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ABSTRACT

A physics-based preliminary-design prediction and
analysis capability applicable to vehicles in unsteady
maneuvers involving nonlinear, time-dependent flow
conditions is described. The approach is a direct
coupling of fluid dynamics and flight mechanics for
use in the flight regimes where the flow phenomena
are dominated by vorticity and separation associated
with high angles of attack and rapid motions. This
method is applicable to generic configurations, it is
not dependent on specific empirical information, and
it is economical to use. The resulting method,
embodied in a computer code called SHAMAN, can
be used as a prediction capability for specified vehicle
motions or flow conditions, or it can be coupled with
a six-degree-of-freedom equation-of-motion solver to
predict flight trajectories and transient performance
characteristics. Post-stall flight regimes are handled
with empirical correlations of wing data. The method
is validated by comparison with static and dynamic
wind tunnel data on a variety of wing-alone and wing-
body configurations.

SYMBOLS

Cp ¢ Section normal force and lift coefficients,
respectively

G rolling moment coefficient

Cy  normal force coefficient

p.q.,r roll, pitch, yaw rates
t time

u,v,w components of translational velocity
Ve  free stream velocity
Yo lateral center of pressure
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o angle of attack

n semispan position on wing

c angle between body centerline and free stream
flow vector

AB  perturbation angle used in
asymmetric vortex separation

At time increment

r vortex strength

o) roll angle, positive right wing down

modeling

INTRODUCTION

Modern high-performance fighter aircraft are being
designed with maneuverability as a high priority.’ The
vehicle may operate in a flow regime which is
characterized by high angles of attack and large
angular rotation rates, and the aerodynamic
characteristics are dominated by unsteady nonlinear
effects induced by flow separation, vortex shedding,
and vortex lag effects. During extreme multiple-axis
maneuvering conditions, the dynamic and time-
dependent effects of these nonlinear flow
characteristics contribute significantly to the behavior
and maneuvering capability of the aircraft. The
presence of the unsteady vortex wake introduces
memory into the flow problem, and the nonlinear
forces and moments on the vehicle depend on the time
history of the motion and the wake development.**

Since many new flight vehicles and concepts are
being designed with maneuverability as a high
priority, it is essential that analytical methods which
can handle dynamic analyses be available early in the
design cycle. The prediction methods should correctly
represent the physics of the complex flow phenomena
associated with rapid maneuvers to predict the time
history of the forces and moments, and they should
require moderate and reasonable resources to be
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practical and economical in the preliminary design
and analysis phase. It is important to emphasize here
that the latter requirements dictate an engineering
method, not a high-level computational fluid
dynamics approach which involves extensive gridding
and computer capabilities.

The purpose of this paper is to present recent
analytical results for a variety of configurations at
high angles of attack. The following section describes
briefly some details of the technical approach
contained in the prediction method called SHAMAN.*

TECHNICAL APPROACH

Maneuvering fighter aircraft motions are
characterized by time histories of the translational
velocity components (u,v,w) and of the angular
rotation rates (p,q,r) around the center of gravity.
Extensive wake regions surround the flight vehicle
and dominate the induced aerodynamic characteristics
as illustrated in Fig. 1. The wake is typically made
up of body vortices from the forebody, vortices
associated with the wing leading and side edges, and
lifting surface trailing vortices.

The unsteady vortex wake causes the flow field to
remember previous flow conditions; therefore, vehicle
forces and moments depend on the past history of the
motion and the wake characteristics. For example,
vorticity shed from the nose of the vehicle will pass
downstream to influence the loads on the wing and
tail surfaces.” The vortex-induced loads depend on
the motion of the vehicle and the vortex wake during
the time it takes the vorticity to be transported from
the nose to the tail.®’

A brief outline of the individual flow models required
for the analysis is presented in the following sections.

Vortex Wake Model

A key component of the prediction method is the
accurate modeling and representation of the forebody
and lifting surface trailing vortex field using discrete
vortices. The discrete vortex or vortex cloud
approach has been used by a number of investigators
to successfully predict nonlinear vortex-induced
aerodynamics and hydrodynamics for vehicles in
steady flows.® Of particular relevance to this paper is
the capability to model asymmetric Vortex separation.
References 3 and 7 provide a description of the

unsteady vortex cloud method, so the details of this
method will not be repeated in this paper.

Static and Dynamic Stall Models

The flow regimes of interest for aircraft maneuvering
at high incidence angles will undoubtedly produce
stall on the various lifting surfaces. The vortex lattice
panel method used to represent the lifting surfaces
presumes attached flow; consequently, the predicted
loading will exceed the actual loading in the post-stall
regime. A stall model which provides reasonable
estimates of the loss of loading is needed, but the
model should not dominate the computation time. The
selected approach is based on empirical corrections to
the attached-flow solutions.*

Reference 9 presents an extensive survey of flow and
wing geometry effects on stall characteristics for low
speed flows. Maximum section lift on two
dimensional airfoils is shown to be a function of
section thickness, leading-edge radius, Reynolds
number, and Mach number. For rectangular wings,
the centerline section stalls at a value less than the 2-
D value for the same airfoil section and Reynolds
number, and the maximum section lift varies across
the span. As the sweep of the wing leading edge
increases, the spanwise variation of maximum section
lift becomes more pronounced. For wings with
highly-swept leading edges, there is a strong variation
of maximum section lift across the span. The inboard
and outboard sections have a substantially higher and
lower maximum section lift, respectively, than a 2-D
airfoil with the same section geometry and Reynolds
number. For example, the variation of section lift
coefficient with angle of attack at a number of
spanwise stations is presented in Fig. 2 for a wing
alone configuration with a leading-edge sweep angle
of 63 degrees and a maximum thickness of 5%. Note
that the maximum section lift coefficient at the root
for a 2-D airfoil at the same Reynolds number and
with similar geometric characteristics is 0.9.

The stall model contained in SHAMAN requires that
the spanwise variation of maximum section normal
force coefficient and a generic description of the post-
stall normal force behavior be specified. This
information can be obtained from sources such as
Reference 9, experimental data, or CFD calculations.
In the application of the stall model, the attached-flow
section normal force at each spanwise station on the
lifting surface is compared with the maximum section
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loading as derived from the stall model. If the
predicted normal force is greater than that indicated
by the stall model, the predicted value is reduced to
agree with the section data at an equivalent angle of
attack. This correction procedure is applied to each
spanwise section of the lifting surface. The bound
and trailing leg strengths on the surface are adjusted
to match the correct loading, and these modified
strengths define the lifting surface wake.

An aircraft undergoing rapid maneuvers at high
angles of attack will experience the phenomenon of
dynamic stall (or dynamic lift); that is, the higher than
expected lift generated on a wing pitching to an angle
well beyond the static stall angle. This is a critical
phenomenon which must be included in the flow
model for accurate prediction of maneuvering
aerodynamic characteristics. An empirical correlation
model similar to that used for the static stall model
was selected using wing data for positive pitch rates'
and negative pitch rates.!! Correlations were
developed for correction factors which are a function
of pitch rate and Mach number. The factors modify
the value of maximum cp at the end of the linear
range and account for the shape of the normal force
curve in the post-stall regime. This empirically based
model, while obviously not definitive for all
configurations, provides a reasonable means for
estimating the dynamic overshoot and undershoot of
normal force which can be encountered during rapid,
high-oc maneuvers.

Vortex Breakdown

The aerodynamic characteristics of highly swept delta
wings are dominated by two leading edge vortices
which form over the suction surface of the wing. The
angle of attack at which these vortices first form is
primarily a function of the wing sweep angle. These
vortices are responsible for the high lift achieved by
delta wings at high angles of attack. In SHAMAN,
this effect is modeled using the Polthamus suction
analogy’. At sufficiently high angles of attack, these
vortices undergo a transition known as vortex
breakdown or vortex burst. Breakdown first occurs
near the trailing edge, then moves forward toward the
apex with increasing incidence. After reaching the
apex, a further increase in incidence results in the loss
of a coherent vortex field over the wing.

Vortex burst has been reported'? to be a function of a
large number of geometric and flow parameters, as

well as testing techniques, and as such, there is no
definitive set of vortex burst data for delta wings.
Within SHAMAN, the travel of the vortex burst
location is specified by the relationships defined in
Ref. 13. These relationships appear to provide a
reasonable overall estimate of vortex burst location
on delta wings alone for a wide range of sweep
angles, although comparisons with certain data sets
indicate poor agreement between predicted and
measured locations. In the application of vortex burst
effects in SHAMAN, the calculated axial location of
burst on the wing determines the spanwise location
outboard of which leading-edge suction effects are not
included. However, it has been found that a residual
vortex lift exists on regions of the wing aft of the
burst location." In other words, the lift on the wing
is larger than that given by the potential loading. To
account for this residual vortex loading, correlations
of the variation of a residual factor which is a
function of burst location and leading-edge sweep
angle are included in SHAMAN.

Trajectory Simulations

The prediction method can be used for unsteady
trajectory simulations in two distinct ways. First, the
vehicle motion can be calculated by integrating the
six-degrees-of-freedom equations-of-motion with a
direct simulation approach. This method does not
require a priori knowledge of the vehicle stability
derivatives; instead, the method accepts the
instantaneous forces and moments on the vehicle as
provided by the analysis to produce the translational
and rotational accelerations at the specified time. The
three forces and three moments, including apparent
mass effects, become the right-hand side of the six
equations of motion. Integration over a specified At
produces the translational and angular velocities
which can be integrated to determine the position and
attitude of the vehicle. This approach has been
successful in wing-rock prediction of fighter aircraft
models>* and maneuvering trajectories of
submarines.’

Similarly, the method can also be used in an unsteady
calculation by specifying the motion of the vehicle as
a function of time. For example, the unsteady flight
conditions of a model undergoing forced oscillations
in a tow-tank test were replicated.” This technique
has also been used to model the trajectories of an
aircraft in flight tests to examine the resulting flow
field associated with the motions.* This approach has
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the advantage of allowing the detailed study of the
unsteady wake and aircraft loads associated with a
specific maneuver without the details and problems
involved with trying to predict a specific trajectory.
This latter approach proved useful in the investigation
of a departure flight condition described in References
4 and 14.

Aerodynamic Design and Analysis Method

A physics-based, engineering prediction method
(SHAMAN) applicable to the unsteady and nonlinear
flow conditions associated with maneuvering flight
vehicles at high angles of incidence and high rotation
rates is described.** Key elements of the prediction
method are (1) the accurate modeling and
representation of the forebody and lifting surface
trailing vortex field using discrete vortices, (2) static
and dynamic stall models to represent the lifting
surface loadings at the high angles of attack of
interest, and (3) a trajectory simulation capability
which can represent a typical fighter maneuver and
exhibit the complex flow fields during the motion.
The applicability of the method to preliminary design
1s dictated by the ease of use of the method and the
quality of the results for a wide range of
configurations in a variety of flight conditions.

The technical approach described has practical
application to preliminary design studies of
maneuvering vehicles prior to wind tunnel or flight
testing, and it also has application at a number of
levels during the design of a modern flight vehicle.
Beginning in the concept phase, the method can be
used to predict the static aerodynamic characteristics
of the configuration at high angles of attack in the
post-stall flight regime. It can also be used to
investigate maneuvering flight characteristics during
this early stage of the design. As the design evolves
and more information on the aerodynamic
characteristics of the vehicle becomes available, either
through wind tunnel testing or advanced
computational fluid dynamics, the method can be
updated and improved with this information. At even
later stages of the design, after flight testing for
example, the full-scale aerodynamics can be used to
further update and improve the flow models in the
method. The method can then be used for analytical
simulations outside the normal flight envelope for
investigations into these unknown flight regimes with
greater safety. !

The SHAMAN code, which contains the prediction
method described above, has the necessary attributes
for a preliminary design method. It requires only a
few hours to set up a new configuration from
preliminary geometry files, and modifications to the
geometry for design changes or parametric studies are
accomplished in a very short time. Set-up times for
typical steady and unsteady runs on a work station
are also short. Individual run times for steady runs at
a single flow condition require only a few minutes.
Unsteady runs for long maneuvering trajectories can
require several hours depending on the complexity of
the configuration and the length of the maneuver.

An interactive graphical interface assists in the input
preparation by combining user-specified modules for
a specific configuration and supplying graphical
feedback of the aerodynamic model geometry for
comparison with the original CAD geometry files.
The geometry displays change dynamically during the
input preparation to assist the user in accurate
geometry specification. This tool has proved a
valuable time-saving device during the setup of
preliminary configurations for initial high-angle-of-
attack or trajectory simulations.

RESULTS

A variety of results are available to demonstrate the
prediction method. The discussion in this section will
try to cover a wide variety of configurations to
demonstrate the use and capability of the method.
Beginning with simple wing-alone configurations and
progressing through more complex wing-body
configurations, the results will show the predicted
aerodynamic characteristics in the post-stall regime
and illustrate the strengths and weaknesses of the
high-alpha capabilities of the method.

Static

The first wing-alone configuration is a rectangular
wing with aspect ratio 5 which was tested to o = 90°
as shown in Fig. 3. Experimental data on a similar
wing tested to stall is also shown in this figure.'® The
predicted results shown by the dashed curve are the
unstalled aerodynamic characteristics, and those
represented by the solid curve are obtained with the
SHAMAN stall model implemented. Though some of
the details are missing in the post-stall regime, the
general characteristics of the predicted normal force
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coefficient are in reasonable agreement with the experiments.

Measured and predicted normal force and center of
pressure results on a 65-deg. delta wing are compared
in Figs. 4 (a) and (b). Three different sets of
experimental data on similar wings are shown in this
figure.'”'®"® The predicted curves are shown for two
different runs. The dashed curve is for an unstalled
wing with no leading-edge vortex breakdown
considered. The solid curve represents the predicted
results on the wing with both the stall model and
leading-edge vortex breakdown effects included. The
estimated angles of attack at which the vortex
breakdown crosses the trailing edge (T.E.) and
reaches the apex are shown by the arrows on the a-
axis. In general, the normal force is predicted within
the scatter in the experimental data. There is
significantly more scatter in the center of pressure
data in Fig. 4(b), but the predicted results are not
unreasonable.

The same 65-deg. delta wing was also tested at
different roll angles at high angles of attack.'®?® The
wing was rolled around its axis while at constant 30-
deg. angle of attack, and a set of representative
results for normal force are shown in Fig. 5. Notice
that the data from Ref. 18 are only for zero roll angle,
but they are shown to illustrate some difference which
may be caused by the test rig. The predicted results
from SHAMAN exhibit the correct trend, but the
level of the predicted normal force as a function of
roll angle is approximately 10% lower than the
measurements. This is comparable to the difference
in measured and predicted normal force at zero roll
angle.

Measured and predicted spanwise distributions of
normal force on a 63-deg. delta wing are shown in
Fig. 6. The data®** are from pressure measurements
on the wings. Notice that there is only a small
influence from the fuselage in Ref. 22. The predicted
results are from SHAMAN with the stall and
breakdown models included. The general agreement
is very good, although the predicted loading is slightly
lower than the measurements on the inboard portion
of the wing,

The next configuration considered is the generalized
fighter model tested by NASA Langley Research
Center.” This wing-body configuration has a
moderate sweep angle such thdt there are no
significant leading-edge vortices in the flow field to

influence the aerodynamic characteristics.
Unpublished experimental data on this model with a
circular cross section fuselage were made available
for this work.* Measured and predicted normal force
coefficients on the model up to & = 50° are shown in
Fig. 7(a). As before, the predicted results with wing
stall effects included are shown by the solid curve.
Agreement with the measurements is very good up to
approximately 40 deg. Note that all predicted results
shown in Fig. 7(a) were obtained using a calculated
symmetric (about the vertical plane of symmetry)
vortex field. At higher angles of attack the vortex
field will be asymmetric, and the use of such a
modeled vortex field will reduce the predicted value
of Cy.

In this regard, rolling moment data® for ¢ = 35° were
used for the purpose of calibrating an asymmetric
vortex field model. This is done by perturbing the
circumferential location of the separation points on
the forebody by a specified amount (A6). The
measured and predicted rolling moments on the
generalized fighter configuration at ¢ = 35° are
compared in Fig. 7(b) where the results are in
reasonable agreement for roll angles less than 30 deg.
The trend of the data is predicted well up to Ip! = 30°
, but the magnitude of C, is overestimated in this
region. The irregular behavior of the data at larger
roll angles is not understood at this time, but it is
likely due to interference effects associated with the
asymmetric forebody vortex field as each wing passes
through the field. Note that both the data and the
predicted results indicate a change in slope (AC/Ad)
starting at Il ~ 30°; however, the nearly-constant C,
in the region 30° < Il < 45° is not predicted. Note,
however, that the difference between measured and
predicted C; at ¢ = 30° is represented by an outboard
shift of y,, of the predicted potential load on the right
wing by a mere 3.5% of the exposed span! This is
indicative of the sensitivity of the prediction in this
vortex-dominated region. Additional experimental
data, such as Cy and Cy as a function of ¢, were not
available, but might have provided insight into the
source of the differences between measured and
predicted variation of C, with ¢.

Unsteady

The aforementioned generalized fighter model
exhibited limit cycle wing rock motion in a wind
tunnel.? Similar unpublished data®* from
NASA/Langely Research Center for a circular cross
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section forebody are shown in Fig. 8 for o = 35°,
These data exhibit wing rock with amplitude of
approximately 30 degrees at a frequency of 0.5 Hz.

Using the asymmetric vortex model developed from
static test data, the resulting predicted wing rock
motion and the rolling moment coefficients are shown
in Figure 9. The roughness in the rolling moments is
caused by the sensitivity of the vortex-induced effects
on the wing represented by finite panels. The
predicted amplitude is approximately 18 degrees at 1
Hz. The difference between measured and predicted
amplitude is likely due to the larger predicted C, than
that indicated by the static data for the region Il <
30°. This is especially true for the left-wing-down
comparisons (i.e., -¢), where the predicted C, is
considerably higher than the data. The larger-than-
measured predicted restoring moment apparently
overcomes inertial effects at roll angles which are less
than those experienced in the wind tunnel test,
resulting in a wing rock which is smaller in amplitude
and higher in frequency. It is worth noting that the
asymmetric vortex model assumes the same
magnitude of perturbation angle (A6) for +¢ and -¢,
thereby resulting in an antisymmetric variation of C
vs . However, the data do not exhibit this same
perfectly antisymmetric variation. This suggests that
an asymmetric vortex model which uses different
magnitudes of A8 for +¢ and -¢ flow conditions may
be appropriate for this case. If the magnitude of the
predicted static rolling moments was reduced for the
region -30° < ¢ < 0°, it is likely that the configuration
would roll beyond ¢ = -20° and would exhibit wing
rock with larger amplitude and lower frequency than
shown in Fig. 9. Additionally, the predicted result
could be improved if more accurate information on
the inertial characteristics of the model and rolling
friction in the model support mechanism were known.

Note that unsteady results for an X-31 fighter
configuration have previously been presented in Ref.
14. In this reference, predicted wing rock results for
a small-scale model of an X-31 are presented, along
with comparisons of flight test and predicted time
histories of aerodynamic characteristics for a full-
scale X-31 undergoing pitch-up and departure
maneuvers.

CONCLUSIONS

The application of a physics-based prediction method
to predict the nonlinear behavior of typical flight

vehicles in unsteady flows is described. An important
feature of the prediction method is the accurate
modeling of the complex vortex wake flow field in the
vicinity of the vehicle. Knowledge of the time history
of the vortex wake associated with the vehicle motion
is an essential part of the total flow model and
prediction method.
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Vertical tail vortex

Horizontal tail vortex

Nose vortices

Fig. 1.- Sketch of the flow field around a

maneuvering aircraft at high angles of
attack.
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