters were kc = a>CCT/2U^ = 1.7 and 10.4, where Ccr is
the canard root chord and a) is the canard oscillation frequency
in rad/s. The canards were oscillating about a lateral axis
passing through the midpoint of the root chord. Extensive
videotape recording and 35-mm photography of the model
flowfield in both top and side views were performed to doc-
ument the observed flow phenomena.
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Results and Discussion

All measurements were made on the starboard side, with
the streamwise burst location of the wing root vortex Xb ref-
erenced from the leading edge of the wing root chord. For
the dynamic case (with either the model pitching or the canard
oscillating) the video playback was used extensively for mea-
surements. The determination of burst location was impos-
sible in the case of high-frequency, large-amplitude canard
oscillations because of the intermittent nature of the vortex
core and the spreading of the dye. During the static segment
of the experiment, the burst location fluctuated as much as
±6.3 mm (about ±4.5% of the wing root chord).

Figure 3 shows the effect of positive and negative canard
deflection on the wing root vortex breakdown as a function
of AOA. These plots clearly highlight the unfavorable inter-
action (earlier bursting) caused by positive or negative de-
flection angle of the canard. The canard in this investigation
is a flat plate airfoil with a square leading edge, and therefore,
the flow over and under it is very likely separated at any
deflection setting. It is therefore not surprising that the in-
teraction of the canard tip vortex field and the canard wake
flowfield with the flow over the upper surface of the wing
does not lead to any beneficial results. Figure 4 illustrates the
effect of canard oscillations on the vortex burst location as a
function of AOA. Also shown here for comparison is the
burst location plot corresponding to the static model with the

static canard. It is clear that the small-amplitude, low-fre-
quency oscillations tend to destabilize the vortex core, i.e.,
cause early vortex bursting, whereas the small-amplitude, hf
oscillations appear to have a favorable interaction with the
vortical flowfield resulting in a somewhat delayed vortex
bursting. Note that the large-amplitude, If oscillations result
in a marginally favorable interaction. Figures 5-7 illustrate
the effect of canard oscillations on the vortex burst location
as a function of AOA during pitching motions. For the sake
of comparison, the appropriate burst plots for the dynamic
model with the static canard are also included in each of these
figures. The results are summarized as follows:

1) Small-amplitude, If canard oscillations can lead to ben-
eficial interaction with the wing vortical flowfield during low
pitch rate, but may adversely interact during high pitch rate.

2) Small-amplitude, hf canard oscillations can adversely
affect the wing vortical flowfield during pitching motions in
general.

3) The large-amplitude, If oscillations lead to favorable in-
teraction of the wing vortical flowfield at high AOAs during
up or down pitching motions.

The overall integrated dynamic effect of the small-ampli-
tude, If canard oscillations (da = ±5 deg, kc = 1.7) on the
static wing leads to destabilization of the wing vortex core
(early vortex bursting) and is essentially the same as that
produced by an equivalent static deflection angle of the ca-
nard, suggesting that the canard's resulting unsteady flowfield
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Fig. 3 Wing root vortex burst location for static model with positive
and negative canard deflection angles.
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Fig. 5 Wing root vortex burst location for pitching model with os-
cillating canard.
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Fig. 4 Wing root vortex burst location for static model with oscillating
canard.

100.0

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0 -

0.0

Symbol k kc 5a(deg)

15.0 25.0 35.0
AOA (Degrees)

45.0 55.0
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at low frequencies behaves more like a slowly varying field
with negligible unsteady effects. However, with increase in
the frequency (8a = ±5 deg, kc = 10.3), the integrated dy-
namic effect leads to stabilization of wing vortex core (delayed
vortex bursting), which is in contrast to the effect of the static
canard deflection angle. This points to possible potential ben-
efits of using canard oscillations for controlling the wing flow-
field. The interaction can be quite different during the dy-
namic motion of the model, with pitch rate influencing the
interaction. Indeed, the present data indicate that the large-
amplitude, If oscillations of the canard have negligible influ-
ence on the vortical flowfield of the static model, but lead to
favorable interactions on the pitching model, particularly at
high AOAs.

Conclusions
Static Model

At small amplitude, the If canard oscillations tend to de-
stabilize the wing vortex core (early bursting), whereas the
hf oscillations delay vortex bursting. The large-amplitude, If
oscillations seem to have a marginally favorable effect on the
wing vortical flowfield.

Dynamic Model
The dynamic tests indicate that the large-amplitude, If os-

cillations of the canard interact favorably with the wing vor-
tical flowfield to delay vortex bursting during pitch-up or pitch-
down motion.
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Nomenclature
CD = drag coefficient
CL = lift coefficient
Cm = pitching moment coefficient
ds = sail incidence, defined positive following a

nose-down deflection
a = angle of attack

Introduction

N UMEROUS wingtip devices have been investigated to
attenuate vortex drag. These encompass apparatus to

reduce drag by releasing trailing vorticity over a substantial
vertical distance (e.g., endplates1 and winglets2-3), as well as
essentially planar devices (e.g., tip sails4-5 and various forms
of spanwise blowing,6-7 etc.). Generally, any induced drag
benefits accruing from vorticity attenuation on an end plate
are usually mitigated by interference drag.8 Winglets have
proved to be successful, but require careful design and im-
plementation.2'3 Blowing6-7 may improve performance essen-
tially through increasing the wings' aspect ratio (AR),7 but
does introduce the complexity of ducting and air required to
operate the system.

In an earlier preliminary investigation,5 the delta planform
tip sail was cited as a simple device to improve wing perfor-
mance, and avoid complications associated with winglet im-
plementation. This was essentially due to the delta planform
tip sail not requiring attached flow, and having reduced sen-
sitivity to Reynolds number. The study included variation of
the sails leading-edge sweep angle and its taper ratio. How-
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