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Difficulties in Predicting Vortex Breakdown Effects
on a Rolling Delta Wing

Lars E. Ericsson*
Mountain View, California 94040

An analysis has been performed of the challenges encountered when trying to predict the unsteady
aerodynamics associated with the breakdown of the leading-edge vortices on a 65-deg sharp-edged delta
wing, describing roll oscillations around an axis inclined 30 deg to the freestream, It is shown that to
produce a realistic prediction the mathematical model has to represent in a satisfactory manner the highly
nonlinear, almost discontinuous steady and unsteady aerodynamic characteristics associated with the
downstream travel of the vortex breakdown past the trailing edge on the leeside wing half at 5 < || <

8 deg.

Nomenclature
wingspan
wing root chord
blowing coefficient, Fig. 11
alternating blowing-suction coefficient at
felU = 1.3, Fig. 12
oscillation frequency
reduced frequency, wb/2U.,
rolling moment: coefficient C; = l/(p.U 2/2)Sb
flow state parameter, ¢(t), ¢ (1)
reference area, projected wing area
time
freestream velocity
axial body-fixed coordinate, Fig. 11
angle of attack
cos '(cos a sin A)
ime lag
oll oscillation amplitude
eading-edge sweep angle
imensionless x coordinate, x/c
ir density
roll angle
initial roll angle
angular frequency
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¢ = d¢/ot

Introduction

HE unsteady aerodynamics of a sharp-edged 65-deg delta
wing, describing high-rate/large-amplitude roll oscilla-
tions around the body axis at 30-deg flow inclination, have
been shown to be surprisingly complex.'™ It was recently
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demonstrated that the source of the complex, highly nonlinear
vehicle dynamics is the presence of the critical flow states,’
associated with the breakdown of the leading-edge vortices.®
As an analysis of how to include agility considerations in the
design of fighter aircraft’ has concluded that torsional agility
is most important, followed by axial and pitch agility, it is
obviously important to be able to predict the unsteady aero-
dynamics of rapid roll maneuvers. This demands satisfactory
prediction of the dynamic breakdown characteristics of lead-
ing-edge vortices on a rolling delta wing. Two attempts have
been made to solve this challenging problem; first by Huang
and Hanff,® using an analytic method, and later by Chaderjian
and Schiff,’ using a numerical method. In this article experi-
mental results are analyzed to determine to what extent these
theoretical methods can predict the dynamic effects of vortex
breakdown on a rolling delta wing. It is found that neither
method appears to provide an adequate simulation of the ex-
perimental results.

Analysis

One has to start at the source, i.e., the prediction of the static
vortex breakdown characteristics. At a first look, Fig. 1 appears
satisfactory. However, further examination reveals important
differences between prediction and experimental results. The
analytic method® cannot predict the nonlinear data trend for
one particular test, such as that performed either by Wentz and
Kohlman' or by Payne'' (Fig. 2). When comparing prediction
with all available test data, as is done in Fig. 1, one easily can
lose sight of important breakdown characteristics. This prob-
lem is illustrated by the test results'? in Fig. 3.

One obvious problem with using data from tests in different
facilities is the effects of different ground facility interfer-
ence”"* and differences in Reynolds number and wind-tunnel
turbulence.'*'” When adding to this the significant effect of the
cross-sectional leading-edge geometry,'® one can appreciate the
problem with the approach taken in Ref. 8, giving the predic-
tion shown in Fig. 1, and illustrated in more detail in Fig. 2
for the 75-deg delta wing. Figure 2 shows how Ref. 8 under-
predicts the experimentally observed rapidly increasing rate of
the aft movement of the vortex breakdown with decreasing
angle of attack when it passes downstream of midchord. It is
true that the Wentz-Kohlman results'® are flawed,'® probably
because of aeroelastic deflection of the thin plate models used.
However, the Payne results'' show a very similar deviation
from the prediction.® The compilation of experimental data by
Delery,” for a 70-deg delta wing (Fig. 4), shows a similar
nonlinear data trend, represented by the solid line. The rate of
downstream travel of the breakdown with decreasing angle of
attack increases greatly for &g > 0.4.
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Fig. 1 Effect of leading-edge sweep on delta wing vortex break-
down.®

The nonlinear data trend in Fig. 4 was approximated as
shown in Fig. 5 in the analysis in Refs. 3, 4, 6, and 21. Ref-
erence 6 illustrates that the breakdown travel will be equally
nonlinear as a function of roll angle, using these idealized ex-
perimental results to produce Fig. 6. When accounting for the
beveled leading edge of the 65-deg delta wing,' the effective
angle of attack is less than the nominal value.”® As Fig. 6b
shows, a(d) ~ o for |¢| < 10 deg, a constant a value, @ <
30 deg, should be used (shown by the dashed line in Fig. 6a),
indicating that if the leading-edge sweep is increased to ap-
proach A = 70 deg on the rolling 65-deg delta wing, the vortex
breakdown would more or less jump towards the trailing edge
with further increase of the sweep angle. Figure 6b shows that
a value of A = 69 deg would be reached on the leeward wing
half (in the lateral sense) when the roll angle is approaching
the critical region 5 < ¢ < 8 deg (Fig. 7), leading to the use
in Ref. 6 of the idealized, discontinuous characteristics shown
by a solid line in Fig. 7. In contrast to this emphasis on the
effect of the critical state, the analysis in Ref. 8 gives a pre-
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Fig. 2 Vortex breakdown on 75-deg delta wing.

diction that cannot capture the effect of the critical state, judg-
ing by the results in Fig. 8. The prediction in Ref. 9, through
the use of a Navier—Stokes code, does show an effect of the
critical state (Fig. 9). However, the agreement with the ex-
perimental results’ needs to be better before prediction of the
dynamic characteristics will be possible, as will be discussed.

There are two critical states for the 65-deg delta wing rolling
around an axis inclined 30 deg.>® The one that has been dis-
cussed so far is the loss of the vortex breakdown on the lat-
erally leeward wing half, resulting in a sudden increase of the
vortex-induced lift. This generates a statically destabilizing
rolling moment trend that is initiated at |$] = ¢, and com-
pleted at |@| = ¢, in the experiment rather than occurring
instantly at |¢| = ¢,, as assumed in the idealized case (Fig.
7). As discussed in Refs. 5 and 6, at some roll angle |¢| ~
10-deg vortex breakdown on the laterally windward wing half
reaches the apex. This constitutes the second critical state. In
the present case of o = 30 deg, the effect of this critical state
is insignificant. However, at o = 35 deg it is the dominant
critical state, generating most of the experimentally observed®
highly nonlinear, statically destabilizing variation of the rolling
moment around ¢ = 0.

Dynamic Vortex Breakdown

Figure 10 shows a comparison of the predicted® and ex-
perimental' breakdown locations on the 65-deg delta wing, de-
scribing roll oscillations of 33-deg amplitude around ¢ = O at
the ‘reduced frequencies k = 0.02 and k = 0.20. It is at first
surprising that the agreement between prediction and experi-
ment is better for k = 0.20 than for k = 0.02. However, the
good agreement for k = 0.20 is to be expected as the prediction
uses experimental results® for the roll-rate-induced camber ef-
fect* measured on a model representing k = 0.20. One reason
for the poor agreement for k = 0.02 in Fig. 10 is the assumption
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in Ref. 8 that the roll-rate-induced camber effect would be only
a tenth as large for & = 0.02 as for k = 0.20, i.e., the camber
effect was assumed to vary linearly with k. Because of the
presence of the critical state and the associated highly nonlin-
ear flow characteristics, it happens that the camber effect is
almost of the same magnitude at k = 0.02 as at k = 0.20. The
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Fig. 5 Idealization of experimental data trend for vortex break-
down on 70-deg delta wing.

camber effect becomes extremely large when the breakdown
approaches the critical position, the knee of the idealized char-
acteristics in Fig. 6a for A =~ 69 deg. Note that the rate-induced
camber effect is expected to increase with the roll angle in the
same rapid manner as the static « effect increases when the
knee is approached in Fig. 6a. (In reality the knee has a much
more rounded shape than in the idealization.)

Recent experimental results for a 75-deg delta wing? (Figs.
11 and 12) illustrate the changing breakdown behavior when
the knee is approached. Without blowing, the breakdown was
located at 29% chord, which places it close to the knee for the
75-deg delta wing in Fig. 6a. Consequently, the nonlinear ben-
eficial effect of tangential leading-edge blowing, shown in
Figs. 11 and 12, is to be expected. To quote the authors in
regard to Fig. 11: ‘‘Considering the overall response of the
vortex, it is evident that the downstream movement of vortex
breakdown does not occur in a smooth, continuous fashion.
Little change occurs over the interval 0 < tU/c < 0.8, whereas
a very substantial alteration occurs over the time interval 0.8
=< tU/c = 1.7.”’ The long time delay for the vortex breakdown
to react to the effect of blowing is very similar to the observed
time delay in realizing the effect of pitch-rate-induced cam-
ber.?* One expects the effect of roll-rate-induced camber to be
associated with similarly large time-lag effects. Figure 12
shows that the breakdown-delaying effect of tangential lead-
ing-edge blowing-suction is saturated very fast. The same is
likely to be the case for the roll-rate-induced camber effect.

In Fig. 13 the experimental static (®) and dynamic (O) vortex
breakdown results® are shown for the starboard wing half of
the 65-deg delta wing.® Also shown is the effect of a constant
time lag Ar. According to the analysis in Ref. 25, the time
history effects can be represented by a lumped time-lag effect,
as long as the axial extent of the vehicle is less than one-
quarter wavelength of the oscillation, i.e., wc/U. < /2. That
is, k < 0.73 in the present case, a condition well satisfied by
the experiments discussed in Refs. 1 and 8. For |¢| < 10 deg,
the angular lag corresponding to the time lag is A¢ = PpAr ~
&(0)At, considering that 0.95 < ¢(¢)/¢(0) = 1.00 for the 33-
deg oscillation amplitude. However, for | ¢| > 10 deg, one finds
that instead of being less than ¢(0)A¢, the measured lag A is
significantly larger than the constant angular lag A¢. The dif-
ference between the estimated time-lag effect and the experi-
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mental results is caused by the effect of the roll-rate-induced
camber.**® During the upstroke, ¢ < 0 in Fig. 13, this dynamic
camber effect promotes vortex breakdown, as illustrated by the
inset sketches at ¢ = —10 deg. Note that the dynamic camber
effect cannot be large when static vortex breakdown occurs
forward of 20% chord, where the forward movement of the
breakdown with increasing angle of attack has slowed down
considerably (Fig. 6a). That is the logic behind the placement
of the curve representing the effect of a constant time lag for
¢ < 0. During the downstroke, ¢ > 0, the roll-rate-induced
camber delays vortex breakdown, as illustrated in the inset
sketches at ¢ = 10 deg in Fig. 13. Such a delay is also indi-
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Fig. 8 Comparison between predicted and experimental C/(¢)
characteristics for 65-deg delta wing.®

cated by the experimental results, when they are compared
with the dash—dot curve representing the effect of a constant
time lag. That the camber-induced delay of vortex breakdown
at ¢ > 0 is of less magnitude than the camber-induced pro-
motion at ¢ < 0 is to be expected, because it is easier to
promote flow separation than to delay it.

It is obvious that the rapid, almost jumpwise movement of
the breakdown location from midchord to the trailing edge,
shown in Figs. 4-7, has to be modeled. The roll-rate-induced
camber effect triggers this jumpwise movement of vortex
breakdown, thereby having a dominating effect on the free-to-
roll dynamics®® (Fig. 14).

Time History Effects
In Fig. 14 the difference in effective roll-rate-induced cam-
bers, including the effect of time lag, is illustrated by the inset
sketches. The effective roll angle and roll rate determining the
delta wing characteristics at time ¢, P(?), are those generated
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at t — At, ie., Pt — Ap. For simplicity, it is assumed in the
discussion to follow that the time lag is the same for the effects
of roll angle and roll rate. Figure 14 shows that for the ¢(0)
= —66-deg release the effective roll rate at ¢+ — Ar is of lesser
magnitude, but of the same sign, as the one at ¢, and the ef-
fective roll angle is substantially to the left of ¢ = —5 deg,
resulting in the vortex geometry illustrated in the sketch. That
is, the vortex burst has left the leeside wing half and has
moved close to the apex on the windward side. Thus, the dy-
namic effect is to generate a rolling-moment increment AC, <
0. Note that the effect of the roll-rate-induced camber on the
unburst vortex contributes also to this negative rolling-moment
increment.” In contrast, in the case of the ¢(0) = 57-deg re-
lease, the effective roll rate ¢(r — Ar) is of the opposite sign
relative to the instantaneous roll rate at . The effective roll
angle ¢(r — Ar) is essentially the same as the instantaneous
angle ¢(r). The result is that the vortex breakdown moves up-
stream on the leeward wing half rather than downstream, as
in the case of the ¢(0) = —66-deg release, and moves down-

txm—‘f“”“J

Fig. 11 Dye visualization of the effect of C,, = 0.036 on vortex
breakdown on a 75-deg delta wing at o = 54 deg (Ref. 23).
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Fig. 12 Effect of C,,, on the vortex breakdown of 75-deg delta
wing,®
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stream on the windward wing half. Thus, the dynamic effect
is to generate a rolling moment increment AC, > 0. With the
help of the flow physics just described one can understand why
the ¢(0) = —66-deg release converges to the ¢ =~ 0 trim point,
whereas the ¢(0) = 57-deg release is pushed away from that
trim point.

The experimental results” in Fig. 15 illustrate the dominant
effect of the roll-rate-induced camber. As called out” in the
original Fig. 15, for the 5-deg roll amplitude, the authors did
not expect to encounter any critical-state effects, as they oc-
curred in static tests only for |@| > 5 deg. Thus, the authors
expected the C,(¢) characteristics to be similar to those in Fig.
16, where no critical states are traversed by the oscillation, as
@ > 20 deg. Instead of the insignificant effects of roll rate
exhibited in Fig. 16, Fig. 15 shows the effects to be large. The
reason for this difference in the rolling moment variation with
&(r) is, of course, that in Fig. 16 the oscillations never ap-
proached any critical state,>® in contrast to the case shown in
Fig. 16, where the oscillations approach the critical-state re-
gion, 5 < |¢| < 8 deg. Thus, the roll-rate-induced camber gen-
erated at P(7) by the large roll rate at P(+ — Ar) can twist the
delta wing enough to encounter the critical state in Fig. 15,
but not in Fig. 16. Examining the results in Fig. 15 closer, one
finds that they provide further support for the hypothesized
effect of time-lagged, roll-rate-induced camber.

In Fig. 15 the effect of k = 0.02 is examined in detail. The
inset sketches show, as in Fig. 14, how the roll-rate-induced
camber generates the measured moment increments AC,. Be-
cause of the time-lag effect, the induced camber acting at P(z)
was generated a time increment A earlier, at P(r — At), close
to ¢ = 0, where the roll rate is near its maximum magnitude.
The square-corner shape of the C,(¢) loop indicates how pow-
erful the roll-rate-induced camber effect is. For it to be insig-

nificant, resulting in AC, =~ 0 at the intersection of dynamic
and static C, curves, the roll rate at ¢+ — Ar has to be close to
zero, i.e., P(t — Af) has to be close to the ends of the loop.
For k = 0.02, the corresponding P(f) does not occur far from
P(t — Ar), less than 1 deg from the ends of the loop (Fig. 15).
For k = 0.14, however, the time-lag effect is much larger, and
AC, =~ 0 is encountered at | ¢} < 2 deg, more than 3 deg away
from the ends of the loop (Fig. 17). This accounts for the
rotation of the loops for increasing & (Fig. 17). Another ob-
servation to be made is that not only is the roll-rate-induced
camber effect not larger for k = 0.14 than for &k = 0.02, because
of the saturation of the rate-induced camber effect discussed
earlier, it is actually smaller, judging by the C,; separation be-
tween upstroke and downstroke branches of the C, loops in
Fig. 17. The reason for this is the effect of time lag on the
rate-induced camber. As illustrated by the results in Fig. 17,
AC, = 0 is reached 3 deg from the ends of the loops for k =
0.14, at |¢| ~ 2 deg, where the static C; is of much lesser
magnitude than at |¢| > 4 deg, where AC, = 0 for k = 0.02.
Another consequence of this large time-lag effect is that the
maximum and minimum AC,, obtained at P(¢) when P(z — Ar)
is located at ¢ = O (Fig. 15), is farther from ¢ = 0 for k =
0.14 than for k = 0.02 (Fig. 17). As a consequence, the max-
imum and minimum C, values will occur closer to the ends of
the loop for increasing k. More important is to observe that
the enclosed area of the loop for k = 0.14 is smaller than for
k = 0.02. That is, instead of being seven times larger, as would
be the case for linear aerodynamics, the damping in the present
highly nonlinear case is actually smaller for k = 0.14 than for
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Fig. 14 Flow physics behind the observed phase plane charac-
teristics of free-to-roll motions of 65-deg delta wing.®
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k = 0.02. To predict the characteristics in Fig. 17 is still beyond
presently existing theoretical capability. From conversations
with Tobak,? the present author has drawn the conclusion that
if the prediction of the static vortex breakdown characteristics
is improved, through semiempirical means if needed, the an-
alytic method of Ref. 8 could be developed further to provide
reliable prediction of the vortex breakdown characteristics on
a rolling delta wing.

As pointed out by Huang,” the difference between the dy-
namic characteristics for k = 0.02 and 0.14 in Fig. 17 cannot
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Fig. 17 C,(d) characteristics of 65-deg delta wing at | | < 5 deg
(Ref. 27).

be explained solely by considering the time-lagged effect of
the elimination of the roll-rate-induced camber at P(r — Ar).
Likewise, it is difficult to see how the roll-rate-induced camber
by itself can explain the fact that the loop-area is larger for
k = 0.02 than for k = 0.14, even in the presence of the satu-
ration of the rate-induced camber effect. It can be concluded
that both roll-angle and roll-rate time histories must play im-
portant roles. More research is obviously needed before a re-
liable prediction method can be developed.

Conclusions

An analysis of existing theoretical and experimental results
for a 65-deg sharp-edged delta wing, describing rapid, large-
amplitude roll oscillations around an axis inclined 30 deg to
the freestream, has led to the following conclusions.

1) The extremely large effect of roll rate on vortex break-
down dynamics observed in experiments has so far defied the-
oretical prediction.

2) A careful examination of experimental results indicates
that the difficulty is presented by the fact that the large effect
of roll-rate-induced camber is highly nonlinear and associated
with significant time history effects.

3) As the flow physics become better understood it will be
possible to develop means for satisfactory prediction of the
effect of vortex breakdown on rolling delta wings at high an-
gles of attack, a necessity for successful design of high-agility
aircraft.
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