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Nonlinear Rate and Amplitude Effects
on a Generic Combat Aircraft Model

Lars E. Ericsson*
Mountain View, California 94040

and

Martin E. Beyers'
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A study has been made of the unusual results obtained in large-amplitude oscillatory coning and pitching tests
of a generic combat aircraft model. The analysis shows that the observed highly nonlinear effects of angular
amplitude and rate on the unsteady aerodynamics can be explained by using the knowledge of unsteady separated
flow physics gained from one-degree-of-freedom dynamic experiments. Anomalous effects are produced by the
wind-tunnel testing practice of using boundary-layer trips, which introduces a unique sensitivity to boundary-

layer transition not found in full-scale flight.

Nomenclature
wing span
reference length, mean aerodynamic chord
wing root chord
maximum body diameter
= local body diameter
rolling moment, coefficient C; =1/ (pw U2 /2)Sb
pitching moment, coefficient C,, =m/(p., U2 /2)Sc
normal force, coefficient Cy = N/(pw U2 /2)S
= yawing moment, coefficient C, =n/(p., U2 /2)Sb
= static pressure, coefficient C,, =(p — po)/ (P U2 /2)
= Reynolds number based on d and freestream conditions;
Re(x) based on local diameter d(x) (Fig. 11)
= reference area, projected wing area, nd”/4
for body alone
time
velocity
= crossflow velocity
= axial body-fixed coordinate
side force: coefficient Cy =Y/(p., U2 /2)S;
¢y, =0Cy/0&
cross-sectional height above flow stagnation point
= angle of attack
=0a/ot
= angle of sideslip
= vortex circulation (Fig. 7)
increment
dimensionless z coordinate, z/d(x) (Fig. 11)
dimensionlessx coordinate, x/c,
air density
= azimuth
= coning angle
dimensionlessconing rate, wb/2U,,
coning rate, 0 y/ot
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Subscripts

1 = initial
LS = laminar separation
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TR = transition

TS = turbulent separation

t = trip

VB = vortex breakdown

00 = freestream conditions

Introduction

N recently completed dynamic wind-tunnel tests' to explore

the highly nonlinear unsteady aerodynamics prevailing on a
generic combat aircraft model (Fig. 1) at high angles of attack,
the oscillatory-coning test technique’ was used to generate sinu-
soidal variations of angle of attack and sideslip superimposed upon
the regular coning motion. In another test rig the model was driven
in large amplitude pitch oscillations. The tests demonstrated that
at high angles of attack the highly nonlinear effects of amplitude
and angular rate are very complex. Although the oscillatory con-
ing results are not fully representativeof high-alphamaneuvers, the
methodology used here to interpret the unsteady aerodynamics of
complex motions is directly applicable.

Discussion

The aerodynamics of the combat aircraft model! become highly
nonlinear at a > 19 deg because of the effects of separated flow
and vortex bursting. The use of boundary-layer trips and nose
strakes (Fig. 1) further complicated the experimental unsteady
aerodynamics? Significant time-history effects added to the com-
plexity, making the rotary aerodynamics very difficult to interpret.
In what follows unsteady flow concepts are presented that can ex-
plain the unusual aerodynamic characteristics measured in rotary
tests.!

Effect of Sideslip

The nonlinear static aerodynamics at 10 deg < o < 40 deg and
B ==10 deg (Fig. 2) can be explained by the sideslip effects dis-
cussed in Ref. 4. Flow visualization results' for symmetric condi-
tions (8 =0) show vortex breakdown to start at the trailing edge at
o =19 deg and move to the LEX-wing junction at a =39 deg, ini-
tiating the stall of the complete wing (Fig. 3). Drawing from earlier
experience with double-deltawings,* one can constructthe concep-
tual flow physicsillustratedin Fig. 4. At o < 15 deg no breakdown
occurs on the wing, and the regular sideslip effect’® generatesa pos-
itiverollingmomentat f = —10deg. At this angle of sideslip, vortex
breakdown occurs early on the windward side and will be extensive
at a > 20 deg (Fig. 4). The windward wing half will be completely
stalledat o= 30 deg, long before the zero-sideslip value @ =39 deg
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Fig. 1 Generic combat aircraft model with nose strakes and grit strips
at ¢, = + 40 deg (Ref. 1).

A B=10°,4>0

v B=10°,6 <0

[m]

B=-10°, a >0
050

<

B=-10°, & <O

-.050 L
Fig. 2 Effect of sideslip and pitch rate on C;(«) (Ref. 1).

(Fig. 3). At a= 30 deg the leeward wing half has just started to
experience vortex breakdown. The stalled windward and unstalled
leeward wing halves together produce the minimum C; value in
Fig. 4. That the leeside wing half becomes completely stalled at or
before the value for 8 =0 (a =39 deg) is probably a result of the
body-shadow effect. Going back to Fig. 2, one still needs to find a
reason for the large o hysteresis in the experimental results.

When the angle of attack is increased to a =35 deg, the vortex
breakdown moves to the apex also on the leeside wing half. As a
result, the lift that was generated by the vortex on that wing half,
upstream and downstream of a spiral vortex breakdown, is wiped
out,’ as in the example in Fig. 5d, completely eliminating the asso-
ciated contributionto the negative rolling moment. The o hysteresis
in Figs. 2 and 4 is of the usual type, showing the reestablishment
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Fig. 4 Conceptual vortex characteristics for the measured C;(x) at§ =
—10 deg.

of unburst vortices to take place at an angle of attack far below
that for starting vortex breakdown. Once three-dimensionalstall has
been establishedat a >35 deg, the spiral type of vortex breakdown,
shown in Figs. 5a-5c, cannot be reestablished on the downstroke.

The C; characteristics in Figs. 2 and 4 indicate that both wing
halves stay completely stalled until the angle of attack has been
decreased below a =25 deg, toward the value o =19 deg, where
vortex breakdown ceases to occur on the wing at § =0.
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Fig. 5 Three-dimensional stall of a delta-wing-body configuration’
(VB = vortex breakdown).
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Fig. 6 Effect of oscillatory coning rate on C;(«) (Ref. 1).

Effect of Coning Rate

The oscillatory coning results' show that the sign change of the
C(PB) characteristics observed at 25 deg < o< 35 deg for 2=0
(Fig. 2) also occurred for £2=0.006 (Fig. 6), but does not occur
when the rotation rate is increased to and beyond £2=0.06. The
likely reason for this is that the coning-inducedsideslip changes the
effective leading-edge geometry (The direction of the  variation
—20 deg < <20 deg is indicated in Fig. 6). The rate-induced ef-
fects will be largest close to the upper and lower ends of the tested
arange, where | 8| is largest. Because of convective time-lag effects,
conceptually similar to those for a rolling 65-deg delta wing,*° the
rate-induced effect will be felt over the wing progressively later
in the motion cycle as the rate is increased. This could explain
the dramatic €2 effect on the rolling moment at o > 20 deg, which
completely eliminates the static nonlinear C;(o) loops existing for
0 =0.006. In the range 20 deg < o < 40 deg, where 3 < 0 during
the upstroke (¢& > 0 in Fig. 6), the negative yaw rate will deform the
Dynamically Equivalent Steady (DES)'® planform to take the shape
shown in Fig. 7, generating a Gothic wing geometry on the wind-
ward side and an ogee type on the leeward side, with the leading-edge
vortices on the sideslipping wing effectively oriented as depictedin
Fig. 7. Thus, in the absence of vortex breakdown, the negative yaw
rate at 20 deg < o < 40 deg for ¢ > 0 will for £2>0.06 generate
an increment AC; > 0 relative to the near-steady rolling moment at
0 =0.006, eliminating the branch C;(a) < 0. (It can be shown that
vortex breakdown will be delayed on the Gothic wing half and pro-
moted on the ogee-shaped side, further contributing to the positive
C; increment.) The corresponding effect on the backstroke ¢ < 0
eliminates the branch C;(«) > 0. This explains the absence of the
extra C;(o) loops observedfor £2 =0.006. The experimentalresults
in Fig. 6 also show the expected increased magnitude of the rate-
induced A C; withincreasing 2. Athighalpha(33deg < o < 55deg)

TIME t

TIME (t-At)

a) Sideslipping delta wing

}e

A %
£ ald\
b) Dynamically equivalent steady wing

Fig. 7 Dynamically equivalent steady leading-edge geometry of yaw-
ing delta wing.

the generation of lift on the wing through the effect of sideslip on the
upwash producedby the leading edge extension(LEX) is coupled to
the interaction between the attached forebody vortex and the LEX
vortex.? This coupling is evident in the correspondencebetween C;
and C, loops at high alpha.! The experimentalresults in Figs. 3 and
6 indicate thata maneuvering combat aircraftis likely to experience
significant motion-induced coupling effects!! at moderately high
angles of attack.

Slender Forebody Aerodynamics

The complicated nature of the loads induced on a slender fore-
body in pitch oscillations are well illustrated by the C, results in
Fig. 8, obtained on the model with nose strakes and grit strips!
(Fig. 1). The data are unusual in two respects. First, a nonzero static
yawing moment is measured at B =0 for o > 45 deg, even though
the strakes force the flow separation to be symmetric at the nose
tip.!> The nose strakes only delay the occurrence of the separation
asymmetry from o > 30 deg, expected for the 28.5 deg complete
apex angle,” to a >45 deg (slow alpha sweep in Fig. 8). This is
consistent with experimental results for the X-31 aircraft,!* indi-
cating that a limited range exists at high alpha in which steady
asymmetric crossflow separationcan develop aft of the nose region
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Fig. 8 Effect of large-amplitude oscillations in pitch on C,, () (Ref. 1).
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Fig. 9 Pitch-rate effect on the normal force of an ogive cylinder at
critical flow conditions.!

affected by the strakes. Flow visualizationresults at @ =46 deg for
the aircraft model with a clean forebody'? show that a new vortex
pairis being generated two calibers downstreamof the nose tip. This
is in basic agreement with existing experimental evidence.! If the
forebody is long enough, the presence of the symmetric first vortex
pair, produced by the nose strakes, can only delay, not prevent, the
occurrence of asymmetric flow separation farther downstream. The
location where the second vortex pair starts on the clean forebody
in the present case is approximately one strake length behind the
trailing edges of the nose strakes.!” It is more challenging to ex-
plain the other result in Fig. 8, i.e., the capability of a very modest
pitch rate to eliminate the asymmetric crossflow separation existing
at45 deg < a < 65 deg for essentially static flow conditions (slow
alpha sweep). As the C, (o) loops above and below oo =40 deg are
quite similar, there cannot be any significant effect of forebody flow
asymmetry at o > 40 deg.

Experimental results for an ogive cylinder'>'® (Fig. 9) show that
the modestpitch-uprate ad/ U, =0.0027 significantly changedthe
crossflow separation characteristics from those existing at & =0.
Apparently, the crossflow acceleration, generated by the pitch-up
motion, had an effect similar to that of nose strakes'’ (Fig. 10), pre-
venting the asymmetric flow separation with associated side force
and increased normal force from developing. The crossflow separa-
tion process can be simulated using the impulsively started cylinder

4.0} == STRAKE OFF
~—==STRAKE ON

Fig. 10 Effect of nose strakes on normal and side force coefficients for
a pointed 3.5-caliber tangent ogive.!”

flow analogy.'®!® In that case the crossflow velocity V is a function
of the initial velocity V; =Uo sin a, and the crossflow acceleration
can be written as

vV =rfn (1a)

dv 0
E =%Uw(xcos a (lb)

Equation (1b) shows that the crossflow accelerationis largest at
o =0 and becomes zero at a =90 deg. This is in agreement with
the data trend in Fig. 9, where the largest difference from the static
normal force occurs at low angles of attack, and becomes neglible
at a =60 deg, where the increased data scatter is the likely result
of Karman-type flow instability. The kink at o > 50 deg in the
static Cy(a) curves is the result of the liftoff of one asymmetric
vortex, allowing the other, lower vortex to move inboard, thereby
generating more normal force. This data trend is clearly exhibited
by the experimental results'’ in Fig. 10. The cylindrical afterbody
produced the additional Cy increase at higher angles of attack in
Fig. 9.

One question that needs to be answered is why the acceler-
ated flow effect is so much larger at Re =0.08 X 10° than at
Re =0.05 X 10°. The quoted'’ 6% decrease of the freestream speed
when the model was pitched from o =0 to 90 deg indicates that the
model blockage was substantial, suggesting that the associated in-
creased turbulence level could have been responsible for the early
establishment of critical crossflow conditions. With that scenario
the experimental results in Fig. 9 suggest that at Re =0.08 X 10°
the static characteristics were obtained at critical flow conditions,
whereas at Re =0.05 X 10° laminar flow conditions prevailed. This
is consistent with the fact that the crossflow drag at a =90 deg re-
sultedin 10% lower Cyy at Re =0.08 X 10° thanat Re =0.05 X 10°.
Furthermore, at Re =0.08 X 10° it appears that the accelerated flow
effects during pitch up were powerful enough to produce laminar
flow conditions, generating Cy values equal to or larger than the
static values for Re =0.05 X 10° at a < 50 deg. That the cross-
flow conditions on the clean forebody of the combat aircraft model
(Fig. 1) wereclose to the criticalrange at Re =0.2 X 10° canbe veri-
fied by a comparisonwith the force dataat Re =0.15and 0.30 X 10°
(Ref. 12). The presence of the trips at ¢, = +40 deg on the forebody
(Fig. 1) could have played a significant role in establishing critical
crossflow conditions at Re =0.2 X 10°.
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Fig. 11 Cross-sectional pressure distribution on a 5.4-deg cone cylinder at & = 90 deg (Ref. 20).
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Fig. 12 Conceptual pitch-rate-induced effects on the crossflow separation at « > 46 deg on the combat aircraft model with nose strakes and with
grit strips at ¢y = + 40 deg (TS = turbulent separation, TR = transition).

By analogy with the experimentalresults? in Fig. 11, one can for
o > 45 deg in Fig. 8 construct the conceptual crossflow geometries
shown in Fig. 12. At & =0 the crossflow geometry giving a pres-
sure distribution corresponding to point F in Fig. 11 is established.
This supercriticalkritical separation geometry (Fig. 12a) generates
a large side force (althoughnot as large as that at point C, generated
by the subcriticallritical separation asymmetry). This produces a
yawing moment of large magnitude (slow o sweep in Fig. 8). Be-

cause the boundary layer downstream of the trips is at the point of
transition, the accelerated flow effectis likely to be large. Figure 11
(point F) shows that it takes a minuscule decrease of the cross-
flow Reynolds number to go back to the critical/critical (point
E) symmetric crossflow separation geometry. Likewise, a small
Reynolds-numberincrease would produce the symmetric supercrit-
ical/supercritical crossflow separation geometry. Consequently, a
very modest accelerated flow effect could have been able to cause a
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Fig. 13 Effect of large amplitude pitch oscillations on C,, () (Ref. 1).
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Fig. 14 Conceptual pitch-rate-induced effects on the crossflow sepa-

ration at « > 46 deg on the combat aircraft model with nose strakes but
without grit strips (LS = laminar separation, TR = transition).

complete change of flow separation geometry. In the pitch-up case
a >0 (Fig. 12b), the favorable accelerated flow effect will delay
transition, permittingthe critical flow separationto be establishedon
both sides to produce the minimum normal force. In contrast,during
the pitch-down & < 0 (Fig. 12¢), the adverse decelerated flow effect
will promote transition, establishing the supercriticalsupercritical
separation geometry shown in Fig. 12c, which generates a normal
force that is larger than in the static case and significantly larger
than that for @ > 0 (Fig. 12b). As a result, the local normal force
generated by the forebodywould be decreasedbelow the static value
during the upstroke & > 0 and increased above it during the down-

stroke, all in agreement with the experimental C,, () in Fig. 13; the
dominanteftecton C,,, for the moment reference axis of the present
model (Fig. 1), is the change of the local normal force on the slender
forebody.

According to the preceding discussion, the grit strips at ¢, =
+40 deg contributed to the experimental data trends in Figs. 6 and
13. One naturally asks oneself what the experimentalresults in Figs.
6 and 13 would have looked like in the absence of these grit strips.
For the clean forebody the crossflow conditions are known to be
subcritical''? at the test Reynolds number Re =0.2 X 10°, with the
separated-flow topology shownin Fig. 14b, correspondingto a point
between A and B in Fig. 11. In that case the accelerated flow ef-
fect would be ineffective, and the C,,(a) results would be similar
for &« =0 and & #0. Note, however, that if the test had been per-
formed at a slightly higher Reynoldsnumber, correspondingto point
CinFig. 11, the crossflow separationtopology sketchedin Fig. 14a
would have resulted. In that case the minute pitch-rate-inducedac-
celerated/deceleratedflow effectscould have beensufficientto cause
a change of separation geometry (from point C in Fig. 11 to points B
or D). This would imply that during the upstroke (& > 0) the favor-
able accelerated flow effect could have delayed transition,changing
the asymmetric critical/subcritical separationin Fig. 14a back to the
subcriticalsubcritical flow separation sketched in Fig. 14b, which
would have generated the maximum local normal force. During
the downstroke (¢ < 0), on the other hand, the adverse decelerated
flow effect would promote transition, possibly changingthe subcrit-
ical/critical separationat ¢ =0 to a critical/critical crossflow geom-
etry (Fig. 14c¢), generating the minimum local normal force. Thus,
the local normal force generated by the forebody would be increased
above the static value during the upstroke ¢ > 0 and reduced below
it during the downstroke & < 0, all contrary to the experimental C,,
results in Fig. 14. Of course, at full-scale Reynolds numbers neither
one of these scenarios could be realized, adding another example to
the scaling problems discussed in Ref. 3 for the generic combat air-
craft model! (Fig. 1) and in Ref. 21 for subscale tests in general. The
test engineer should be warned to avoid flow conditionsin subscale
tests that introduce boundary-layertransition effects not present in
full-scale flight.

Conclusions

A study of the dynamic testresults obtained for a subscale combat
aircraftmodel shows that the highly nonlineareffect on the unsteady
aerodynamics of angular rate and oscillation amplitude can be ex-
plained by applying the knowledge gained from existing results for
one-degree-of-freedan dynamic tests with subscale models of mis-
sile and wing geometries. Although the test results analyzed are not
at all representative of full-scale flight conditions, largely because
of the conventional use of boundary-layer trips, the methodology
used is fully applicable to the more straightforward analysis of the
unsteady aerodynamics at full-scale Reynolds numbers.
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