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Implications of Recent Rotary Rig Results for Flight Prediction
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Analysis of rotary balance data on a generic aircraft model revealed the nature of the � ow mechanisms present in
subscale experiments, which included the existence of support interference. Recent results on the F/A-l8 con� rmed
the existence of a threshold rotation rate in the rotary data and revealed that in the nonlinear domain at elevated
angles of attack, alternatively deterministic or chaotic behavior will prevail, depending on whether or not the
magnitude of the initial rotation rate exceeds the threshold value. This has important implications for � ight
mechanics predictions and control system design as the poststall maneuvering envelope often will include the
hysteresis loop. Moreover, dynamic data generated to date in the nonlinear domain have often been restricted to
this inner region, limited by the threshold rates, and do not provide any information about the basic hysteretic
behavior. Only a comprehensive investigation of steady-state hysteresis and support interference, as in the case of
the F/A-18, can provide the basis needed for � ight predictions in this domain.

Nomenclature
b = wing span
d = maximum body diameter
l = rolling moment: coef� cient Cl = l / ( q 1 U 2

1 /2)Sb
n = yawing moment: coef� cient Cn =n / ( q 1 U 2

1 / 2)Sb
Re = Reynolds number based on d and freestream conditions
S = reference area (projected wing area)
t = time
U 1 = freestream velocity
Ū = mean convection velocity
a = angle of attack
h A = forebody apex half-angle
q = air density
U m = azimuth angle
X = dimensionlessconing rate, x b /2U 1
x = coning rate

Subscripts

on = onset of asymmetry
S = sting
s = start
T = threshold
1 = freestream conditions

Superscript

(¢ ) = differentiationwith respect to time

Introduction

T HE prediction of full-scale maneuvering � ight using subscale
wind-tunnel data is a concern to the aircraft designer. The im-

mediate challenge, before the extrapolation to full scale1 can be
contemplated, is the determination of the free-� ight characteristics
at the model scale,2 where scale-dependent� uid/motion coupling3,4

and ground-test facility interference effects5,6 are present. As a re-
sult of these � ow� eld interactions, the aerodynamics of the model
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are generally more complex than that of the aircraft in free � ight.
Flight mechanicspredictionsin the poststall domain rely heavily on
the experimental dynamic database.7 This is particularly true in the
caseof rotarybalancedata,whichprovidetheaerodynamicreactions
to the most basic nonplanar characteristicmotion, namely, coning,
needed to simulate high-alphamaneuvers.The rotary aerodynamics
are highly nonlinear, and it is necessary to de� ne the steady-state
hysteresis when it is present.

In Ref. 2 the present authors investigated the nature of the
� ow mechanisms present in subscale experiments of the AGARD
WG16A model8 (Fig. 1) and linked the effects of these mecha-
nisms to the existence of different � ow states. The existence of
a threshold rotation rate X T , which signals the unsteadiness pre-
ceding bifurcation in the rotary data, was postulated.2 Although
the greater complexity of the aerodynamic responses in the sub-
scale tests was revealed, it was evident that the data were too sparse
to permit conclusive interpretation.2 This raised the question as to
whether the steady-state hysteresis behavior had been adequately
determined in the AGARD tests. In more recent experiments on the
F/A-18 (Fig. 2)9,10 de� nitive steady-state hysteresis characteristics
were identi� ed in the range of asymmetric vortex shedding.11 The
results yielded evidence of several unsteady � ow mechanisms and
demonstrated the importance of time-history effects for the case of
sustained rotational motion.

Separated Flow/Motion Coupling Mechanisms
The principal � ow mechanisms determining the lateral-direc-

tional aerodynamics of a con� guration having a slender forebody
with wing leading-edge extensions (LEXs) are the moving wall
effect4 and the coning-inducedLEX upwasheffect.12 Figures 3a–3c
illustrate the cross� ow conditions on a coning slender forebody
in laminar, turbulent, and critical cross� ow, respectively.4 In the
subcritical and supercritical cases the moving wall effects4 on the
boundary layer in the stagnation region will cause � ow separation
to be delayed on the advancing side and promoted on the receding
side, which generates a prospin force, as has been demonstrated.3,4

As a result of this � ow separationasymmetry, the vortex on the ad-
vancing side remains attached whereas on the retreating side it lifts
off, as in the case of a cone–cylinder13 coning at Re »=105 (Fig. 4).
At transitional� ow conditionsthe cross� ow asymmetry is reversed4

through the � uid/motion coupling effect on � ow separation that oc-
curs through the moving wall effect on boundary-layer transition14

(Fig. 3c). Kinematiccouplingmay alsobepresent.7 It hasbeenfound
that when the LEX surfaces start at the base of the slender forebody,
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Fig. 1 AGARD model WG16A.

Fig. 2 Model of 1/72-scale F/A-18.

the coning-inducedLEX upwash on the forebody in the presenceof
local sideslip tends to overpower the viscous moving wall effect.12

This effect of the LEX-induced upwash on the cross� ow separation
asymmetry is illustrated in Fig. 5. The coning motion generates a
sideslipdistributionthat decreasesthe effective leading-edgesweep
on the advancing side and increases it on the receding side. The re-
sult is increased/decreasedLEX-induced upwash on the advancing/
receding sides, respectively, generating the cross� ow separation
characteristics sketched in Fig. 5b. Vortex liftoff takes place on
the advancing side, as demonstrated by water-tunnel results for the
coning WG16A model8 (Fig. 6). This situation prevails while the
angle of attack increases, but the effect diminishes as the vortex-
induced lift on the LEX is decreased by advancing vortex break-
down. When vortex breakdownreaches the LEX apex, the so-called
three-dimensional stall15 occurs, with the � ow separation extend-
ing along the full length of the windward leading edge of the LEX,
which creates a region of low energy � ow. In the case of coning mo-
tion the obstruction caused by the shear layer enclosing this large
separation bubble precipitates the early separationof the windward
boundary layer on the forebody, thereby maintaining the cross� ow

a) Laminar cross� ow b) Turbulent cross� ow

c) Critical cross� ow

Fig. 3 Cross� ow separation characteristics for translating circular
cross section.

separationasymmetryof the type illustratedin Fig. 5b to high angles
of attack.

When in rotary testing the coning rate is increased from X =0,
the � ow� eld inertia tends to keep the � ow separation asymmetry
locked in to the con� guration initially set by the combined effects
of forebody microasymmetry16 and � ow asymmetry due to support
interference.5 The various� owmechanismsgeneratedby the coning
motion will combine to reinforce the initial � ow asymmetry, or
oppose it. Theseare competing� ow mechanisms,but in thepresence
of sustained motion a single � ow mechanism is likely to dominate
and either reinforceor oppose the initial � ow separationasymmetry.
Because there is a great resistance to change in the � ow� eld once
the asymmetry is locked in at a > a on, a dominant � ow mechanism
will be required to alter the � ow state.The point at which this occurs
is a critical point, identi� ed by the threshold coning rate X T .

Generic Slender Forebody/LEX Con� guration
Although the AGARD WG16A model (Fig. 1) has been tested

with and without forebody strakes and boundary-layer trips, only
the data obtained with the clean forebody will be used. All of the
forebody � ow mechanisms just described are thought to play a role
at a ¸ 30 deg (2h A = 28.5 deg), resulting in the observed highly
complex aerodynamic responses.2 As already noted, when lateral
motion is present, one mechanism generally will dominate. How-
ever, interferencefrom the rotary rig5 (Fig. 7), as well as the moving
wall effect,4 are likely to have played signi� cant roles at a > 2h A ,
whichadds to theunsteadinessand leads to multiple� ow states.This
was recognizedin Ref. 2, anda possibleexplanationfor theobserved
complex behavior was postulated.There was, however, insuf� cient
data available to de� ne the multiple � ow states. For one thing, the
steady-statehysteresishad not beendetermined.Moreover,as rotary
balance measurements represent time-averaged values over a num-
ber of complete rotations, they do not offer the explicit information
about the unsteadinessneeded to provide a complete interpretation
of the prevailing � uid mechanical processes.

The experimental results for body-alone (Fig. 8) show that for
a = 40, 50, and 60 deg, a signi� cant negative yawing moment was
measured for X =0, caused by nose microasymmetry.16 For a pos-
itive coning rate, X > 0, the critical moving wall effect (Fig. 3c)
will generate a negative Cn contribution, producing the measured
damping trend in Fig. 8. Correspondingly, a negative coning rate,
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Fig. 4 Flow visualization of 15-deg cone–cylinder model coning at subcritical Reynolds number (clockwise rotation).13

a) Without LEXs b) With LEXs

Fig. 5 Conceptual cross� ow separation on the slender forebody of a
coning aircraft model.

X < 0, will produce damping by generating a positive Cn contri-
bution. This Cn ( X ) trend is observed for a =30 and 40 deg, but
not for a =50 deg, where the Cn ( X ) slope approaches zero for
X < 0 before a discontinuous change to a positive Cn occurs at
¡ 0.06 < X < ¡ 0.05. At X · ¡ 0.06 the Cn( X ) characteristics ex-
hibit a damping slope that is roughly the same as for X ¸ 0.06.
Looking at the corresponding Cn ( X ) slopes for a =40 deg, it ap-
pears that a discontinuouschange to positive Cn values would have
occurred if the test range had been extended beyond X = ¡ 0.16.
The effect of the support on the discontinuous change of Cn( X ) is
the expected result of the interaction of the vortical wake from the
nose with the downstreamrotary rig support (Fig. 7). Similar results
were obtained at a =70 deg with an F-15 model with nose boom,
using a dorsal sting support from the C strut5,17 (Fig. 9). Figure 9
shows that at Re =1.5 £ 106 , the Cn ( X ) discontinuitieswere gen-

erated by the vortex wake interacting with the dorsal sting support
inclined at a S = 70 deg, rather than with the downstream C strut
(Fig. 7), as in the present case. The results show a high sensitivity
to Reynolds number even for turbulent cross� ow Reynolds num-
bers on the nose, which indicates that at Re = 1.5 £ 106, the early
transitional� ow region on the nose boom had created the Reynolds-
number-sensitive nose microasymmetry discussed in Refs. 16 and
18. This Reynolds number sensitivity is likely to have played a role
in the documented nonrepeatabilityof the Cn ( X ) hysteresis loops.

By the comparison of Cn ( X ) data at a =50 deg for body alone
(Fig. 8) and for the complete clean con� guration (Fig. 10) it can be
seen that there is good agreement up to a point. That is, the body-
alone Cn ( X ) characteristics can represent the aerodynamics of the
vehicle at low X , albeit at different Reynolds numbers (subcritical
data were not available for body-alone). The static intercept and
slope at X ! 0 agree well, but at j X j > 0.05 the curves diverge at
the point where the data scatter increases.At X < 0 the slope is near
zero in both cases as the bifurcation point is approached.

When we look at the threshold X T = ¡ 0.05, it is at � rst surpris-
ing to � nd it to be the same at a =50 deg for body-alone (Fig. 8)
and the complete con� guration (Fig. 10). Based on the � ow pic-
ture presented in Fig. 5, one would expect them to be different.The
explanation is the difference in Reynolds numbers, Re =0.3 £ 106

in Fig. 8 compared to Re =0.2 £ 106 in Fig. 10. For the laminar
� ow conditionsexisting at Re =0.2 £ 106 , one would expect Fig. 8
to have exhibited the forebody cross� ow characteristics shown in
Fig. 5a, and X T couldnot havebeen the same as in Fig. 10. However,
the results in Fig. 8 are for Re =0.3 £ 106 and produce the critical
cross� ow characteristicsillustratedin Fig. 3c and give the same type
of separation asymmetry on the forebody as that produced by the
LEX-inducedupwasheffect in Fig. 5b.The similarcross� ow separa-
tion characteristicswill produce similar off-surface � ow structures,
and the interactions with the model support will be similar. This
explains the existence of a common threshold rate condition in the
two cases.

The absence of signi� cant data scatter at j X j < 0.05 may be in-
dicative of the high � ow inertia resulting from the stabilizingeffect
of the � ow asymmetry at a = 50 deg À 2h A , where the forebodymi-
croasymmetry effect is reinforced by the asymmetry generated by
support interference. At X < 0 the Cn ( X ) characteristics remained
essentially constant until the coning-induced lateral displacement
of the vorticalwake was large enough to cause a reversal of the � ow
separation asymmetry. The difference in Cn( X ) characteristics at
j X j > 0.05 for the complete con� guration (Fig. 10) and body-alone
(Fig. 8) re� ects the difference in the sensitivity to the coning rate of
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Fig. 6 Vortex � ow on AGARD WG16A model coning at ® = 40 deg and X = § 0.15 (Ref. 8).

Fig. 7 Schematic of rotary rig support.

Fig. 8 Body-alone Cn(X ) characteristics of AGARD WG16A model
at Re =0:3 £ 106 (Ref. 8).

the LEX-induced upwash effect and the critical moving wall effect
in directing the vortical wake from the nose. At j X j > j X T j =0.05,
the dominance of the LEX-induced upwash effect is lost when vor-
tex breakdownon the windward LEX reaches the apex and only the
LEX bubble effect remains. In the body-alone case the Reynolds
number was critical at Re =0.3 £ 106 and the Cn ( X ) trend con-
tinues to be damped even as the rate is increased (Fig. 8). This is
expected as the moving wall effect is continuing to generate damp-
ing at the critical � ow conditions (Fig. 3c).

F/A-18 Con� guration
The analysis in Ref. 11 demonstrated that similarity relationships

greatly simplify the rotary aerodynamics in the domain of vortex
interactionfor the F/A-18. In this domain,which is in the heart of the
poststallmaneuveringenvelope,rotarytestingis hardlynecessaryby
virtue of the relationships between the lateral degrees of freedom,
except insofar as it is necessary to de� ne the rolling moment Cl .

However, comprehensive rotary balance testing is very necessary
in the domain of viscous � uid/motion coupling,3,4 both at angles of
attack where vortex breakdown occurs on the wing, a < 32.5 deg,
and beyond the angle of attack at which breakdown has reached the
wing apex,11 a > a st ¼ 52.5 deg. In the case of aircraft that do not
haveLEXs, such as the F-14, the situationis much more complex,as
the viscous � uid/motion coupling dominates at a > 2h A (Ref. 18).
For the F/A-18 the onset of asymmetric vortexshedding in the static
case occurs at a = a on ¼ 57.5 deg. At a > a on the baseline Cn( X )
characteristics are similar to the body-alone characteristics at the
same Reynolds number, with the same threshold j X T j ¼ 0.1, which
demonstrates that the yawing moment derives from the loading on
the forebody.11

Vortex breakdown reaches the LEX apex at a near 47.5 deg, at
symmetric conditions in laminar � ow,9 and at lower a at signif-
icant local sideslip angles. This is in agreement with the bound-
aries of vortex interaction correlation discussed in Ref. 11, and
with recent � ow visualization results.19 Orbital platform coning
rig (OPLEC) tests10 showed that steady-state hysteresis occurs
in the range 55 < a < 67.5 deg. At a =60 deg � ow visualization
demonstrates19 that for high rates, for example, X = §0.22, vortex
detachment � ips to the advancing side whenever the rotation direc-
tion is reversed (Fig. 11), in agreement with Figs. 5b and 6. How-
ever, at low rates, X = §0.10, � ow� eld inertia effects dominate,
and both � ow� eld asymmetries are possible (Fig. 12). The yawing
moment Cn ( X ) at a =60 deg (Fig. 13), shows a highly de� nitive
hysteresis loop. For motions initiated outside the loop the behavior
is very steady (Fig. 11), but when the motion starts within the loop
a high degree of unsteadiness exists, which signals the occurrence
of apparentlyrandombifurcationsbetween the opposingconditions
(Fig. 12). For instance, if at a =65 deg the motion is initiated at
X s = ¡ 0.2, that is, j X s j < X T , Cn ( X ) will switch between the two
branches for ¡ 0.2 < X < 0 whenever the separation asymmetry is
reversed (Fig. 14).

Note that the Cn ( X ) results are acquired from the DC-averaged
measurementsover a number (one or more) of completeconing rev-
olutions and, therefore, do not contain any information on the dy-
namic overshoot associated with the change in rotation rate and/or
direction.However, the unsteady behavior could be observedquali-
tatively through � ow visualization.19 From an examinationof these
results it is evidentthat, in the nonlineardomain at elevatedanglesof
attack, alternatively deterministic or chaotic behavior will prevail,
depending on whether or not the threshold rate X T has been ex-
ceeded. While the two � ow mechanisms, the coning-inducedLEX
bubble asymmetry, discussed earlier in connection with Fig. 5, and
the moving wall effect4 (Fig. 3), are in competition, the unsteady
behavior will prevail. However, when X T has been exceeded the
moving wall effect is overpoweredby the effect of nose microasym-
metry, often ampli� ed by support interference [except in the case
of the OPLEC data,9,10 (Figs. 14 and 15)], and the � ow separation
asymmetry becomes locked in, to remain in that � ow state even if
the threshold is subsequently crossed. This was con� rmed in nu-
merous � ow visualization tests over several coning cycles.19 There
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Fig. 9 Effect of support interference on F-15 aircraft model at ® = 70 deg (Ref. 17).

Fig. 10 Subcritical rotary data on WG16A aircraft model at ® =
50 deg (Ref. 8).

is a great resistance to change from this � ow state, and it will ap-
parently prevail inde� nitely in otherwise arbitrary maneuvers that
do not cross the threshold.

As long as the aircraft motion does not exceed the threshold rate,
in the range j X (t ) j · X T , the responses to arbitrary motions could
not be satisfactorily represented by a convective time-lag model
alone. Still, in principle, the rotary balance measurements represent
the best source of data to investigatethis phenomenon.The problem
is that, to date,most rotaryexperimentsin thenonlineardomainhave
apparently followed procedures that involve startup from X = 0,
therebycapturing the unsteadinesswithin the loop without de� ning
the actual hysteretic behavior.One notable exception is the detailed
rotary balance results on the F-15 (Fig. 9).17 In the case of F/A-18,
this loop is only partially captured in certain tests. Figure 15 shows
that whereas the upper branch of the loop is captured in Ref. 20,
subsequent NASA Langley Research Center tests (Bihrle Applied
Research, Inc.) exhibited Cn on the two opposing branches at high
rates, but with erratic behavior in between. The envelopeof the data
scatter coincides with the two branches at the higher rates. The data
points midway between the two branches in the case of one of the
NASA Langley Research Center data sets (Fig. 15) could indicate
a neutral time average in the presence of frequent switching of the
� ow separation asymmetry. Recent water-tunnel � ow visualization
seems to indicate that an unsteady condition with apparent sym-
metric vortex shedding can result from the viscous fairing effect

produced by dye injection.19 However, this � ow condition cannot
be expected to materialize at turbulent � ow conditions.

It can be argued that the damped characteristic is due to mov-
ing wall effects on transition at transitional Reynolds numbers.12,14

Boundary-layer trips were not used in either the NASA Langley
Research Center20 or NASA Ames Research Center21 tests. The
latter data21 were obtained at a near-critical Reynolds number,
Re = 0.16 £ 106 , which couldexplain the monotonicdamping trend
at a =60 deg (Fig. 15). The NASA Langley Research Center data20

were clearly laminar at Red =0.05 £ 106. For the F/A-18 there is
some sensitivity to support interference5 in both the vortex interac-
tion and the viscous interaction regions.11,19 In the former case, the
principaleffect of the supportat low a is to de� ect the attached fore-
body vortex, which prevents it from crossing over to interact on the
advancing side,19 thereby affecting the wing � ow� elds. In contrast,
in the range 57.5 < a < 67.5 deg the attached forebodyvortex dissi-
pates above the canopy (i.e., well upstreamof the support), whereas
the lifted vortex misses the top-mounted support11 (Fig. l6). There-
fore, the main effect of support interference in this a range is its
contribution to � ow unsteadiness, rather than to � ow nonunifor-
mity. It was found that once the bifurcation threshold X T had been
exceeded, this threshold occurred at a lower rate in the presence of
support interference(Fig. 17). When the threshold is not crossed, as
in the case of Fig. 18, j X (t ) j ·0.1, large interference effects were
observed.

Previous studies have found that sensitivity to support oscillation
can be signi� cant in the range of asymmetric vortex shedding.22

It is likely that support oscillation played a role in producing the
irregular data trend in Fig. 15. Support oscillationson the rotary rig
in the NASA Langley Research Center spin tunnel23 (Fig. 16) are
perhaps an orderof magnitudegreater than in the OPLEC apparatus
owing to the large difference in stiffness.24 The resulting coupling
with the moving wall effect, which is effective in the presence of
unsteadiness,4 is likely to have caused the erratic variations in the
time-averaged measurements.

Interpretation of Incomplete Rotary Data
It seems likely in the light of recent results10,19 on F/A-18 that,

contrary to what the authors had surmised,2 the threshold rate X T

had in fact not been determined on the AGARD WG16A model
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Fig. 11 Vortex � ow on F/A-18 model coning at ® = 60 deg and X = § 0.225 (Ref. 19).

at a = 40 deg and that most of the data points were in the range of
� ow unsteadiness.As the steady-statehysteresishad not been inves-
tigated in the AGARD experiment,8 the deterministic aspect of the
rotarycharacteristicshadnotbeenfound.In thenumeroustestsmade
with boundary layer trips,8 the result was only to complicate further
the subscale rotary aerodynamics12 to a point where interpretation
was nearly impossible.However,at a =50 deg the Cn ( X ) character-
isticswere verysteadyat j X j < X T becauseof thedominanteffectof
the � ow inertia. At a =50 deg À 2h A the moving wall effect is well
outside its range of peak effectiveness, h A < a < 2h A , whereas for
the F/A-18 the hystereticdata were obtained at a ¸ 57.5 deg ¼ 2h A ,
where the moving wall effect is still able to compete with the kine-
matic coupling effect.

In attempting to utilize rotary data sets such as those in Figs. 8 and
10, the � ightdynamicisthasnochoicebut to speculateon the formof
the missing data. Otherwise, the value of the data set would be very
limited indeed. In the case of WG16A the test procedurewas a sim-
ple speed-upof the rotation from the stationarycondition,where the
� ow� eld asymmetry could only be � xed in the quiescentposition. If

the rotation sequence could have been initiated at X < X T < 0, the
yawingmoment responsewould have followedtheupperbranch.As
in the case of F/A-18, if the sequence could have been initiated at a
rate belowthe threshold,but with the � ow� eld asymmetrydisplaced
to the opposite side, then the dominance of the support interference
at low rates would have been broken and would have given way to
considerable unsteadiness.Again, this illustrates how under differ-
ent motion conditions the bistable aerodynamic characteristics can
either be steady or degenerate into chaotic behavior.

The awkward reality for � ight mechanics predictionsand control
system design is that much of the poststall maneuvering envelope
may lie within the domain of unsteadiness, where the test results
presented here have con� rmed the chaotic nature of the vehicle
aerodynamic responses. Moreover, much of the dynamic data gen-
erated to date in the nonlinear domain are restricted to this region
and do not provide information on the basic hystereticbehavior. In-
appropriateimplementationin a six-degree-of-freedom (DOF) sim-
ulation can lead to misleading results. To avoid this, comprehensive
investigation of steady-state hysteresis, support interference, and
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Fig. 12 Vortex � ow on F/A-18 model coning at ® = 60 deg and X = § 0.10 (Ref. 19).

Fig. 13 OPLEC water-tunnel results for F/A-18 aircraft model at
® = 60 deg, with rotation sequence initiated at j X s j > X T and direc-
tion indicated by arrows.10

Fig. 14 OPLEC water-tunnel results for F/A-18 aircraft model at
® = 65 deg, with rotation sequence initiated at j X s j < X T ; direction
of rotation sequence shown for X s = 0.2 (Ref. 10).
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Fig. 15 Interfacility comparison of F/A-18 yawing moment at ® =
60 deg.

Fig. 16 Rotary balance apparatus in the NASA Langley Research
Center Spin Tunnel.23

support oscillation is necessary. Because the WG16A results have
shown the threshold rate to be insensitive to viscous � ow effects for
0.2 £ 106 · Re ·0.3 £ 106, the subcriticaland supercriticalbehav-
ior can be modeled11 for rotation rates beyond the threshold. For
the intermediate range bracketed by the threshold conditions,mod-
eling of the viscous � uid/motion coupling and interference effects
would be necessary.Because of the strong time-historydependence
these coupling effects would have to be determined in two-DOF
nonplanar dynamic tests.11

Because viscous and kinematic � uid/motion coupling character-
istics are highly con� guration dependent, it would not be wise to
generalize. Nevertheless, in the case of LEX-dominated con� gura-
tions a fairly clear picture has emerged. The relative degree of sen-
sitivity to viscous � uid/motion coupling is strongly dependent on
LEX/forebody shape and explains some of the differencesbetween
the behavior of the WG-16A model2,12,25 and F/A-18 (Refs. 11 and
26).

The key focus in simulation of vehicle dynamics is on appropri-
ate test conditions rather than on the volume of data that could be
generated. Moreover, data quality could be considered satisfactory
only if the � ow physics relevant to free � ight is captured.2,7 Prior to

Fig. 17 Effect of dorsal strut in water-tunnel test of F/A-18 for j X s j >
X T (Ref. 10).

Fig. 18 Effect of dorsal strut in water-tunnel test of F/A-18 for j X s j <
X T (Ref. 10).

de� nition of the test matrix, support and wall interference have to
be investigated on the basis of previous experience2,5 ¡ 7,9,12 and/or
exploratorytests. For practical reasons, the bulk of the databasewill
be obtained at subcriticalReynolds numbers. Therefore, because it
is imperative that the subcritical � ow mechanisms be well under-
stood, boundary-layer trips should not be used.12 The steady-state
hysteresismust be fully documented,11 which will allow the motion
parameter ranges to be deduced.

Conclusions
An analysisof nonlinearrotarybalancedata in the rangeof asym-

metric vortexshedding,obtainedon two aircraftcon� gurationshav-
ing prominent LEXs, has revealed the following:

1) A threshold coning rate exists that signals the onset of un-
steadiness leading to bifurcation. Identi� cation of this condition,
including the de� nition of the steady-state hysteresis, is necessary
for the implementation of the nonlinear rotary data.

2) Results on the generic aircraft model demonstrate that the
threshold coning rate is determined by the motion-induced LEX
upwash differential and the dynamic support interference.

3) The F/A-18 rotary data show evidence of time-history depen-
dence, with alternately deterministic and chaotic responses result-
ing, depending on whether or not the threshold rate is exceeded.

4) In the nonchaotic � ow regime the role of support interference
is to increasethe level of unsteadiness,therebycausingthe threshold
to shift to a lower coning rate.

5) Whereas modeling of the nonlinear responses should be
tractable in the deterministic range, in the unsteady domain careful
modeling of the viscous � uid/motion coupling would be required.
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