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Fig. 3 Drag at best cruise Mach number.

ft where M* is less than 0.8, ¢* is constant. Thus the drag is
constant.

The data in these figures does not include the possibility
that the aircraft may be thrust limited. If limited, that would
preclude the possibility of reaching the global optimum.

The analytical solution is obtained from Eq. (43)

M* = 0.81875

The optimal value for the dynamic pressure is

1l

q* = 144.38 1b/it?
0.19336

g
Optimal cruise altitude is approximately
h* = 45,120 ft

Conclusions
It has been demonstrated that best cruise speed is in the
drag rise region if sufficient thrust is available. Best cruise
altitude corresponds to the altitude where drag is a global
minimum. These results disprove the theory that the cruise

lift to drag ratio is
312 ([
E D max

where max lift-to-drag ratio is based upon constant aerody-
namic drag coefficients; that is prior to drag rise.
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Introduction

HE use of canard configurations as a potential method
for improved aerodynamic performance has received
considerable attention recently, both experimentally and
computationally. Since the experimental study by Behrbohm,!
there have been a number of canard-related investigations.?

“The more recent experimental studies by Er-El and Seginer,

Calarese,* and Hummel and Oelker? focused on the inter-
action mechanism of canard and wing vortex systems. Con-
siderable progress has also been made in the computation of
high angle-of-attack (AOA) flows over delta and double-delta
wings, canard-wing combinations,® and even complete aircraft
configurations, such as the F-18 and X-31 aircraft.s

As pointed out in Ref. 2, the flow physics of the canard-
wing configuration is still not sufficiently understood and doc-
umented. The high AOA flight is limited by the vortex break-
down phenomenon and by the onset of vortex asymmetry.
The canards have a strong influence on the vortex develop-
ment and on the lateral and directional stability. Of special
importance is the understanding of the vortex development
and breakdown (bursting) under rapidly maneuvering con-
ditions as envisioned for the X-31A aircraft. Therefore, this
investigation was undertaken to characterize the vortical flow-
field around a maneuvering canard-configured fighter aircraft
model comparable to X-31A. It included extensive static and
dynamic flow visualization experiments in the 0-50-deg AOA
range using dye-injection technique in the Naval Postgraduate
School (NPS) water tunnel. Additional details of the inves-
tigation appear in Refs. 7 and 8.
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Experiment

Water Tunnel Facility and Aircraft Model

The NPS water tunnel is a horizontal, continuous flow,
closed circuit facility with a test section measuring 38-cm (15-
in.) wide, 51-cm (20-in.) high, and 152-cm (60-in.) long. The
model support system attached to the top of the test section
utilizes a C-strut to vary the pitch angle travel up to 50 deg,
and a turntable to provide yaw variations up to +20 deg (Fig.
1). Two servo motors provide independent control of model
pitch and yaw. The model used in this investigation is a sim-
plified, 2.3% scale model approximating the X-31A fighter
aircraft with a double-delta wing, a delta-canard, a rectangular
fuselage, and several dye-injection ports (Fig. 2a). The key
model dimensions are: total length = 30.5 cm (12 in.), span
of wing/canard = 20.3 cm (8 in.)/5.1 cm (2 in.), and root
chord of wing/canard = 14.0 cm (5.5 in.)/2.5 cm (1.0 in.).

The modular construction of the fuselage permits changes
in horizontal and vertical location of the canard relative to
the wing. The canard’s horizontal distance X, and its vertical
distance Z, are measured from the quarter point of the canard
root chord to the quarter point of the wing root chord (Fig.
2b). The wing root chord C,, is used to obtain canard’s non-
dimensionalized distances X, = X./C,,, Z. = Z_./C,,.
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Fig. 2a 2.3% Scale model of X-31A-like aircraft with dye-injection
ports.
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Fig. 2b Description of canard location.
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Experimental Program and Test Conditions

The experimental program was carried out in two phases.
The first phase involved flow visualization studies to deter-
mine the optimum canard location on the X-31A-like model
and was carried out for 23 canard locations under static con-
ditions at 0, 15, 20, and 25-deg AOA (a) with zero sideslip
angle (B). The second phase involved the dynamic wing vortex
visualization of the optimum-configured X-31A-like model
with zero sideslip at two pitch rates with AOA varying from
0 to 50 deg (simple pitch-up motion) and 50 to 0 deg (simple
pitch-down motion). The flow velocity in the water tunnel
was nearly constant at 7.5 cm/s (0.25 ft/s), corresponding to
a nominal Reynolds number of 10,200 based on wing root
chord. The reduced pitch rates were & = 0.06 and 0.17. (Based
on the definition given in Ref. 8, the values quoted there for
the reduced pitch rate should be corrected to read as k =
0.03 and k = 0.08.) The reduced pitch rate is defined by &
= aL/2U, where L is the model length, U., is the freestream
velocity, and & is the pitch rate in rad/s. The model pitch-axis
was located at 62.7% of the wing root chord. Extensive video-
tape recording and 35-mm photography of the model flowfield
in both top view and side view were performed to document
the observed flow phenomena during static and dynamic con-
ditions.

Results and Discussion

Data reduction essentially consisted of measuring the burst
location of the wing root vortex X, from the leading edge of
the wing root chord. All measurements were made on the
starboard side of the model. The burst locations were visually
determined from the photographs with the utmost care and
consistency, and scaled for nondimensionalization using the
wing root chord. For a discussion on the quality of NPS water
tunnel burst data, see Hebbar et al.®

Effects of Canard Location on Wing Root Vortex Core Breakdown

Figure 3 shows a typical variation of burst location as a
function of horizontal position of canard at a fixed vertical
distance for three AOAs (15, 20, and 25 deg). It is clear that
at 20-deg AOA and above, the vortex burst location moves
backward (vortex core length increases) as the canard moves
closer to the wing. A slight reduction observed in the vortex
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Fig. 3 Wing root vortex burst location as a function of horizontal
position of the canard for static case at different AOAs; Z, = 10.23%.



}. AIRCRAFT, VOL. 30, NO. 3:

core length at 15-deg AOA is within the estimated experi-
mental uncertainty for the burst location. Figure 4 presents
typical burst location plots as a function of the angle of attack
for one longitudinal position of the canard but different ver-
tical locations. These plots clearly show that at any given
canard location the vortex burst point moves upstream (re-
ducing the core length) as the AOA increases. A close scrutiny
of the vortex breakdown characteristics of these plots and
others not shown here reconfirmed the well-known fact? that
a close-coupled, high-canard configuration leads to a favor-
able aerodynamic interference between the vortical flowfields
of the canard and the wing upper surface. On the basis of the
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Fig. 4 Wing root vortex burst location as a function of AOA for static

case at different vertical locations of the canard; X, = 70.45%.
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Fig. 5 Wing root vortex burst location for static and dynamic con-
ditions at zero sideslip angle; X, = 52.27%, Z, = 7.95%.
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vortex burst response the canard location corresponding to
X.=152.27% and Z, = 7.95% was judged to be the optimum
for the X-31A-like model. The later tests with a closer lon-
gitudinal canard location did not indicate any significant im-
provement in the burst response.

Effects of Angle of Attack on Wing Root Vortex Core Breakdown

Figure 5 presents the burst location plot as a function of
the angle of attack for canard location X, = 52.27%, Z, =
7.95% under static condition with zero sideslip. The flow over
the wing remained attached up to about 13-deg AOA where
it began to coil up into a tightly wound vortex core on the
wing surface, extending aft until undergoing vortex core
breakdown downstream of the wing trailing edge. As the
AOA was increased further, the vortex core breakdown point
progressively moved upstream over the wing surface from the
trailing edge to the leading edge, reducing the extent of vor-
tical flowfield over the wing.

The vortex burst response during pitch-up and pitch-down
motions at zero sideslip is also documented quantitatively in
Fig. 5. The dynamic effects of pitch rate are clearly highlighted
in these plots. During a pitch-up motion, vortex bursting oc-
curs at a point further downstream than would occur for static
condition resulting in a vortex system which is equivalent to
a static system at a reduced angle of attack. During a pitch-
down motion, the vortex bursting occurs earlier relative to
both the pitch-up motion and the static condition. In the AOA
range considered, the burst location curve consistently un-
dershoots the static curve during the pitch-down motion and
overshoots during the pitch-up motion, this under-
shoot/overshoot (i.e., the burst lag) increasing with the pitch
rate. The vortex breakdown response observed here for the
pitch-up and pitch-down motions is similar to the ones ob-
served by Hebbar et al.” in their experimental investigations
of LEX vortices shed off a F/A-18 fighter aircraft model.

Conclusions

The first of a kind flow visualization data reported here for
a canard-configured X-31A-like aircraft model lead to the
following conclusions:

1) A close-coupled, high-canard configuration results in a
more favorable aerodynamic interference between the vortex
systems of the canard and the wing upper surface.

2) The dynamic tests indicate that the vortex burst lag in-
creases with the pitch rate. That is, the location of the wing
root vortex burst point relative to the static case moves rear-
ward with increasing pitch-up motion and forward with in-
creasing pitch-down motion.
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Transonic Blade-Vortex Interactions:
Noise Reduction
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Introduction
T the present time noise in the design of new or modified
helicopters is a matter of great concern. Among the sev-
eral types of helicopter noise, that due to blade-vortex inter-
actions (BVI) is one of the most important. BVI is the aero-
dynamic interaction of a rotor blade with the trailing vortex
system generated by preceding blades. It usually occurs during
helicopter descent, or low-speed maneuvers. It is loud, im-
pulsive in character, and tends to dominate the other sources
when it occurs. Also, very complicated BVI patterns arise
from tilt-rotor aircraft. Interactions generate the most signif-
icant noise when they are intrinsically unsteady, as when the
vortex is exactly parallel to the blade, or when the vortex is
nearly parallel to the blade. For typical helicopter cases the
aerodynamics and aeroacoustics of the interactions are in-
trinsically transonic. In such cases the flow can be initially
modeled by two-dimensional unsteady transonic flow.
Two-dimensional transonic BVI was first studied compu-
tationally in the near and midfield by George and Chang!?
who used the high-frequency transonic small disturbance
equation, including regions of convected vorticity. A com-
prehensive code, VTRAN2, was then developed.®*~> The vor-
ticity is bilinearly distributed inside a vortex core and branch
cuts are introduced in the x direction. The two-dimensional
transonic BVI problem was also solved using the small dis-
turbance theory and the more complex Euler and thin-layer
Navier Stokes equations (e.g., Refs. 6—8). A direct compar-
ison of the results obtained from the different methods (from
small disturbance to Navier Stokes equations) shows that the
results are very similar.® At great distances from the airfoil
the waves become very difficult to follow because of numerical
diffusion and dispersion errors, which led us to use the Kirch-
hoff method. The Kirchhoff method was introduced?-3 to ex-
tend the numerically calculated nonlinear aerodynamic near-
field results to the linear acoustic farfield.
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In this note several ideas for reduction of transonic BVI
noise are introduced and tested. The model used is the two-
dimensional high frequency transonic small disturbance equa-
tion with regions of distributed vorticity (VTRAN2 code).
The far-field noise signals are obtained by using the Kirchhoff
method which extends the numerical near-field aerodynamic
results to the linear acoustic three-dimensional far field. The
results are shown for the airfoil (NACA64A006) shape mod-
ification achieved through the addition to various portions of
the airfoil lower surface of cosine or NACA 4-digit shapes of
different maximum thickness, which demonstrate the idea of
shape modification near the leading edge of BVI noise re-
duction. Also shown are the results for the splitting vortex
model, variations of vortex strength, and increasing angle of
attack, which are parameters that can be effective to noise
reduction. More details can be found in Ref. 10.

Numerical Method (VTRAN2)

VTRAN2 is a code developed for analyzing the interactions
of convected regions of vorticity with airfoils using the tran-
sonic small disturbance equation. It is based on the ADI
implicit scheme of the LTRAN2 code!! with the inclusion of
the high frequency term and the addition of regions of con-
vected vorticity using the cloud-in-cell and multiple branch-
cut approach. The vortex can have a free path (convected by
the flow) or a prescribed path (miss distance y, = const,
vortex velocity = U,). The code was modified® to include
viscosity and monotone switches.

A (213 x 199) nonuniform mesh is used for the calcula-
tions. The computational mesh points are clustered more
densely near and in front of the airfoil, and are stretched
exponentially from the near airfoil region to about 200 chords
from the airfoil in the x and 400 in the y direction. More mesh
points are added in the y direction for the more accurate
evaluation of the normal derivatives on the Kirchhoff surface.
The code has a high vectorization level and the CPU time for
each two-dimensional case on a Cray-2 computer is about 5
min for 800 time-marching steps.

The numerical simulation method (VTRAN2 code) intro-
duced above is simple and efficient. It is also able to catch
the main features of transonic BVI, which are the shock mo-
tions around airfoils. The code was shown to agree well with
other, more complex approaches, including Euler and thin-
layer Navier-Stokes computations.® Thus, we expect that our
conclusions will also hold if more accurate Euler/Navier-Stokes
predictions are used. Three-dimensionality will, of course,
influence the results significantly, since the majority of BVIs
take place near the tip. Some of the presented results will
hold for three-dimensional cases, but only actual three-
dimensional calculations can show that.

Kirchhoff’s Method for the Far Field

In the past, acoustic analogy has been used for the evalu-
ation of noise signals. This approach starts from the calcu-
lation of the nonlinear near and midfield and the far field is
found from surface and volume integrals of near and midfield
flow and body surfaces. We should note that there are sub-
stantial difficulties in including the nonlinear quadrupole term
(which requires second derivatives) to the volume integrals,
especially around moving shock surfaces. It should also be
noted that in the most recent formulation of Farassat et al.1?
the importance of shocks as a potent source of noise is ex-
plained. However, only steady shocks are treated. Therefore,
in BVI many investigators use data only on the blade surface,
which is a less accurate method since shock wave surfaces are
not included in the calculation.

Kirchhoff’s method includes the calculation of the nonlinear
near and midfield with the far-field solutions found from a
linear Kirchhoff formulation evaluated on a surface surround-
ing the nonlinear field. This method provides an adequate
matching between the aerodynamic nonlinear near field and
the acoustic linear far field. The full nonlinear equations are



