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Fig. 2 Comparison of theory and experiment for chordwise var-
iation of circulation, A = 75 deg, o = 20 deg.

1.0~ I Leading Edge Sweep = 70 deg’
- O Leading Edge Sweep = 75 deg7

08 ¢  Leading Edge Sweep =80 deg’
|  — — - Prediction, Eq. (9)

06 Prediction, Eq. (10)

Non Dimensional Circulation

10 20 30 40
Angle of Attack, deg

Fig. 3 Comparison of theory and experiment for variation of
circulation with sweep and incidence, x/c = 0.5.

The similarity of the form of Eq. (13) to that for the AR of
a delta (AR = 4 tan &) is interesting. Figure 1 also shows
comparisons of k, calculated using Eq. (13) and data from Ref.
1; it may be seen that Eq. (13) demonstrates excellent accuracy
for AR < 2, as would be expected. Also included in the figure
is the result for the lift-curve slope of slender deltas as per
slender wing theory, i.e., k, = (7w/2)AR.

To estimate the constant K for delta wings, comparisons of
Egs. (9) and (10) with experimental results of Visser and Nel-
son’ are shown in Figs. 2 and 3. The circulation values pre-
sented are nondimensionalized by the freestream and wing root
chord. Setting K = 0.5 yields the correlations shown. Figure 2
shows that the present method displays very good correlation
with the experimentally determined chordwise vortex circula-
tion distribution. Notice that over the forward part of the wing,
Eqgs. (9) and (10) are in good agreement. As the trailing edge
is approached, Eq. (10) tends to predict higher circulation val-
ues, as would be expected noting its formulation. Although not
directly modeling the physics, Egs. (9) and (10) do predict the
correct trends,’ i.e., over the forward part of the wing the lead-
ing-edge circulation and vortex circulation are similar; how-
ever, as the trailing edge is approached the vortex circulation
increases beyond that of the leading-edge circulation. Figure
3 shows that the method closely predicts the trends of sweep
and o on I'/U.c. The experimental circulation shown is the
maximum measured at the x/c = 0.5 location. The predicted
results in Fig. 3 were calculated by evaluating Eq. (9) at b/4
(i.e., x/c = 0.5), and integrating Eq. (10) spanwise from the
wing root to b/4.
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Concluding Remarks

A method is presented that predicts the leading-edge vortic-
ity and vortex circulation for delta wings. The method relates
the strength of the vorticity shed to the rate of change of lead-
ing-edge thrust. Circulation was calculated by both integrating
the vorticity distribution as well as integrating the sectional
circulation distribution. The study suggests that the leading-
edge vortex strength is proportional to the normal component
of the freestream and the wing lift- curve slope, with sweep
effects effectively being included in the lift-curve slope. The
dependence of vortex strength on the potential constant and
angle of attack also allows determination of two simple ex-
pressions for the attached flow lift-curve slope of delta wings.
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Impact of Initial Conditions
on Vortex Breakdown
on Pitching Delta Wings

Lars E. Ericsson*
Mt. View, California 94040

Introduction

HEN comparing the experimental results' at @ = 0.10

for a 52-deg delta wing (Fig. 1) with those for @ =
0.107 (Fig. 2) for a 65-deg delta wing,” the following question
arises. Why can the upstroke characteristics in Fig. 1 hardly
get downstream of the static characteristics, especially consid-
ering that even during the initial portion of the downstroke the
vortex breakdown in Fig. 2 prefers to stay on the downstream
side of the static characteristics? These vortex breakdown char-
acteristics® were analyzed in Ref. 3 by first considering the
characteristics for purely rampwise changes of the angle of
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Fig. 1 Vortex breakdown characteristics for ® = 0.10 compared
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Fig. 2 Vortex breakdown location on a sharp-edged 65-deg delta
describing oscillations in pitch.”

attack * It was shown that the delay of breakdown for a pitch-
up motion and the promotion for a pitch-down motion were
caused by the pitch-rate-induced camber effect, in agreement
with static experimental results.’

Oscillatory Motions

Figure 3 shows a comparison of the static breakdown char-
acteristics and the pitch-rate-induced camber effects, Aa,. =
ac/U.., for the 10-deg oscillation around o, = 10 deg of the
52-deg delta wing' and the 3.5-deg oscillation around oo = 20
deg of the 65-deg delta wing.” It can be seen that in the case
of the 65-deg delta wing static vortex breakdown is occurring
at approximately 40% chord at o = oo = 20 deg, where the
pitch-rate-induced camber is of maximum magnitude. In con-
trast, static vortex breakdown occurs aft of the trailing edge
for the 52-deg delta wing at & = oto= 10 deg. As the movement
of vortex breakdown onto the delta wing is associated with
static hysteresis,® the pitch-rate-induced camber during the up-
stroke is likely to be able to keep the breakdown behind the
trailing edge of the 52-deg delta wing until the angle of attack
approaches oo = 20 deg. As a consequence, the first action of
the pitch-rate-induced camber on the location (forward of the
trailing edge) of the breakdown on the 52-deg delta wing will
be to promote it, moving vortex breakdown forward during the
downstroke (Fig. 1). In contrast, for the 65-deg delta wing the
vortex breakdown never moves past the trailing edge (Fig. 3),
avoiding the complex, nonlinear aerodynamics associated with
this critical state.”® Consequently, the initial pitch-rate-induced
camber effect is to delay breakdown during the upstroke for
the 3.5-deg oscillations around a = 20 deg (Fig. 2). How this
difference in initial conditions could cause the observed large
changes of the oscillation loops in Figs. 1 and 2 is the question
that needs to be answered.
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Fig. 3 Static vortex breakdown &, and pitch-rate-induced cam-
ber Aa. for 52- and 65-deg delta wings.
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Fig. 4 Different effects on the vortex breakdown of a 70-deg
delta wing of single up or down pitch ramps and continuous up
and down ramps.’

Ramp Motions

The experimental results’ in Fig. 4 for a 70-deg delta wing
illustrate the fact demonstrated by Reynolds and Abtahi'®: that
it takes a very long time for the vortex to reach the static
equilibrium conditions in the presence of breakdown. Based
upon the results in Fig. 4 one can construct two scenarios.
When the initial action was a positive o ramp, starting at oo =~
27 deg, the characteristics shown in Fig. 4 resulted. Figure 5
illustrates the probable characteristics that would have resulted
if the initial action had been a negative o ramp, from o = 40
deg. In the case of an oscillatory rather than rampwise change
of the angle of attack, the characteristics in Fig. 5 could be
expected to take a shape similar to that shown in Fig. 1.

The experimental results for a rampwise increase of the an-
gle of attack, a(7), obtained by Reynolds and Abtahi'® (Fig.
6), demonstrate that it takes considerable time for the pitch-
rate-induced effects on vortex breakdown to dissipate. The
runs of different time duration, 4.58 = T = 1.23 s for ac/U..
= 0.12, correspond to runs at 0.068 = U. = 0.125 m/s, i.e.,
1.9 X 10* = Re = 6.5 X 10% contributing to the large data
scatter in Fig. 6. It should be noted that much of the difference
between dynamic and static £, = f(a) can be accounted for by
the dynamically equivalent steady (DES) effects of the effec-
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Fig. 5 Conceptual effects of initial pitch-down motion on vortex
breakdown characteristics for a 70-deg delta wing.
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Fig. 6 Conceptual time- history effects on vortex breakdown for
rampwise increase of the angle of attack of a 75-deg delta wing.

tive angle of attack a,(7) at the apex and the pitch-rate-induced
camber effect A, = e — o, = ac/U. (Fig. 6); ailt) = —3.5
deg delays the vortex development to start at a(1) — oa,(T) =
a(1) + 3.5 deg, represented by the static £ = f(7) in Fig. 6.
The pitch-rate-induced camber effect Aa (1) = 6.9 deg delays
vortex breakdown to occur at (§s)pes = f[a(T)], as sketched in
Fig. 6. Accounting for time-history effects by means of a
constant time lag At yields the sketched (§p)ors = fla(t —
A71)]. The static £z = f(a) has been defined experimentally.”
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The remaining difference to the experimental results is the
truly transient effect of losing the rate-induced vortex structure
developed during the a ramp.

In contrast to the case of the o ramp, for an oscillatory
change of the angle of attack the vortex structure developed
during the upstroke, stays on for a substantial part of the down-
stroke, and vice versa. This causes the transient, longer-time-
scale characteristics, associated with the relaxation to static
characteristics, to have insignificant effects on the oscillatory
&5 = f(1). The resulting decreased complexity provides an op-
portunity for the development of prediction methods for os-
cillatory-type alpha changes that are simple enough to be used
in preliminary design. The needed information could be ob-
tained through static and dynamic tests with models having
varying static cambers Aa.. covering the desired range for ac/
U... With the effect of Aa. determined in static tests, dynamic
test results over the needed range of cc/U.. should define the
time - history effects.

These results for pitching delta wings warn the vehicle de-
signer that a wing with swept leading edges could be a source
of strong control/vehicle-dynamics coupling for aircraft per-
forming supermaneuvers."

Conclusions

An analysis of the experimentally observed dissimilar effects
of pitch rate on delta wing vortex breakdown can be under-
stood by applying previously developed time-lagged dynami-
cally equivalent steady flow concepts.

1) The flow physics are defined by the initial static flow
conditions and the pitch-rate-induced effects on the effective
apex angle of attack o, and the pitch-rate-induced camber ef-
fect Aa.. Both a, and Aa. are associated with time- history
effects that often can be approximated by the effect of a con-
stant time lag.

2) The flowfield characteristics are relatively uncomplicated
for oscillatory motions, where the transient effects associated
with ramp motions become insignificant.
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