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Unique High-Alpha Roll Dynamics of a Sharp-Edged
65-Deg Delta Wing
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An analysis has been performed of experimental results obtained in roll oscillation tests at 30-deg angle of
attack of a 65-deg sharp-edged delta wing in order to uncover the fluid mechanical phenomena causing the
unusual, highly nonlinear vehicle dynamics. In addition to the expected effect of convective flow time lag, the
test results show highly nonlinear effects of the angular rate, which themselves are influenced by the effect of
convective time lag. A flow hypothesis is presented that can explain the unusual experimental results.

Nomenclature
b = wing span
c = wing root chord
/ = oscillation frequency
k = reduced frequency, a)b/2Ux
I = rolling moment, coefficient C, = l/(pxUl/2)Sb
M = Mach number
p = roll rate
Re = Reynolds number, U^clv^
S = reference area, projected wing area
s = local semispan
t = time
U^ = freestream velocity
0 = convection velocity
y = spanwise body-fixed coordinate, Fig. 10
2 = vertical body-fixed coordinate, Fig. 10
a = angle of attack
/3 = angle of sideslip
A = increment or amplitude
Ar = time lag
A<£ = roll oscillation amplitude
0LE = leading-edge half-angle
A = leading-edge sweep angle, 7r/2 — 0LE
v = kinematic viscosity
£ = dimensionless x coordinate, x/c
p = air density
o" = inclination of body axis relative to freestream

velocity
<f> = roll angle
<£o = mean roll angle
$ = reduced roll rate, b<j>/2Ux
CD = angular frequency, 277/

Subscripts
LE = leading edge
max = maximum
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= vortex
= freestream conditions

Differential Symbols
4> = d(t>/dt: C,p
Clp = ): C,p = dC,/d(bp/2U»)

Introduction

R ESULTS obtained in high-rate, large-amplitude roll os-
cillation tests at M = 0.3 and Re = 2.4 x 106 of a sharp-

edged 65-deg delta wing (Fig. 1) at 30-deg inclination of the
roll axis relative to the freestream,1'2 are unique in that they
cannot be obtained by time-lagging static experimental re-
sults.3 This is contrary to past experience, showing that the
dynamic effects of separated flow on bodies of revolution4

and slender wings5 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 a change of the magnitude of the rolling
moment vector from its static value. A flow hypothesis is
presented that can explain the unusual experimental results.
No attempt is made here to formulate an aerodynamic pre-
diction method.

Analysis
The static rolling moment exhibits highly nonlinear char-

acteristics, caused by the breakdown of the leading-edge vor-
tices (Fig. 2). (The solid line is an idealized representation of
the experimental results, used later to construct Fig. 5b.)
Breakdown occurs at the trailing edge of the delta wing at a
certain angle of attack, and progresses forward as the angle
of attack is increased further6 (Fig. 3). Accounting for the
bevel angle of the present model (Fig. 1), the angle of attack
should be decreased by 5 deg.7 That is, the 30-deg roll-axis
attitude is represented by a = 25 deg in the results for the
flat-top model6 in Fig. 3.

At a roll angle, the effective angle of attack and leading-
edge sweep of the delta wing are given by

ot((j>) — tan"'(tan or cos </>)

A(</>) = A ± tan"1 (tan cr sin

(i)
(2)

The effective sweep of the wing half that rolls up (leeside
wing half) increases, and that of the other decreases, resulting
in an aft and forward shift, respectively, of the corresponding
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Fig. 1 Delta wing composite model.1
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Fig. 3 Effect of angle of attack on vortex breakdown position on
sharp-edged delta wings.6

vortex breakdown locations. It can be seen in Fig. 3 that small
changes in effective sweep, i.e., <2 deg, corresponding to |</>|
~ 3 deg at a = 25 deg according to Eq. (2), result in rather
small shifts in the position of the breakdown points (<10%).
However, when the roll angle is increased beyond a certain
value, the position of the breakdown point on the leeside
wing half moves aft very rapidly, in fact creating a disconti-
nuity as it suddenly jumps all the way past the trailing edge.
Figure 3 shows that for a = 25 deg this occurs at A ~ 70 deg,
which according to Eq. (2) requires a roll angle </> « 9 deg.
This large shift of the breakdown point due to small roll angle
variations leads to significant changes in the vortex-induced
lift. This becomes the dominant mechanism, resulting in the
static roll instability observed experimentally. It should be
noted that the change in angle of attack, Eq. (1), under the
above conditions, is insignificant (<0.4 deg).

For |0| > 9 deg, the fully attached vortex on the leeside
wing half has a stabilizing effect, whereas the statically de-
stabilizing effect of the vortex breakdown on the windward
wing half becomes more and more insignificant because of
the slow forward progression of the breakdown location (Fig.
3). This leads to the off-zero trim at (/> « ±20 deg. Thus, the
static characteristics depicted in Fig. 2 can be explained in a
straightforward manner.

Vehicle Dynamics
For slow oscillations, k2 « 1, for which the phase lag

is small, one obtains the following vortex-induced contribution8:

(3)

(4)

That is

Equation (4) demonstrates how the time lag causes the
dynamic effect to be opposite to the static effect. Thus, the
statically destabilizing effect of vortex breakdown, discussed
earlier, will be dynamically stabilizing,8 as illustrated by the
results for a 75-deg delta wing9 shown in Fig. 4. The tick mark
ending the predicted data trend8 is where vortex breakdown
is predicted to first occur on the delta wing, according to the
results6 in Fig. 3. Figure 4 shows the experimental results9 to

20 40
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Fig. 4 Roll stability characteristics of flat 75-deg delta wing.
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deviate from prediction8 earlier than expected. This is the
likely effect of support interference.10 More important is the
demonstrated effect of vortex breakdown, statically destabi-
lizing, but dynamically stabilizing.

For the vortex-induced effects in Fig. 4, Eq. (4) applies
with AC,^ substituted by AC/^ and AC/^ by AC//3. Assum-
ing that the convective time lag from apex in the presence of
vortex breakdown is the same as that for intact vortices5 for
which the convection velocity has been measured to be
Ov = UJQ.15, one can apply Eq. (4) in the following manner.
The effect of incipient vortex breakdown, located in an in-
finitesimally small region near the trailing edge, x - c in Eq.
(4), could for negligible influence of the downstream flow
region be described by

- -0.75AC7/itan A (5)

Figure 3 shows vortex breakdown to move more or less
discontinuously from the trailing edge to a location forward
of midchord on slender delta wings, A > 70 deg. With this
in mind, one may be justified to use Eq. (5) to describe
the stepwise deviation from the predicted aerodynamic
characteristics8 in Fig. 4, as caused by vortex breakdown at
a = 35 deg.

The tick marks in Fig. 4 at a = 35 deg indicate the roll
stability values expected in the absence of vortex breakdown.
Because C, is small (- 0.1 < Clp < 0), the difference between
predicted and measured stability values at a = 35 deg rep-
resents the maximum effect of vortex breakdown on the vor-
tex-induced loads. Thus, AC/^ ~ 0.65 is obtained from Fig.
4, which for A = 75 deg in Eq. (5) gives AC//§ « -1.82,
or AC,p sin a ~ —1.05 for a = 35 deg. This is in excellent
agreement with AC/^ sin a ~ -1.0, obtained from Fig. 4.

Combining this result with the fact that using the same time-
lag concept provided good prediction11-12 of the measured13-14

limit cycle amplitude of the wing-rock oscillation of 80-deg
delta wings, one would expect that the roll-stability charac-
teristics of the present 65-deg delta wing could be described
in a similar manner. The idealized static roll characteristics
associated with wing rock are as sketched in Fig. 5a, according
to the most recent analysis.15 Applying the time-lag effect to
the idealized static characteristics in Fig. 2 one obtains the
characteristics sketched in Fig. 5b. The ones for the 80-deg
delta wing have been documented.11-15 In what follows it will
be shown that the experimental roll characteristics of the 65-
deg delta wing deviate dramatically from those in Fig. 5b,
and the fluid mechanical reasons for this will be described.

Discussion
The experimental results for the 65-deg delta wing1 (Fig.

6) show that the roll damping derivative Cl(i) = dC,/d<£,
where 4> = ±/cA</> for the results at </> = 0 in Fig. 6, does not
change in any highly nonlinear fashion with the amplitude
Ac/>, according to the C/(</>) slopes, contrary to the expectations
based upon Fig. 5b. However, the effect of the reduced fre-
quency on Cl<h is nonlinear (Fig. 7). The instantaneous val:
ues of C, at the end points of the oscillation cycle, where <f>
= 0 and </> = ±A</>, are shown in Fig. 8. These C/(</>) char-
acteristics are also void of any highly nonlinear trend.

The measured dynamic characteristics, shown in Figs. 6-
8, indicate that applying the time-lag effect to the separation-
induced static characteristics, as in Eq. (4), is not sufficient
for prediction of the measured dynamic characteristics. This
implies that in addition to introducing a phase lag of the static
rolling moment, the roll dynamics also change the magnitude
of the vortex-induced rolling moment. A well known example
of a similar motion-induced effect is the large dynamic-stall
overshoot of static lift maximum.16 In that case the pitching
motion changes the effective geometry through pitch-rate-
induced accelerated flow and moving-wall effects, providing
a large overshoot of static lift maximum. A large part of this
dynamic lift increase is a quasisteady-type effect.16 That is,

b)

A0

Fig. 5 Schematic nonlinear roll stability characteristics of 80- and
65-deg delta wings: a) A = 80 deg and b) A = 65 deg.

there exists, at least in theory, a geometrical shape change
that would give the same lift increase in a static test. A similar
roll-rate-induced effect on the lift and associated rolling mo-
ment seems to be present for the 65-deg sharp-edged delta
wing.

Dynamic Camber Effect
The effect of static longitudinal camber on the vortex-in-

duced loads measured on a 70-deg sharp-edged delta wing
has been shown to be significant.17 Even larger is the observed
effect of longitudinal camber on the breakdown of the leading-
edge vortex18 (Fig. 9). For the same maximum local angle of
attack amax on the delta wing, a positive camber of Aa/amax
= 1 delays vortex breakdown to occur downstream of the
trailing edge (Fig. 9a), whereas a negative camber of the same
magnitude, Aa/amax = — 1, causes burst to occur very close
to the apex (Fig. 9b). 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. 19 that the nonlinear lift characteristics
of delta wings are determined by the ratio between the angle
of attack and the leading-edge slope, the parameter being
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Fig. 6 C,(<j>) characteristics of 65-deg delta wing at <r = 30 deg, <£»0 = 0, and <f> = 0.
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Fig. 7 Roll damping C^ as a function of k at <£0 = 0 and <f> = 0.

tan a/tan 0LE ~ a/9LE, where 0LE = 7r/2 - A. The roll-stability
derivative C//3 is also determined by this parameter.19 Based
upon the experimental results20 in Fig. 10, it was suggested
in Ref. 21 that the local a/0LE 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.

The local, roll-rate-induced camber is

AaLE = (frg sec a

Thus, the total roll-rate-induced camber is

= , = c) sec a

Where

\4>\ =

(6)

(7)

(8)
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k = 0.03

k= 0.20

Fig. 8 C,(<£) characteristics of 65-deg delta wing at cr = 30 deg,
4»0 = 0, j> = 0.

At (f) = </>,, - 0 and a = a = 30 deg, Eqs. (7) and (8) give

|Aa| < 2*A<|>/V3 (9)

Thus, |Aa| < 9.2 deg for k < 0.2 and A</> < 40 deg. This
gives the ratio |Aa|/a < 0.31 for a = 30 deg. This ratio is
comparable in magnitude to the ratio |Aa|/a = 1, which pro-
duced the huge effects on vortex breakdown shown in Fig. 9.

According to Fig. 3, with a = 25 deg representing a = 30
deg, one would expect vortex breakdown to occur at 40% of
the centerline chord downstream of apex if there were no roll-
rate-induced camber effects at </> = 0. When adding these
effects one expects the induced conical camber for the l'down-
stroking" wing half, i.e., the starboard one for </> > 0 and
the port one for </> < 0, to move vortex breakdown aft of
40% chord. On the opposite wing half the induced conical
camber will move the breakdown forward of 40% chord. The
roll-rate-induced camber, which is maximum at </> = 0 for $()
= 0, would provide a damping contribution that varies lin-
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Fig. 9 Effect of longitudinal camber on the breakdown of the leading-
edge vortex on an 80-deg delta wing18: local incidence a) increasing
and b) decreasing with distance from apex.
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Fig. 10 Vortex position above the trailing edge of slender sharp-edged
wings.20

early with the roll rate as long as the vortex breakdown char-
acteristics are linear, i.e., for £ < 0.5 in Fig. 3.

Figure 6 shows that the measured roll damping varies lin-
early with the amplitude A<£ for constant k. From the exper-
imental results for |C,| < 0.04, one obtains the C,^(k) char-
acteristics shown in Fig. 7. The figure illustrates how increasing
k diminishes the damping effect of vortex breakdown. Com-
paring the results in Fig. 5b with those in Figs. 6 and 7 one
finds that in both cases the roll-damping characteristics are
highly nonlinear. They are, however, very different in char-
acter. Instead of the expected nonlinear amplitude effect (Fig.
5b), the 65-deg delta wing exhibits linear C/^(A</>) charac-
teristics (Fig. 6) together with very nonlinear effects of k
(Fig. 7).
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Fig. 11 Variation with k of the effect of vortex breakdown on dynamic
and static stability derivatives.

The C/((/>) characteristics for cf> = 0 in Fig. 8 are obtained
for <j> = ±A<£, at the end of the roll deflection, when cf> =
0. Apparently, there exists a remnant roll-rate-induced cam-
ber effect at $(f) = 0, generated earlier when \</>(t - Af)| '±
0. According to the results in Fig. 8, the remnant roll rate
induces a conical camber at 0 = ±A</> that delays the aft
movement of vortex breakdown on the leeside wing half. In
addition, the induced positive camber delays the forward
movement of vortex breakdown on the windward side. There-
fore, the roll-rate induced remnant camber effect will generate
statically stabilizing contributions on both wing halves, which
increase with increasing k in agreement with the experimental
data trend in Fig. 8. Figure 11 shows how the dynamic and
static stability derivatives, defined by the experimental results
for A</> = 5 deg in Figs. 6 and 8, respectively, vary with k.
As expected, the statically destabilizing/dynamically stabiliz-
ing effect of vortex breakdown diminishes with increasing k.

Conclusions
An analysis of the highly nonlinear roll dynamics observed

in high-rate, large-amplitude roll oscillation tests of sharp-
edged, 65-deg delta wing, at a roll-axis inclination of 30 deg
relative to the freestream, has led to the following conclusions.

1) Static and dynamic roll characteristics are largely deter-
mined 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 roll response to both roll angle and roll rate are
subject to significant convective time-lag effects.
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