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Wing Rock of Nonslender Delta Wings

Lars E. Ericsson™
Mountain View, California 94040

That slender delta wings will experience wing rock is an established fact, and the responsible flow mechanism is
well understood. However, the same flow mechanism could not cause wing rock of nonslender delta wings. Thus, the
wing rock observed for a 45-deg delta wing must be generated by a different flow phenomenon. Experimental results
for delta wings and airfoils are analyzed in order to define the flow mechanism driving the observed wing-rock

motion.

Nomenclature
wing span
wing root chord
oscillation frequency
reduced roll rate, b¢/2U,,
lift: coefficient C, = L/(pxUZ% /2)S
two-dimensional lift: coefficient ¢; = L' /(0 UOZQ/Z)C
rolling moment: coefficient C; = [ /(ps U2, /2)Sb
Mach number
Reynolds number based on ¢ and freestream conditions
reference area; projected wing planform area
time
horizontal velocity
chordwise, body-fixed coordinate (x g = 0)
vertical displacement
angle of attack
angle of sideslip
amplitude
dimensionless z coordinate, z/c¢
apex half-angle, 6 g = 7/2 — A
leading-edge sweep
dimensionless x coordinate, x /¢
air density
inclination of the roll axis
roll angle
angular oscillation frequency, 27 f
reduced frequency, wc/ U,
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Subscripts

B = vortex breakdown
critical

discontinuity
effective

leading edge

stall

vortex shedding starts
numbering subscript
freestream conditions

Introduction

RECENT publication' pointed out that, although the wing
rock problem for slender delta wings has been investigated
extensively? the possibility that a similar problem could exist for
nonslender delta wings has been ignored, in spite of the fact that
many existing and planned future aerospace vehicles incorporate
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this wing planform. Although vortex-induced loads dominate on
slender delta wings, causing the observed wing rock,? they play no
significantrole in generatingthe nonslenderwing rock phenomenon
of the present 45-deg delta wing. However, an importent consider-
ation for these wings is that they have large leading-edge radii,
rather than being sharp-edged, as in the case of the configurations
exhibiting slender wing rock. As a representative configuration for
investigation of the low-speed aerodynamics of an aerospace plane
during the landing approach, the authors of Ref. 1 selected a thick
45-deg delta wing with cylindrical leading edges (Fig. 1).

Discussion

Low-speedtestsat Re = 0.22 x 10° of a 45-degdeltawing' (Fig. 1)
gave a maximum lift close to that fora NACA-0012 airfoil® (Fig. 2).
At a < 10 deg the lift slope of the delta wing is roughly 60% of
that for the airfoil. Correcting for the effect of aspect ratio (AR)
and assuming elliptic lift distribution, one obtains C;, = ¢;,/(1 +
Clo/7 AR), giving Cp, /c1q = % for ¢;, = 2w and AR= 4. Thus, at
¢ = B = 0the C;(«) characteristics of the 45-deg delta wing are
similar to those for a straight wing. Applying the stall angle «; for
the NACA-0012 airfoil to the crossflow separationangle o g on the
delta wing gives the angle of attack o, for starting vortex shedding
as follows*:

o))

With a1 =o, =11 deg for NACA-0012 (Fig. 2) and 6, =
45 deg (Fig. 1), Eq. (1) gives o, = 8 deg. The experimentalresultsin
Fig. 2 indicate that the leading-edge stall occurred at «, ~ 10 deg,
compared to o ~ 12 deg for the NACA-0012 airfoil, result-
ing in leading-edge vortex shedding at « — o, > 0. Based upon
the straight-wing type of C,(«) behavior up to maximum lift at
a = 25 deg (Fig. 2), one expects the delta wing to exhibit symmet-
ric rolling moment characteristics, C;(—¢) ~ C;(¢) at inclinations
o < 25 deg of the roll axis below wing stall, in basic agreement
with the measured C,(¢) characteristicsat o = 10 deg (Fig. 3). At
o ~ 25 deg, where the lift for ¢ = 8 = 0 hasreachedits maximum
value C; n,x = 1.0 (Fig. 2), vortex breakdown should have started to
occur according to experimentalresults® (Fig. 4). Although the per-
tinent flow phenomenon for the 45-deg delta wing is the part-span
vortex shedding®’ (Fig. 5), rather than vortex breakdown (Fig. 4),
both produce similar results, i.e., a loss of the vortex lift generated
on the outboard, aft wing area.

The effectiveleading-edge sweep of the right and left wing halves
changes as follows® with the roll angle ¢ and inclination o of the
roll axis:

«, = tan"! (tan g sin 6 )

Aot = A % tan” ! (tan o sin ¢) 2)

For A =45 deg Eq. (2) gives A s =60 deg for the leeward, ris-
ing wing-half at ¢ ~28 deg for 0 =30 deg and at ¢ ~ 35 deg for
o =20 deg. On the opposite, dipping wing-half A.; =30 deg. As
the tests covered —90 deg < ¢ <90 deg, it is expedient to let the
vortex breakdown phenomenon generate the loss of vortex lift re-
sulting as the effective leading-edge sweep of the two wing halves
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Fig. 1 Nonslender delta wing model.!
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Fig. 2 Lift coefficients of 45-deg delta-wing model and NACA-0012
airfoil.
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Fig. 3 Ci(¢) at o = 10 deg of 45-deg delta-wing model.!

varies with the roll angle. This is justified based on the fact that A
will in both cases have a similar effect on the loss of vortex lift on
the outboard wing panel (Figs. 4 and 5). The experimental results’
in Fig. 6 for 0 =25 and 30 deg are dominated by the vortex-induced
loads on the rising, leeward wing half. Consequently, they display
the antisymmetric C,(¢) characteristicsC;(—¢) = —C,(¢) expected
from the roll-induced opposite changes of the vortex-inducedloads
on the two wing halves, through the change of A described by
Eq. (2).

The results for o =30 deg (Fig. 6b) are very similar to those for
o =30 deg of a 65-deg delta-wing-body configuration®® (Fig. 7).
In both cases there are three trim points ¢y~ 0 and ¢, #0. As
discussed in Ref. 10, the measured C,(¢) characteristics, although
being highly nonlinear, are continuous, not discontinuous as in
the IDEALIZATION approximationin Fig. 7. At |¢| < ¢, the full
vortex-induced lift forward of breakdown and the lift generated by
the helical flow downstream of a spiral vortex breakdown!! combine
to generate a statically stabilizing rolling moment contribution on
the windward wing half that overpowers the correspondingstatically
destabilizing rolling moment generated by the downstream move-
ment of vortex breakdown on the leeward side. This is a result of the
change of effectiveleading-edge sweep associated with the nonzero
roll angle, Eq. (2). As a consequence, ¢ =0 is a stable trim point
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Fig. 4 Effect of leading-edge sweep on vortex breakdown location for
sharp-edged delta wings.

BN
Slationary

45-deg delta wing at o = 30 deg®

49.4-deg cropped arrowhead wing at o = 20 deg’

Fig. 5 Partial span vortex characteristics.
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Fig. 6 Cy(¢) of 45-deg delta-wing model.!
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Fig. 7 Cy(¢) at o = 30 deg of 65-deg sharp-edged delta-wing-body
configuration.®?

for |¢| < ¢ (Fig. 7). When |¢p| > ¢, & 4 deg, vortex breakdown
moves very rapidly toward the trailing edge on the leeward, rising
wing half. The associated rapid increase of the statically destabi-
lizing vortex-induced lift overpowers the statically stabilizing data
trend from the lift generated by vortical and helical flow on both
wing halves,”~!? resulting in the measured statically destabilizing
C(¢) trend for ¢, < |¢| < ¢4. The idealized characteristics shown
by a solid line in Fig. 7 were obtained by approximating the rapid
but continuous movement of the vortex breakdown from midchord
to the trailing edge® (Fig. 4) by a discontinuous, jump-wise move-
ment. On the right, windward wing half vortex breakdown moves

steadily forward toward the apex with increasing roll angle because
of the roll-induceddecrease of the leading-edgesweep, Eq. (2). The
breakdownreaches the apex at [¢| & 13 deg, accordingto the analy-
sis in Ref. 13. The loss of vortex-inducedlift on the windward wing
half, caused by this forward movement of the vortex breakdown,
augments the statically destabilizing data trend generated by the
increased vortex-inducedlift on the leeward wing half.
Experimental results for a 60-deg delta-wing-body configura
tion'! have revealed that when vortex breakdown reaches the apex
the moderate suction loads generated downstream of a spiral vortex
breakdown are wiped out. This probably accounts for the experi-
mental overshootby the 65-degdelta wing in Fig. 7 of the idealized
characteristics at ¢, < ¢ < ¢;, where ¢, ~ 13 deg. At ¢ > ¢, the
windward wing half is completely stalled, contributingnegligibly to
the rollingmoment, whereas the leeward wing half generatesthe full,
statically stabilizing, vortex-inducedloading!? (Fig. 8). This caused
the measured rapid decrease of the rolling moment for ¢ > 13 deg
in Fig. 7, resulting in a stable trim point at ¢; ~ 20 deg.
Comparing Figs. 6 and 7, one finds distinct similarities, indicat-
ing that the basic flow physics described for the 65-deg delta wing'*
could apply also to the present 45-deg delta wing. From Fig. 6b
one obtains the stable trim conditions ¢; ~ +55 deg, which for
o =30degin Eq. (2) gives A ~ 71 deg for the leeward wing half.
According to the prediction for sharp-edged delta wings!'? (Fig. 8),
this would mean that the contribution to the rolling moment from
the leeside wing half is damping. This is also the case for the trim
points ¢; &~ £55 deg at o =25 deg (Fig. 6a). Thus, the observed
limit-cycle oscillations of the 45-deg delta wing! (Fig. 9) cannotbe
explained through undamping generated by the leeward wing half,
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Fig. 8 Effect of leading-edge sweep on the roll damping C¢(¢) = f(c)
(Ref. 12).
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Fig. 10 Measured roll trim angles and roll oscillations for 60-deg delta
wing at o = 30 deg (Ref. 15).

whichdid explainthe observedlimit-cycleoscillationsat 0 = 30deg
and B > 10 deg observed in experiments with a sharp-edged 60-deg
delta wing!'>!® (Fig. 10). There are two possible reasons for these
differentresults,i.e., the moderateleading-edgesweep, 45 deg com-
pared to 60 deg, and/or the difference in leading-edge geometry,
large leading-edge radius compared to a sharp leading edge.

It has been demonstrated that the roll-rate-inducedcamber effect
will delay vortex breakdown on the downstroking wing half and
promote it on the upstroking side of a sharp-edged 65-deg delta-
wing-body configuration'”!® (Fig. 11). One would expect the roll-
rate-induced camber to have a similar effect on part-span leading-
edge vortices, i.e., to work toward or against reestablishing the full
vortex-induced lift, similarly to the effect of the pitch-rate-induced
camber.!” Thus, the roll-rate-induced camber should generate roll
damping for a sharp-edged 45-deg delta wing, and the measured
wing rock around ¢ ~ 50 deg at 0 =25 and 30 deg (Fig. 9) must
have been caused by the rounded leading edge.

For 0 =30 deg and ¢ =50 deg Eq. (2) gives A =21 deg for
the windward wing half. That produces the situation illustrated in
Fig. 12. Thus, one needs to analyze the flow over a moderately swept
wing leadingedge. The effective angle of attack for the leading-edge
cross section in Fig. 12 is determined as follows’:

Qef = tan” ' (tano cos ¢) 3)

Foro =30degand ¢ =50degEq. (3) gives g & 24 deg. As the
AR for the right wing half is 4.00 in Fig. 1 and 4.85 in Fig. 12, aes
is close to the angle for maximum lift « =25 deg in Fig. 2. Thus,
during wing rock the right wing half in Fig. 12 would be describ-
ing roll oscillations that produce a plunging motion of the rounded
leading edge at an angle of attack close to that for maximum lift.
When this motion is taking place in the near-stall region, as in the
presentcase, undamping-in-plunge has been measured for airfoils*
(Fig. 13). The negative damping-in-plunge has been shown to be
generated by the moving wall effect on the initial boundary-layer
formation near the forward flow stagnation line,?! as illustrated in
Fig. 14. The experimental data trend toward reestablishing damp-
ing for @ > 15 deg in Fig. 13 has the following explanation. The
undamping-in-plungeis generated by the moving-wall effect on the
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Fig. 15 C¢(¢) and ¢(¢) for 45-deg delta-wing model at o = 35 deg
(Ref. 1).

flow separation.Figure 14 illustrates how it will cause attachmentof
the separated flow during the upstroke, generatinga positive normal
force, producingundampingat 10 deg < o < 17.5 degthatdrivesthe
plunging motion® (Fig. 13). During the downstroke, the moving-
wall effect promotes flow separation, also generating undamping-
in-plunge. At higher angles of attack, certainly beyond o ~ 20 deg
in Fig. 13, the flow has become totally separated on the leeward
side, and only the attached flow on the windward side of the airfoil
reacts to the plunging motion, generating damping.

For finite-AR wings the undamping will start at a much higher
angle of attack than in the two-dimensional case (¢ ~ 10 deg in
Fig. 13).? The wing stall at @ ~ 24 deg (Fig. 2) for the wing in Fig. 12
correspondsto 10 deg < o < 15 deg for the airfoils in Fig. 13. Con-
sequently, one expects the maximum undamping-in-plunge corre-
spondingtoa ~ 15 degin Fig. 13, tooccurata ~ 30 deg for the wing
in Fig. 12 and last until &« > 34 deg, correspondingto « > 17 deg in
Fig. 13. This explains why the oscillations around the trim point at
¢ =0ato =35 deg (Fig. 15) and 0 =45 deg (Fig. 16) are damped.

The important lesson to be learned from the low-speed results
for the thick 45-deg delta wing with a large leading-edgeradius' is
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Fig. 16 C¢(¢) and ¢(¢) for 45-deg delta-wing model at o = 45 deg
(Ref. 1).

that, because of the large leading-edge radius needed for heat pro-
tection, aerospace vehicles with delta-wing planforms of moderate
leading-edge sweep will experience nonslender wing rock of the
type describedin Ref. 22 for straight wings and was experienced by
the X-29A aircraft with its 29-deg swept-forward wing.?3

Conclusions

Analysis of published experimental results shows that wing rock
ofnonslenderdeltawings, with leading-edgesweep less than 50 deg,
can occur when the following conditions are met:

1) The wing has a rounded leading edge.

2) The inclination of the roll axis is high enough so that during the
rolling motion the effective leading-edge sweep and angle of attack
of the windward wing half are such that dynamic-stall conditions
are produced.

3) Under these conditions there will exist a limited range of the
inclination of the roll axis in which the dipping, windward wing
half during the rolling motion will experience leading-edge stall
of the type observed to cause undamped plunging oscillations of
two-dimensional airfoils and wing rock of straight wings. In the
presentcase of a45-degdeltawing, thisresultedin undampedrolling
motions, terminating in roll oscillations of the limit-cycle type.
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