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Further Analysis of High-Rate Rolling Experiments
of a 65-Deg Delta Wing
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Further analyses have been performed of the experimental results obtained in the roll oscillation tests of a
65-deg sharp-edged delta wing at 30-deg inclination of the roll axis in order to uncover the fluid mechanical
phenomena causing the unusual, highly nonlinear vehicle dynamics. It was found in an earlier analysis that in
addition to the expected effect of convective flow time lag, the test results show highly nonlinear effects on vortex
breakdown of the oscillatory rate. The present analysis reveals that these effects are themselves influenced by
convective flow time lag. As a result, the past time history of the oscillatory response can in some cases have a

strong influence on the final trim condition.

Nomenclature

Il

wing span

wing root chord

oscillation frequency

reduced frequency, wb/2U.,

lift: coefficient, C, = L/(p.U%/2)S

= rolling moment: coefficient, C, = l/(p,.U%/2)Sb
= normal force: coefficient, Cy = N/(p..U2/2)S
= aerodynamic pressure: coefficient,

Cp = (p — p.)(p..U2/2)

= reference area, projected wing area
time .

horizontal velocity

convection velocity

vertical velocity

axial body-fixed coordinate, Fig. 8
spanwise body-fixed coordinate, Fig. 8
vertical body-fixed coordinate, Fig. 8
angle of attack.

increment or amplitude

time Jag

roll oscillation amplitude

leading-edge half-angle

= leading-edge sweep angle, w/2 — 6, ¢
dimensionless x coordinate, x/c

air density

inclination of body axis

roll angle

mean roll angle

reduced roll rate, ¢b/2U.,

angular frequency, 27f
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Subscripts

c = critical

LE leading edge
max = maximum
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V = vortex

VB = vortex breakdown

00 = freestream conditions
Differential symbols

L, = 0C/d

¢ = ap/ot

Introduction

N a recently completed analysis of how to include agility

considerations in the design of fighter aircraft,' the follow-
ing conclusion is drawn: “The rank order of agility payoff
functions placed torsional agility first, followed by axial agility
and pitch agility.” Consequently, it is of utmost importance
to be able to predict the unsteady aerodynamics of rapid roli
maneuvers.

Results obtained in high-rate, large-amplitude roll oscilla-
tion tests? of a sharp-edged 65-deg delta wing at 30-deg in-
clination of the roll axis are unique in that they cannot be
obtained by time-lagging static experimental results.>* This
is contrary to past experience showing that the dynamic effects
of separated flow on bodies of revolution® and slender wings®
could be predicted simply by phasing the force or moment
vector measured in static tests to account for the effect of
convective flow time lag. The present tests show that there
is in addition an effect of the roll-induced velocities at the
leading edge, which can change the magnitude of the force
or moment vector. A hypothesis was presented in Ref. 3 that
could explain some of the unusual experimental results ob-
tained on a 65-deg delta wing. This article is a follow-up of
that analysis, aimed at extending it to include other unique
experimental results not discussed in Refs. 3 and 4.

Analysis
In order to make this article comprehensible without re-
quiring the reading of Refs. 3 and 4, the more significant
results discussed in the earlier analysis will be recapitulated.
Only the results obtained for roll oscillations around ¢, = 0,
at ¢ = 30-deg inclination of the body-fixed roll axis of the
65-deg delta wing,>” will be discussed. The static rolling mo-
ment exhibits highly nonlinear characteristics in the range
—10 deg < ¢ < 10 deg (Fig. 1). The almost discontinuous
change of the rolling moment in Fig. 1 is caused by the break-

down of the leading-edge vortices.
Figure 2a shows how the breakdown of delta-wing leading-
edge vortices occurs first at the trailing edge of the delta wing,
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and progresses forward as the angle of attack is increased.®
At nonzero roll angle, the angle of attack and effective lead-
ing-edge sweep of the delta wing are3#

a(¢$) = tan~'(tan o cos ¢) )
A(¢) = A = tan!(tan o sin ¢) 2)

The effective sweep of the wing half that rolls upward (lee-
side wing half) increases, and that of the other decreases (see
Fig. 2b), resulting in an aft and forward shift, respectively,
of the corresponding vortex breakdown locations. Figure 2a
shows that the forward movement of the vortex breakdown
on the windward side will be very modest, compared to the
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rapid aft movement for the leeward side. When accounting
for the beveled leading edge® the effective angle of attack is
less than 30 deg. For such an « value Fig. 2a indicates that
the vortex breakdown would rapidly move from roughly mid-
chord to the trailing edge on the leeward wing when the
effective sweep approaches A = 70 deg. A critical sweep angle
A = 69 deg is indicated by the dashed line in Fig. 2b. Con-
sidering the wing areas affected by the movement of the vortex
breakdown, one can see that the effect of the breakdown
movement on the rolling moment is almost entirely generated
by the leeward wing half, where the increased vortex lift gen-
erates a highly nonlinear, statically destabilizing change of the
rolling moment. Representing this by a discontinuous C, change
when A = 69 deg is exceeded gives the C, characteristics
represented by a solid line in Fig. 1. For the sake of simplicity,
this idealized representation of the static characteristics will
be used in the discussion that follows.

In order to understand the dynamic characteristics, it is
beneficial to first examine the delta wing roll dynamics in the
absence of vortex breakdown.!® One important characteristic
of the dynamic loading induced by leading-edge vortices is
the effect of convective time lag. When the angle of attack is
changed in a stepwise manner, the new vortex starts devel-
oping at the apex and grows in the downstream direction'’
(Fig. 3). Thus, a time lag At = x/U,,, where U, = U, occurs
before the new vortex has been established at station x. The
same type of time-lag effect is realized for a change of roll
angle. The static effect is to increase the vortex-induced lift
on the windward wing half, as illustrated for ¢ = Ad(t — Af)
in Fig. 3. A corresponding lift decrease occurs on the leeward
side. That is, the effect is statically stabilizing. However, due
to the time-lag effect, the rolling delta wing will experience
this vortex-induced lift increment AL, at time ¢, when the roll
angle is zero, ¢ = 0 (see Fig. 3). That is, the vortex-induced
lift-increment is dynamically destabilizing. This opposition be-
tween static and dynamic stability effects is the general result
of time lag.’

Figure 4 illustrates how such a time lag would cause the
C,(¢) characteristics, obtained by changing the roll angle at
a constant rate, to lag the idealized static C(¢) characteristics
(solid line). Figure 5 shows how the measured C{¢) char-
acteristics for the reduced roll rate ¢ = 0.05, obtained from
large amplitude roll oscillations, varied with the roll angle.?
The measured dynamic characteristics demonstrate that ap-

A¢) = A+ BA

A = tan"t (tan o sin ¢)

BO‘J'. y

60} A-oA(9)
40\
T (o)
\
20| 1
af{d) = tan (tan 0 cos ¢)

b) ¢

Fig. 2 Static vortex breakdown characteristics: a) vortex breakdown position on sharp-edged delta wings® and b) eftect of roll angle on effective

leading-sweep and angle of attack.
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Fig. 3 Formation of leading-edge vortex and generation of incre-
mental vortex-induced lift after stepwise change of angle of attack."
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Fig. 4 Expected effect of convective time lag on C,(¢) characteristics.

plying the time-lag effect to the separation-induced static char-
acteristics is not sufficient for prediction of the experimental
dynamic characteristics. The results indicate that the magni-
tude of the vortex-induced rolling moment is changed from
its static value. A well-known example of similar motion-
induced effects is the large dynamic-stall overshoot of static
lift maximum.'>'* In that case the pitching motion changes
the effective geometry through pitch-rate-induced acceler-
ated-flow and moving-wall effects. A similar roll-rate-induced
change of the effective geometry seems to be present for the
65-deg, sharp-edged delta wing, having a large effect on the
lift and the associated rolling moment.

The effect of longitudinal camber on the breakdown of the
leading-edge vortex on a slender delta wing is large'* (Fig.
6). For the same maximum local angle of attack on the delta
wing a,..., a positive camber of Aa/a,,,,, = 1 causes breakdown
to occur downstream of the trailing edge, whereas a negative
camber of the same magnitude, Ac/a,,,, = —1, causes burst
to occur very close to the apex.
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Fig. 5 Measured effect of positive constant roll rate on C(¢) char-
acteristics.

Fig. 6 Effect of longitudinal camber on vortex breakdown on an 80-
deg delta wing.'* Local incidence a) increasing and b) decreasing with
distance from apex.

Obviously, for a pitching delta wing the pitch-rate-induced
camber will have similarly large effects on the breakdown of
leading-edge vortices. It is shown in Ref.15 that the nonlinear
lift characteristics of delta wings are determined by the ratio
between the angle of attack and the leading-edge half-angle,
the parameter being tan o/tan 6 g =~ a/f, g, where 6, =
/2 — A. The roll-stability derivative C,¢ is, of course, also
determined by this parameter,'s and it was suggested in Ref.
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Fig. 7 Roll-rate-induced conical camber.

16 that the local /6, variation from apex to trailing edge
would be very important, and that as a consequence, the roll-
rate-induced camber effect would be very similar to the pitch-
rate-induced camber effect. In both cases, it is the motion-
induced change of the local angle of attack at the leading edge
that matters (Fig. 7).

The local, roll-rate-induced, conical camber is

Aa, ;. = tan~ (W /U, cos a) = ¢ sec a (3)

Thus, the total roll-rate-induced camber at the trailing edge
is

Aa,p = ¢ sec a 4)
where
b = kag (5)

At¢ = ¢, = 0, a = ¢ = 30 deg. That is,

A, = 2kAPIN3 (6)

Thus, |Aa g| = 9.2 deg for k = 0.2 and A¢ = 40 deg. This
gives a ratio Aa /e = 0.31 for &« = 30 deg. This ratio
is comparable in magnitude to the ratio |Aal/e = 1, which

produced the huge effects on vortex breakdown shown in
Fig. 6.

Discussion

Following the suggestion in Ref. 3, static tests were per-
formed with models deformed to produce the roll-rate-in-
duced camber'” (Fig. 8). In order to keep the leading-edge
sweep unchanged, the equivalent static model was made to
have the leading edge in one plane, resulting in equations for
the static equivalent deformation that are more complicated
than Eqgs. (3-6). The test results were as expected.® That is,
the twisted-up side of the delta wing experienced later vortex
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Fig. 8 Thin-sheet model, deformed to represent the maximum roll-
rate-induced camber."”
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Fig. 9 Effect on C/(¢) characteristics of rampwise increase of the roll
angle, ¢ = 0.05.

breakdown than the opposite, twisted-down side, &5 = 0.70,
compared to &5 = 0.45 (at ¢ = 0) for one test case.

For the positive roll rate in Fig. 5, the roll-rate-induced
camber delays vortex breakdown on the downstroking, and
promotes it on the upstroking wing half. For ¢ = 0.05, the
effect was apparently large enough to prevent the breakdown
from moving downstream of the trailing edge on the port wing
and upstream of it on the starboard wing (see sketches in Fig.
9). This explains why the statically destabilizing rolling-mo-
ment-discontinuities never materialized under the dynamic
conditions. Aside from the effect of these discontinuities, the
difference between the C/(¢) characteristics for ¢ = 0.05
and ¢ = 0 is the combined effect of time lag and roll-rate-
induced apparent mass.!? . .

Applying the same reasoning to ¢ = —0.05 as for ¢ =
0.05 in Fig. 9, one gets the inset sketches shown in Fig. 10,
according to which no vortex breakdown did occur on the
leeward wing half. This is in agreement with the experimen-
tal data trend. That is, the C,(¢) characteristics for ¢ =
—0.05 are essentially those for ¢ = 0 and ¢ > 10 deg, modi-
fied by the combined effects of time lag and apparent mass.'®
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Fig. 10 Effect on C,(¢) characteristics of rampwise decrease of the
roll angle, ¢ = —0.05.

An assessment of the time lag can be obtained from the
unsteady pressure measurements, giving the results shown in
Figs. 11a and 11b.7 In Fig. 11c it is illustrated how a time lag,
giving a phase lag of less than 90 deg, wA? << /2, is indicated
by the experimental results. That is, the maximum roll-rate-
induced camber, generated at ¢ = 0 for ¢ < 0, would be
realized a time Af later at ¢ = —¢At. The experimental
results in Fig. 11b show the suction peak to be Jocated between
¢ =~ —10 deg and ¢ =~ —40 deg. The flatness of the suction
peak is largely the result of the small change of the roll rate
around ¢ = 0 in Fig. 11c. Neglecting the effect of the roll-
rate-induced camber and ascribing the difference between the
measurements for k = 0 and k = 0.14 to the effect of time
lag alone would give 0.58 < U_At/c < 5.25 for 10 deg < wAt
< 90 deg, corresponding to —10 deg > ¢ > —40 deg in Fig.
11b.

That the time lag had to be of significant magnitude was
indicated by the test results for C,(¢) at ¢, = O and ¢ = 0
(Fig. 12). The data show that as the roll rate is increased,
causing vortex breakdown to be delayed more and more on
the downstroking windward side (Fig. 10), the aerodynamic
stiffness is increasing towards that existing in the absence of
vortex breakdown.!® The reason for this residual roll-rate ef-
fect at ¢ = O is the time lag Ar and corresponding phase lag
wAt in the response of the vortex breakdown to the roll-rate-
induced camber at ¢ > 0 (see Fig. 12b). Figure 13 illustrates
how the past time history differs for ¢ > 0 compared to ¢
< 0, for positive roll angles ¢ > 0. The experimental results
in Figs. 9 and 10 for ¢ = 0.05 and ¢ = —0.05, respectively,
do not show any distinct effects of this difference in past time
histories. They look very much as if they were obtained for
(rampwise) roll-angle changes at constant rates. A more ex-
tensive analysis, possibly with an extended data base, is needed
before one can determine how the effect of past time history
depends upon A¢ and k.

Some guidance can be obtained from past experience with
dynamic airfoil stall.'> The dynamic overshoot of static lift

maximum remains the same if the reduced pitch rate ac/U..
is simulated at the critical point, the static stall angle. That
is, the dynamic lift overshoot will in that case remain the same
for oscillatory and rampwise changes of the angle of attack.
Thus, in the present case one could expect that the reduced
roll rate ¢ = ¢b/2U.. at the critical point,'s |¢.| < 10 deg
in Fig. 1, is the important simulation parameter. As in the
case of dynamic stall,’? the sufficiency of this simulation is
probably limited to large amplitude oscillations, where the
time histories around the critical point(s) are similar for
rampwise and oscillatory angular changes. The experimental
results shown in Figs. 9 and 10 are for large amplitude oscil-
lations around ¢, = 0, explaining the rampwise C, charac-
teristics.

@(t-5%)

Fig. 11 Instantaneous top-surface pressures at 75% of center chord
as affected by the oscillation frequency: a) ¢, = 0, Adp = 42 deg,
k=05b) ¢, = 0, Adp = 40 deg, k = 0.14°; and ¢) ¢ and ¢ as
functions of wt.
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Fig. 12 Effect of roll rate on measured C,(¢p) characteristics: a) C/(¢p) at P,

0 and ¢ = 0 for various reduced frequencies and b) effect of

time lag on residual roll-rate effect at ¢» = 0 for insignificant roll acceleration changes.
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Fig. 13 Effect of time lag on residual roll-rate effect.

When the critical point ¢, falls near the end of either the
upstroke or downstroke of the oscillatory change of ¢, one
expects the past time history to play an important role, which
it appears to do in determining the final trim condition for
the free-to-roll releases’ (Figs. 14 and 15). Already the results
in Fig. 14 raised some unanswered questions in regard to how
the rolling wing selected the final trim point. The results in
Fig. 15 appear at first even more mystifying, especially before
one has studied the results in Figs. 11-13. The reversal of
¢(t) at t = 0.2 s towards the final trim at ¢ =~ 20 deg appears
to be the result of the past time history of the type illustrated
in Fig. 13 for ¢ = 0. Such a reversal can apparently occur
near the critical state (¢ = ¢,), where the roll-rate-induced
camber and time history effects are large. These results dem-
onstrate that the final trim point depends strongly upon the
past roll time history.

TRIM ANGLES
0 1 1 ] i £ i
o .1 0.2 0.3 0.4 0.3 T.6
a) t (sec.)
g0
60 ]
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4O
20}
TRIM ANGLES
ol /
-20
-40 ¢
60 b= 1 ] 1 1 ] |
1] 0.1 0.2 0.3 0.4 0.5 0.6
b) t (sec)

Fig. 14 Free-to-roll motion time histories. Initial roll angle ¢(0) =
a) 41 and b) 66 deg.
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Fig. 15 Free-to-roll motion time history for release at ¢»(0) = 59 deg.

Conclusions

Further analysis of the highly nonlinear roll dynamics ob-
served in high-frequency, large-amplitude roll oscillation tests
of a sharp-edged 65-deg delta wing at a roll-axis inclination
of 30 deg has led to the following conclusions.

1) Static and dynamic roll characteristics are dominated by
the effect of vortex breakdown.

2) The dynamic effect of vortex breakdown is to a large
extent controlled by the roll-rate-induced conical camber.

3) The aerodynamic response to both roll angle and roll
rate is subject to significant convective time-lag effects. As a
consequence, the final trim point for the free-to-roll releases
will often be dependent upon the past roll time history.
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