JOURNAL OF AIRCRAFT
Vol. 39, No. 6, November-December 2002

From Water Tunnel to Poststall Flight
Simulation: The F/A-18 Investigation

Martin E. Beyers
Institute for Aerospace Research, Ottawa, Ontario KIA OR6, Canada

Introduction

HE prediction of poststall maneuvers and departure char-

acteristics of high-performance aircraft continues to be
challenging,'? due, in particular, to the highly three-dimensional
nature of the motions and aerodynamic responses.’ A case in point
is the F/A-18 aircraft (Fig. 1), which has experienced departures
from controlled flight, typically involving large sideslip excursions
with attendant high body-axes rate variations leading to high an-
gles of attack o (Ref. 4). The lateral-directional departure suscep-
tibility of the F/A-18 provided part of the motivation within the
NASA High-Alpha Technology Program for the improvement of
high-alpha predictions based on ground testing.’ The gyrations and
responses experiencedon departure are intrinsically nonplanar, that
is, involvingarbitraryrotations not aligned with the principalaxes of
the aircraft® When the flight mechanical deficiencies of an F/A-18
simulation were identified, a Canadian program was undertaken to
enhance simulator fidelity.S The areas in which the airframe model
could be improved included the poststall aerodynamic database, the
multivariabletablelookup architecture,and the aerodynamicmodel.
The present paper focuses on the improvements to the database.
The shortcomings of the poststall aerodynamic database were at-
tributed largely to facility interference’® and scaling effects’!* not
accounted for and gaps in the parameter space covered. The origi-
nal rotary database for F/A-18 was generatedin the NASA Langley
Research Center Spin Tunnel.!! The F/A-18 poststall maneuver-
ing aerodynamics is dominated by forebody/leading edge exten-
sion (LEX) vortex interactions at moderately high angles of attack
(30 < @ < 55 deg) and forebody flow separation asymmetry at high
alpha (@ > 55 deg). In the light of the sensitivity of the vortex in-
teractions to sideslip angle B (Ref. 12), it was deemed necessary
to generate a more detailed rotary database to define the associated
relationships over a large sideslip range.

When the advantages of the water-tunnel approach were consid-
ered, it seemed appropriate to use this ground-test methodology to
generate supplementary data. The orbital platform rotary balance
system (OPLEC)" at the Institute for Aerospace Research (IAR)
water tunnel, a diagnostic tool for studying support interference’-®
and unsteady wall interference,* was subsequently used in high-
resolution tests as well as diagnostic experiments'>~!® on the base-
line F/A-18. A thorough understanding of scale effects on vortex

breakdown and interaction characteristics was seen as a prereq-
uisite to extrapolation to full scale of water-tunnel dynamic data.
Unlike the case with delta wings, the F/A-18 vortex breakdown
characteristics at low Reynolds number Re have shown remarkable
agreement with low Mach number flight test results 5!*2° A fa-
vorable comparisor’! was also made under dynamic conditions of
wing rock 2?2 However, early experiments'? had revealed discrep-
ancies between lateral-directional aerodynamic results at different
testscales. Inreality, differences between flow separation character-
istics on bodies of revolution at laminar, transitional, and turbulent
Reynolds numbers*2* show that the correspondencebetween sub-
scale and flight-testresults cannot be universal. Because of the very
different side force distributions on the F/A-18 forebody at laminar
and fully turbulent conditions, the extrapolation of laminar water-
tunnel results to full-scale conditions could only be valid under a
rather special set of circumstances. The question to be answered
is whether the favorable wing rock comparisor’! was fortuitous or
whether there is a useful part of the poststall maneuvering envelope
within which the laminar water-tunnel results could be exploited in
flight predictions.

This paper surveys the experimental efforts of defining the non-
planar aerodynamic characteristics of the F/A-18, consolidating the
database and, in particular, confronting the issues of scaling and the
effects of the dynamic test environment.

Background

Althougha simple six-degree-of-freedan (DOF) model of the un-
steady aerodynamicsof aircraftmaneuveringflightis notlikely to be
developed any time soon,” significant improvements to the quasi-
steady models in use! could lessen the reliance on empirical ad-
justments to the model that have become commonplace > Because
the linearized model breaks down in the presence of aerodynamic
bifurcation?®?’ the boundaries of the regions of its validity are an
important part of the information needed for the implementation of
the database in the 6-DOF simulation. To enhance the steady-state
model, the relationships between the aerodynamic responses that
exist for the F/A-18 aircraft under steady nonplanar motion condi-
tions were analyzed, and similarity parameters derived from flow
physics considerations were introduced.$
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Fig. 1 F/A-18 at full scale and model scale: a) CF-18 at high alpha and
b) scale model at high rotation rate.

Predictions in the poststall flight regime rely heavily on the ex-
perimental knowledge base.® The poststall database of the F/A-18
aircraft(Fig. 1)is arguably the mostextensive for any existing fighter
aircraft. Yet there are still gaps in the single-DOF dynamic data that
restrict the fidelity of any nonplanar motion simulation. The use of
experimental dynamic data in flight dynamic predictionsintroduces
a related set of problems, including those of database structure?
effects of experimental conditions,~%!* and extrapolation to full
scale >®

The F/A-18 rotary data were obtained from published!'and un-
publishedtests in the NASA Langley Research Center Spin Tunnel,
the NASA Ames Research Center 7 x 10 Foot Wind Tunnel,?® and
in water tunnels, at Eidetics Corporation” and at IAR."~!7 The
sources of static lateral-directional aerodynamic data for the base-
line F/A-18 at asymmetric test conditions are found in Refs. 30-33,
and flow visualization data are provided in Refs. 15, 16, 31, 32,
and 34-36. Flight-test data on the High-Alpha Research Vehicle
(HARV)!9:2034 were obtained at NASA Dryden Flight Research
Center.

IAR Experimental Program

Test Equipment

The 1/72-scalemodel of the F/A-18 usedin the IAR experiments'
(Fig. 2) incorporates a 34-deg leading-edge flap deflection §; g and
neutral control surface settings and featured flow-through engine
inlets. On either side close to the nose apex, the LEX apex and
LEX/wing junction, 12 dye ports were arranged, as shown in Fig. 3.
The model was mounted on a five-component submersible balance
with the rotation center at 25% mean aerodynamic chord (MAC).
Details of the measurement and data acquisition systems can be
found in Refs. 15-17. For force measurements and flow visualiza-
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Fig. 2 F/A-18 1/72-scale model.
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Fig. 3 Dye port locations on model.

tion, the Reynolds number based on MAC Re was 1.78 x 10* and
6.46 x 10°, respectively.

An advanced orbital platform apparatus'® (Fig. 4) was used for
rotary experiments in the IAR 0.38 x 0.51 m Water Tunnel. The
model is mounted on a sting attached to an annular platform, rid-
ing on the outer surface of a stationary, cylindrical test section in-
sert (Fig. 5). With the absence of the conventional shaft-mounted
C-strut or arm, the aerodynamic interference is minimal because
the strong-interaction support interference is eliminated. The aft-
mounted model is set at a pitch angle o on a short circular sector,
which s carried on a yoke attached to the supportarm. An indexing
spacer between the sting and the yoke is used to set the bank angle
¢ at discrete values at intervals of 2.5 deg in the range |¢| < 50 deg.
The relationship between the angles «, B and o, ¢ is o = tan™!
(tano cos¢ ) and = sin"!(sino sin ¢). To investigate supportin-
terference at high alpha, replicas of the support systems used in
conventionalrotary rigs are mounted on the orbital platform.'>-!¢

Representative Results

Figure 6 shows the IAR lateral-directionalrotary characteristics'>
obtained at IAR in the range of symmetric crossflow separation at
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Fig. 5 Schematic layout of orbital platform apparatus.

B =0and |Q2] <0.3, where Q@ = Qb/2U,, is the dimensionlesscon-
ing rate. Flow visualization revealed the existence of three critical
points, two associated with LEX vortex breakdown crossing the
LEX-wing junction at o = 28 deg (slope changes at this condition
shown in Fig. 6) and reaching the LEX apex at o =50 deg and
the third associated with the onset of asymmetric crossflow sepa-
ration on the forebody at « =55 deg. At this point, the responses
become discontinuous, with steady-state hysteresis occurring in the
range 57.5 <o < 67.5 deg. A well-defined coning-hysteresisloop
exists ata =60deg (Fig. 7). At intermediatew, a variety of complex
forebody/LEX vortex interactions occur, ranging from co rotating
vortex interactionsbefore LEX vortex breakdown (Fig. 8b) to vortex
crossinteractions(Fig. 8a). For the latter type, the attached forebody
vortex crosses over, under the influence of the sidewash generatedin
the nonplanar, curved flowfield. The interaction then switches from
the retreating to the advancing side as |€2| increases, reducing the
upwash on the advancing side. The coning-induced positive cam-
ber delays vortex breakdown on that side. An interaction occurring
between the leeward body vortex and leeward burst LEX vortex is
referred to as a “weak” interaction. As the rotation rate increased
above a thresholdrotationrate 21 (Ref. 37) the interactionoccurred
before breakdown, termed a “strong” interaction (Figs. 8a and 9).
In the nonlinear range 57.5 <o < 67.5 deg, for motions initi-
ated at a dimensionless coning rate Q25 outside the hysteresis loop
(Fig. 7), the behavior is very steady, but when the motion starts
within the loop, that is, in the range |Q2s| < |Q2r|, a high degree of
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Fig. 6 Effect of rotation rate on lateral-directional aerodynamic char-
acteristics, 3=0.

unsteadinessexists, which signals the occurrence of apparentlyran-
dom bifurcations."” Under these conditions, when the threshold Q7
was never crossed,”’ a high degree of sensitivity to support interfer-
ence was observed (Fig. 10).%® In the vortex interaction range, no
steady-state hysteresis was detected,!” but the existence of a dorsal
support affects the forebody/LEX vortex interactions, influencing
the spanwise flow over the associated wing-half, and affecting the
magnitude of the rolling moment.!* At certain conditions, the in-
fluence of the support caused the interaction to switch from the
retreating to the advancing sides, accompanied by a change in sign
of the rolling moment C;.

Analysis of a large number of video flow visualization records
yielded the characterization of the vortex interactions over the
o—S2 range, as summarized in Fig. 11 (Ref. 18). At low 2 and
o <42.5 deg, essentially symmetric forebody vortex shedding oc-
curred. Beyondthe range —0.05 < 2 <0, the coningrate dominates,
and the forebody vortex on the advancing side becomes detached
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Fig. 7 Steady-state coning hysteresis at o =60 deg.

Fig. 8 Vortex interactions on rotating model at o =45 deg: a) cross-
vortex interaction and b) strong interaction.

from the surface through the coning-induced LEX upwash bubble
effect,® resisted by the moving-wall effect on the forebody™ At
substantialrotationrates in the range 45 < o < 55 deg, vortex cross-
interaction occurs. The strong interactionsoccurred at @ <47.5 deg
and |Q2| > 0.15. The domains of vortex interaction are separated by
regions of unsteadiness. Asymmetries in the boundaries of these
regions are attributed to model geometric asymmetry and possible
tunnel flow nonuniformity.

Fig. 9 Strongvortexinteractionata = 40 degand 2 = 0.2 (rear view).

Sideslip Effects on Forebody/LEX Vortex Interaction

At B #0, the flowfield interactions and, in particular, LEX vor-
tex breakdown is affected by the changes in effective leading-edge
sweep angle on the two sides.!” In rotary motion, the flowfield
interactions are determined by the overall velocity distribution re-
sulting from the combination of body-axes sideslip and coning-
induced local sideslip effects. With different combinations of €2 and
¢, the sideslip effect on forebody/LEX vortex interaction might
be augmented or canceled out. At o <35 deg, C;(8) becomes
highly nonlinear with 8 as LEX vortex breakdown moves back
onto the retreating wing-half with increasing 8. As illustrated for
o =45 deg (Fig. 12), the aerodynamics are nonlinear, with anti-
symmetric trends in the rolling moment over the vortex interac-
tion range.!” At 0 =40 deg and ¢ =0 (8 =0), C; has an inflection
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Fig. 11 Map of forebody/LEX vortex interaction conditions.

point at =0, corresponding to a near-symmetric vortex system
(Fig. 13a). At 2 > 0.1, C, increases with increasing €2, as a result of
the leeside strong vortex interactiondue to coningmotion (Fig. 13b).
However, when ¢ > 0, for instance, ¢ =15 deg (o ~40 deg and
B~ 10deg), the inflection pointis shifted to 2 < 0 (Fig. 13d), where
the two vortex systems are again “symmetric” at 2 = —0.1. When a
vortex cross interaction occurred at 2 = —0.2 (Fig. 13c), a positive
C, increment resulted.

Intertechnique Comparison
A natural question to be answered is to what extent can the lam-
inar water tunnel results be extrapolated to full-scale conditions. If
indeed feasible, the new data would constitute a useful extension of
the nonplanardatabase on the baseline configuration. Thus, dealing
with the scaling issues became a priority.

LEX Vortex Breakdown

An obvious starting point seemed to be the documented insensi-
tivity to Reynoldsnumber of the LEX vortex breakdown (Fig. 14) on
the F/A-18 aircraft configuration over the complete Reynolds num-

ber range from water-tunnel tests to full-scale flight,%!%!° which
contrasts sharply with the high sensitivity displayed by vortex break-
down on delta-wing configurations*® The observed effect of in-
creasing Reynolds number on pure delta wings**~*? (Fig. 15), as
well as on a combat aircraft model with extensive LEX surfaces’
was to promote vortex breakdown.

It has been demonstrated in the case of a delta-wing-body**
that the body-induced upwash distribution along the wing leading
edge generates a negative wing-camber effect that promotes vor-
tex breakdown** The presence of a fuselage will promote vortex
breakdown to occur much earlier than for an isolated wing. Sim-
ilarly, in the case of the F/A-18 configuration (Fig. 16), the body
radiusis approximately constantover the initial LEX extent, and the
body-inducednegative camber effect along the leading edge would
promote vortex breakdown in the absence of other effects. When
considering the flow conditions close to the fuselage, the bound-
ary layer has considerable influence, creating, in effect, a viscous
fairing. The viscous fairing effects on the bottom half of the fuse-
lage would increase the effective body radius, thereby generating
a negative body-induced camber effect and associated promotion
of vortex breakdown that is of larger magnitude for laminar than
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Fig. 12 Lateral-directional aerodynamic characteristics at o =45 deg
and |¢| < 20 deg.

for turbulent flow conditions**#’ Looking at the gothic planform
of the forward portion of the LEX (Fig. 16), one can see how the
rapidly increasing span near the LEX apex could have made the
initial LEX vortex development rather insensitive to the difference
between body-induced upwash for laminar and turbulent flow con-
ditions. In addition, the viscous fairing effect on the longitudinal
body geometry (Fig. 17) would be to generatebody conicity, thereby
reducing the LEX wing area and increasing the effective leading-
edge sweep. This could have delayed the LEX vortex breakdown,*®
compensating for the breakdown-promotingeffect of the increased
body-induced negative camber caused by the effective increase in
body radius. These two viscous fairing effects apparently more or
less canceled each other, accounting for the observed insensitivity
of LEX vortex breakdown to the Reynolds number (Fig. 14).

Vortex Interaction Characteristics

On the F/A-18 HARYV, wing rock observed in flight tests was
associated with forebody/LEX vortex interactions at o« =45 deg
(Refs.20 and 49). Subsequentlaminar subscale tests®! showed good
agreement with flight tests (Fig. 18),2° even after accounting for the
bearing friction in the test.** This indicated that both the vortex
interaction and vortex breakdown characteristics had to have been
simulated correctly. In contrast, interactions of corotating vortices
on double delta wings have been found to be sensitive to Reynolds
number.’*~52 The effect of Reynolds number on the vortex interac-
tion location is similar to that on vortex breakdown, with the inter-
action point moving upstream as Reynolds number Re is increased.

Comparisons of flow visualization in water-tunnel tests and in
flight,'® allowing for differences in the viewing angle, indicate that
the vortex interactions are quite similar at angles of sideslip ap-

proaching zero for « =40 (Fig. 19),42.5,and 45 deg. Comparisons
between water-tunnel and flight-testresults at § # 0 are difficult be-
cause the prevalence of wing rock makes it all butimpossibleto sta-
bilize the aircraft at asymmetric flight conditions. Nevertheless, the
degreeof similarity between wind tunnel and flightis encouraging !®
Good agreement was obtained between measurements of the vortex
interaction point in water tunnels'®!® and in flight** (Fig. 20).

A comparison of the lateral-directional aerodynamic character-
istics would give an idea of the degree of correspondence of the
global loads over the B range. The results at « =40 deg from sev-
eral facilities, including water tunnel and wind tunnels at various
Reynolds numbers and model scales, are compared in Fig. 21. The
o, B values corresponding to discrete o, ¢ combinations were ap-
proximate, within £0.7 deg of the corresponding plotted values.
The Cy data from the different facilities agreed reasonably well,
exceptin the case of the Eidetics data.’® This is attributed to wall in-
terference effects, which were not corrected for.* On the whole, the
yawing moment shows good agreement. Different slopes of C;(8)
at B # 0 exist between the water tunnel results (from IAR'" and
Eidetics®®) and low Reynolds number wind-tunnel results (from the
NASA Langley Research Center Spin Tunnel'! and the U.S. Navy
David TaylorResearch Center (DTRC) 7 x 10 Foot Wind Tunnel!),
whereas the high Reynolds number results from the NASA Ames
Research Center full-scale wind tunnel® differed from both groups.
However, the slope Cjs of the full-scale data agrees with that of
the IAR data at 8 <—3 deg and B >3 deg. The nonlinearity at
|B] <5 deg is likely due to the stronger vortex interactions at lower
laminar Reynolds numbers. The discrepanciesbetween the AR and
Eidetics C, data again are attributed to the larger wall interference
effects in the latter case. The smaller slope in the DTRC data is
attributed to the documented use of boundary-layertrips.®!

The larger slope of C;(8) that exists for small 8 in Fig. 21 has
to be explained. At 30 < «a < 50 deg, the aerodynamic loading is
largely generated by attached flow on the windward lifting sur-
faces and vortex-induced suction on the leeward surfaces of the
LEX-wing configuration. Because LEX vortex breakdown reaches
the wing apex at « =28 deg, the suction generated on the wings
derives primarily from the spiral flow>® downstream of breakdown.
The location and nature of forebody/LEX vortex interactions have
a profound effect on the wing loading and, as shown by water-
tunnel flow visualization,!® can influence the spanwise flow on the
wing-half affected. The weak interactions tend to be unsteady, and
the strong interactions generally steady. Both types have been ob-
servedin flight tests of HARV2%3* at 8= 0 and |8| > 5 deg, respec-
tively. Under these conditions, the agreement between water-tunnel
and flight results at 0.2 <M < 0.4 is good, indicating the overall
scale effects are not acute.

Itappearsthatat | 3| < 5 deg the viscous fairing effects postulated
in Ref. 40 play a role. The body-induced negative camber* 46 is
augmented by the viscous fairing effect of the thickened boundary
layer on the fuselage, more so at the laminar Reynolds numbers in
the water tunnel. This would promote vortex breakdown. Also, as a
result of the viscous fairing effect of producing body conicity, the
effective leading-edge sweep on the leeward LEX is increased. The
two effects largely cancel each other at zero sideslip*® At small | ],
the asymmetry in the attachment line will tend to accentuate the
effect of body conicity on the leeward LEX, through the increased
thickness of the viscousregion (Fig. 22). This associated increased
sweep could have produced a delay of vortex breakdown, but with
reduction in leading-edge vortex strength and, therefore, vortex-
induced suction, giving AC; < 0.

Atlarge B (|8| =5 deg),theleeward primary separationis located
near an azimuth |¢| < 70 deg, and viscous fairing effects become
ineffective. With the reduction in leading-edge sweep, the leading-
edge vortex strength is increased, resulting in an increase in the
extentof the spanwise flow on the leeward wing-half. The increased
suctionloadingthatresultsis less sensitiveto Reynoldsnumber, with
AC; > 0 for B > 0 (Fig. 22), returning the trend to the moderately
stabilizing slope existing at full-scale conditions.

The conclusionis that, at the Reynolds number of the water tun-
nel, vortex interactions are highly sensitive to sideslip angle or
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Fig. 13  Sideslip effects on forebody/LEX vortex interaction in rotation at o =40 deg.
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coning-induced velocity distributions, but that the similarity be-
tween laminar and fully turbulent conditions that exists at 8 — 0
and B > 5 deg does not extend to small finite 8 (0 < |8] < 3 deg).

Compressibility
The good agreement obtained between measurements of the vor-
tex interactionlocationin water tunnels and in-flight (Fig. 20) poses

xlc

Fig. 15 Vortex breakdown progression on delta wings in air and in
water.

the next question: How can the vortex interaction characteristics
be similar when the relative vortex strengths have changed due to
viscous fairing effects? For a constant chord length, the leading-
edge vortex strength of slender delta wings decreases with increas-
ing leading-edge sweep.* Thus, the effective increase of the LEX
sweep near the apex, caused by viscous fairing effects at lami-
nar conditions, will be accompanied by a reduction in LEX vor-
tex strength. Downstream of the apex, the leading-edge vortex is
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Fig. 16 F/A-18 cross-sectional geometry.

Fig. 17 Viscous fairing effects on F/A-18 model.

apparently generatedfartheroutboardalongthe gothic-leading-edge
LEX segment, further reducing the vortex-induced loading on the
LEX and delaying vortex interaction. In the flight tests, this ef-
fect was negligible. However, another factor was present, namely,
compressibility.

The HARYV flow visualizationtests were conductedat Mach num-
bers between 0.2 and 0.4 (Ref. 19). The forebody flows are es-
sentially free of compressibility effects in this range, as was to be
expected, because the compressibility effects on an inclined cir-
cular cylinder are negligible?®* for M., sina < 0.4. On the other
hand, as the Mach number is increased, the vortex-induced suc-

50

21
484 O Wiad Tusaei Data

20,22
® HARY Flight Dats

Limit Cycle Amplitude (deg)
(peak-to-peuk )

0 LD v T L 4
25 0 s 40 43 50 55
Angle of Attack (deg)

Fig. 18 Wing rock amplitude for F/A-18 measured in flight and in
subscale tests.

Fig. 19 Flow visualization at o 22 40 deg and 8=0 in a) flight® and
b) water tunnel.'®

tion pressure on the LEX is reduced significantly.® The effects
of Mach number on the LEX pressures were found to persist®® to
M, <0.3. The in-flight data at « = 31 deg show that, even down-
stream of vortex breakdown, the suction pressures are influenced
significantly by compressibility’® (Fig. 23). This effect was also
seen in the comparison® between data obtainedon 6 and 16% scale
models of F/A-18 at Re=1.0 x 10°. Moreover, discrepancies be-
tween wind-tunnel data on 6% F/A-18 models at different Mach
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Fig. 20 Comparison between measurements of vortex interaction
point in water tunnels and in flight.

numbers, as low as M, =0.15, have been attributed to compress-
ibility effects.>” These Mach number effects are caused by the high
flow accelerations over the leading edge of the LEXs at high «.
Compressibility effects on vortex breakdown could have played a
role, but normally become significant only at higher subsonic Mach
numbers. Because the forebody vortex strengths are essentially un-
affected, the ratio of LEX-vortex to forebody-vortex strengths in-
flightat 0.2 < M, < 0.4isreducedin comparisonto its incompress-
ible water-tunnel counterpart. Thus, the reduction in LEX vortex
lift due to the viscous-fairing-indued sweep angle increase tends
to compensate for the lack of compressibility effects in the water
tunnel.

Wing Leading-Edge Flaps

Whereas the forebody/LEX interactionsare relatively insensitive
to scale effects as a result of these compensating mechanisms, the
reattaching flow on the inboard wing and leading-edge flap sec-
tions is expected to be sensitive to Reynolds number. Both flight
tests of HARV?® and surface flow visualization at U,, =20 m/s
using tufts at the Aeronautical and Maritime Research Laboratory
(AMRL) in Australia® (Fig. 24) show regions of attached flow on
the inboard section of the leading-edge flap. At « =30 deg and
B =0, the regions of attached flow on the leading-edge flap are
small, and there is only a hint of a separationbubble. At @ = 35 deg
and B =0, there are small regions of attached flow on the leading-
edge flap and a separation bubble of limited extent. In contrast,
at @ =35 deg and 8 ==+10 deg, the attached flow region on the
leeward leading-edge flap and wing leading-edge vortex extended
outboard along a substantial portion of the leading edge. Separa-
tion bubbles existed with reattachmenton the leeward leading-edge
flap. The nature of the separation bubble was defined by smoke
flow visualizatior’? ata = 40 deg and 8 = —10 deg (Fig. 25). These

Re x 10
050 — o = Ames 80%120' Wind Tuanel” g 4 12
Sy  —¢ -DTRC7XI0 Wind Twmet®! 1.4

T -l . — & -DSTO AMRL Wind Tunnel 0.52
- -w -NASALangley Spin Tumnel* 018

—o— AR Water Tumell3 0.0178
— a— Eidetics Water Tunnet 0.0125

* Unpublished

25 p 30

Side force

25 [ 30

Yawing moment

- -2 25 B oao

E i pfa
® =40 deq o 4 ’Iél'

Rolling moment

Fig. 21 Interfacility correlation of lateral-directional aerodynamics
at o =40 deg.

AC;<0 AC;> 0

o
N

Fig. 22 Conceptual viscous fairing effects under laminar flow condi-
tions at finite 3.

results indicate thatin the « range of interest, 30 <« < 55 deg, there
is a B envelope beyond which Reynolds number effects could be
significant.

In the unsteady case, validation of water tunnel results is chal-
lenging; no F/A-18 flight-test data are available, for instance, for
a loaded roll maneuver. Nevertheless, the degree of similarity be-
tween laminar wind-tunnel and flight-test wing rock characteristics
at 0.2 < M, < 0.4 (Fig. 18) constitutes an overall validation of the
laminar to fully turbulent similarity concept.

Analysis and Consolidation of Database
Comparisons were made of the OPLEC water-tunnel data'® in
the o range from 25 to 90 deg with unpublishedrotary balance data
from the NASA Langley Research Center Spin Tunnel and with
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Fig. 23 Compressibility effect on LEX surface pressure coefficients on F/A-18 HARV>® at o = 31 deg.

Fig. 24 Comparison of flow visualization on a) F/A-18 HARYV using tufts?® with b) dot-streak results®? at o =30 deg.

results from other sources.'"”® The comparison in Fig. 26 shows
good agreement at o =45 deg for the side force Cy and yawing
moment C,, butsignificantdiscrepanciesin C; betweenthe three sets
of wind-tunneldata. The IAR data and unpublished NASA Langley
Research Center data at 45 deg agree reasonably well at large €2,
|2] > 0.1, but show quite different slopes at low 2. It was pointed
out!” that this test was in the a range of susceptibility to support
interference; it is also known that there is considerable sensitivity
to Reynolds number and geometric variations between model and
full scale. Effects of support interference were also evident in the
NASA Langley Research Center C; data at f # 0 and o > 40 deg
(Ref. 18).

The introduction of aerodynamic similarity parameters® has
shown that considerable simplification of the F/A-18 nonplanar
aerodynamics is possible in the domain of forebody/LEX vortex
interactions, which is characterized by a dominant fluid/motion
coupling mechanism. Good correlations were obtained between the
lateral-directional aerodynamic characteristics from different de-
grees of freedom using parameters based on the effective differen-
tial sweep angles at the LEX apex, Az Lgx, at the nosetip, A z,, and
the reduced body-axis yaw rate r =rb/2U,,, in coning and steady
sideslip. These parameters are derived from a dynamic crossflow
parameter. For instance, analyzing the NASA Langley Research
Center database it is found that at moderately high o the static
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Fig. 25 Smoke flow visualization on leading-edge flap of 1/9-scale
F/A-18 model.2
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Fig. 26 Correlation of lateral-directional rotary data at o =45 deg.
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Fig. 27 Correlation of rotary aerodynamicdata's at discrete angles of
attack.®

and rotary C, and Cy data correlate well with Az, and Az gx, as
appropriate. As can be seen from the IAR data® in Figs. 27a and
27b, the results collapse to a single curve in each case. Both the
C,(Az,) and Cy (A2 gx) characteristicsat different values of 8 are
well correlated for A ; values of interest, when using these similar-
ity parameters over the range 35 <« <52.5 deg and |B| < 30 deg
(Fig. 28).

Unlike the side force and yawing moment, the rolling moment
at high « is dominated by the aerodynamic loading on the wind-
ward surfaces. C; correlates well with 7 for @ > 8¢ atall 8, up to a
maximum rotationrate 7, = 0.2, when the aerodynamicroll angle
¢ opposes the spin rate.5 At these conditions, vortex breakdown is
roughly symmetrical, and C; is generated mainly by the windward
aerodynamic loading. For rotation in the other direction, the differ-
entialloading due to asymmetric flow separationdominates, and the
rollingmomentincrementsincrease monotonically with . The sim-
ilarity relationships for C; are still being investigated. The analysis
also facilitates the incorporationof engine inlet flow effects on vor-
tex breakdown determined in a water tunnel 23 To obtain the engine
inlet flow effects on the rotary aerodynamics, the vortex breakdown
data are correlated with a nonplanar similarity parameter that can
be expressedin terms of A z.

No significant steady-statehysteresis was found within the vortex
interaction range,'’ indicating that the use of similarity parameters
was legitimate. Once the aerodynamicresponses become discontin-
uous and steady-state bifurcation occurs, it is no longer possible to
define a similarity parameterbased on kinematicrelationshipsalone.
When natural asymmetric crossflow separation occurs on the fore-
body (at @ > 57.5 deg when 8 = 0 and at lower « at 8 # 0, depend-
ing on f and €2) steady-statehysteresisoccurs,and microasymmetry
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Fig. 28 Correlation of unpublished NASA Langley Research Center
rotary data at discrete angles of sideslip.®

effects can play a large role. When using plastic kit models in water-
tunnel tests, subtle variations in nose radius and concentricity and
the presence of dye-flow orifices can have a significant effect on the
angle of attack for onset of asymmetric vortex shedding. To avoid
the latter problem in the IAR tests, different models were used for
balancemeasurementsand flow visualization,and the forebodynose
cross section was checked.”~!7 Note that, in general, it is very dif-
ficult to simulate small-scale features or imperfections on full scale
aircraft at model scale.® Moreover, different types of departure
behavior can be exhibited from one aircraft to the next in the
fleet.”2 When the experience of high-alpha aerodynamics of slen-
der bodies of revolution?* is drawn from, slight geometric changes
in the model nose bluntness can be used to generate alterna-
tive data sets that model the different types of behavior repre-
sentative of the specific aircraft studied. The correlation of rotary
data at o« =60 deg and B=0 (Fig. 29) illustrates the differ-
ent types of behavior, attributed to different model microasym-
metries, to differences in test procedures, and to test Reynolds
numbers ®

Poststall Flight Prediction

The conceptual steady-state bifurcation boundaries are illus-
trated in Fig. 30. Within the vortex interaction domain and the
three-dimensional stall domain, analytic representations or two-
dimensional table lookup and interpolation can be used for the
lateral-directionaldata, with the possible exceptionof the proconing
C; data. This representation allows the implementation of a modi-
fied quasi-steady model that circumvents many of the drawbacks of
conventional 6-DOF models.® An example of the data used to de-
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Fig. 29 Interfacility correlation of F/A-18 yawing moment at o=
60 deg.
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Fig. 30 Schematic steady-state bifurcation boundaries.

termine the steady-statebifurcationboundariesis shown in Fig. 11.
The regions of unsteady flow at low €2 are indicative of viscous
interactions occurring at the low Reynolds number water-tunnel
conditions.No wind-tunnel rotary data exist at these nonplanar con-
ditions. Further tests at higher subcritical Reynolds number could
conceivably clarify the sensitivity to small ¢ and 2. Similar maps
of the forebody/LEX vortex interaction conditions were generated
at discrete ¢ values, defining the behavior beyond this range of un-
steadiness. Finally, a separate map locates the approximate upper
limit of reattaching flow on the wing/flap system. The flow physics
considerations that account for the general laminar/fully turbulent
dataequivalence’ and define the steady-state bifurcationboundaries
that restrict the database also provide the rationale for applying
the water tunnel data to simulate full-scale conditions. This vali-
dated water-tunneldatabasecan be incorporatedinto flight simulator
software.

For practical reasons, the bulk of the database will be obtained
at subcritical Reynolds numbers. As has been pointed out,” un-
steady aerodynamics at high Reynolds number conditions, in gen-
eral, cannot be simulated by the use of boundary-layer trips at
subcritical or critical conditions. However, there is a qualitative
similarity between the unsteady aerodynamic responses in lami-
nar and fully turbulent conditions’ Where a similarity does ex-
ist between the aerodynamics in subscale tests and low Mach
number flight, the water tunnel is a convenient facility to gener-
ate the poststall nonplanar database, and there is some promise
of simplified nonlinear modeling.® A corollary to this is that the
critical Reynolds number boundary is not crossed during the sim-
ulated maneuver. In the viscous flow domain, where the domi-
nance of the LEX-induced upwash is lost, the complexity increases
greatly because Reynolds number effects, viscous fluid/motion
coupling*® and microasymmetry effects dictate the time-dependent
responses.

Conclusions

From a poststall simulator enhancementstudy, it became evident
that in the case of the F/A-18 much of the required dynamic data
applicable to flight at low Mach numbers could be generated in a
water tunnel. The following conclusions may be drawn.
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1) The water tunnel rotary investigation has generated a substan-
tial addition to the F/A-18 poststall nonplanar database.

2) Flow physics analysis of the F/A-18 has provided a rationale
for extrapolation of water-tunnel dynamic data to full scale, identi-
fying the conditions under which there exist compensating effects
of viscous- and compressibility-dominaed flow mechanisms. This
phenomenon accounts for the relative insensitivity of LEX vortex
breakdown to Reynolds number at low Mach numbers.

3) Within the boundariesof applicability of the water-tunnel data,
poststall aerodynamic results obtained under laminar flow condi-
tions are reasonably representative of full-scale conditions, in spite
of the fact that neither the Reynolds number nor the Mach number
are simulated in the water tunnel.

4) In the vortex interaction domain, where similarity relation-
ships have been established between associated lateral degrees of
freedom, the domain of applicability of the water-tunnelrotary data
can be clearly defined.

5) The introduction of nonplanar aerodynamic simulation para-
meters made possible the consolidation of results from diverse ex-
perimental sources, including static and rotary balance force mea-
surements and water-tunnel and full-scale flowfield measurements.

6) The favorable correlations obtained on the F/A-18 are due, in
large part, to its unique forebody/LEX geometry. Nevertheless, it
is felt that implementation of the methodologies described could
provide the insight needed to extrapolate to flight conditions water-
tunnel poststall data on other related aircraft configurations.
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