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Analysis of the Effect of Sideslip on Delta Wing
Roll-Trim Characteristics

Lars E. Ericsson*
Mt. View, California 94040

The effect of sideslip on the roll-trim characteristics around a 30-deg inclined axis has been analyzed
for a 60-deg delta wing. By an extension of analytic tools developed earlier for a 65-deg delta wing, the
highly nonlinear unsteady aerodynamics can be understood, including the breakaway from one roll-trim

condition to another.

Nomenclature
b = wingspan
Co = wing root chord
l = rolling moment: coefficient C, = I/(p.. UZ2/2)Sb
S = reference area, projected wing area
t = time
U = horizontal velocity
X = axial body-fixed coordinate
o = angle of attack
B = angle of sideslip
A = increment or amplitude
A = leading-edge sweep
S = dimensionless x coordinate, x/co
p = air density
T = inclination of the roll axis
b = roll angle
&(0) = initial roll angle
bo = roll trim at =~ 0
¢, = nonzero roll trim
Subscripts
cr = critical
d = discontinuity
s = separation
VB = vortex breakdown
0 = freestream conditions

Differential Symbols

Cy = 0C/a(bd/2U.)
b0 = ad/or
d = db2U.
Introduction

HE roll-trim characteristics of a 65-deg delta wing at 30-

deg inclination of the roll axis have been investigated
extensively.' ™ Recent tests of a 60-deg delta wing, also at o
= 30 deg, but at nonzero sideslip,” have added to the already
rich database. The present paper extends earlier analysis™® in
an effort to pinpoint the flow physics causing the measured
multi-roll-trim characteristics of a 60-deg delta wing at side-

slip.”
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Discussion

Figure 1 shows the effect of sideslip 3 on the roll-trim be-
havior at o = 30 deg of a free-to-roll model of a 60-deg delta
wing.” In addition to changing the trim point &, the sideslip
changes the roll oscillations from being highly damped for 3
= 0 and 5 deg to diverge and describe a limit-cycle type of
oscillation, commonly known as wing rock, when 3 > 10 deg.
This paper describes the flow physics generating this effect of
sideslip. Figure 2 shows the roll-trim behavior at § = 15 deg
for two different release angles: $(0) = 72 and —52 deg. In
the $(0) = 72 deg case, the roll oscillations build rapidly up
to Ad =~ 13 deg around the trim angle ¢, =~ 45 deg. After 12
cycles, the oscillations break away from ¢, ~ 45 deg to start
describing limit-cycle oscillations of Adp ~ 10 deg around ¢,
~ 18 deg. In the other case, $(0) = —52 deg, the behavior is
similar. After describing limit-cycle oscillations around ¢, =~
45 deg, the oscillations break away to start oscillating around
b, =~ 18 deg (note the change of ordinate scale at t = 20 s).
However, in this case, the breakaway does not occur until after
37 oscillation cycles, compared to 12 for $(0) = 72 deg. The
analytic tools developed in earlier analyses of a 65-deg delta
wing®*® will be applied to unveil the flow mechanisms re-
sponsible for the roll-trim characteristics of the 60-deg delta
wing exhibited in Figs. 1 and 2.

Analysis

At zero sideslip, B = 0, the roll-trim characteristics for the
60-deg delta wing’ (Fig. 3) show similarities with those for
the 65-deg delta wing™ (Fig. 4). Thus, there are three trim
points, &, and *=¢,. The static experimental characteristics for
the 65-deg delta wing' are shown in Fig. 5. As discussed in
Ref. 8, the measured C,(¢) characteristics, although being
highly nonlinear, are continuous rather than discontinuous,
with the statically destabilizing data trend starting at || = b
When |b| > b ~ 4 deg, vortex breakdown moves very rap-
idly toward the trailing edge on the leeward, rising wing half.
The associated statically destabilizing increase of the vortex-
induced lift overpowers the statically stabilizing data trend
generated by the vortex forward of vortex breakdown,” result-
ing in the measured C/(d) trend for ¢ < |b| < b, On the
right, windward wing half, the vortex breakdown moves stead-
ily forward toward the apex with increasing roll angle because
of the associated decrease of the effective leading-edge sweep.
The breakdown reaches the apex for |[d| ~ 13 deg, according
to the analysis in Ref. 5. The loss of vortex-induced lift on the
windward wing half caused by this forward movement of the
vortex breakdown augments the statically destabilizing data
trend generated by the leeward wing half. Recent experimental
results for a 60-deg delta-wing-body configuration'® have re-
vealed that when the breakdown of the windward vortex
reaches the apex, the moderate suction generated by the lead-
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Fig. 1 Effect of sideslip on roll trim characteristics.” = a) 0, b)
5, ¢) 10, and d) 15 deg.

ing-edge vortex downstream of a spiral type of vortex break-
down is wiped out. That is, the spiral leading-edge vortex is
spilled downstream much as the leading-edge vortex in the
case of dynamic airfoil stall."' For the 65-deg delta wing in
Fig. 5, this statically destabilizing effect from the windward
wing half most likely accounts for the experimental overshoot
of the idealized characteristics at ¢, < ¢ < b,, where ¢, =~ 13
deg. At || > b, = 13 deg, the windward wing half is com-
pletely stalled, contributing insignificantly to the rolling mo-
ment, whereas the leeward wing half generates the full, stati-
cally stabilizing, vortex-induced loading.” This caused the
measured rapid decrease of the rolling moment for ¢ > 13
deg, resulting in a stable trim point at ¢, ~ 20 deg. For roll
perturbations around ¢ = 0 at o = 30 deg, where vortex break-
down caused by the effect of the fuselage'> occurs back at
60% chord, the stabilizing vortex-induced loads forward of
vortex breakdown dominate over the destabilizing effect of the
roll-induced movement of the breakdown location. This pro-
duces the stable trim point at & = 0. At || > b, however,
the breakdown movement starts to dominate, generating the
highly nonlinear, statically destabilizing data trend in Fig. 5.
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100 - ; - 80
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Fig. 2 Breakaway from one roll trim condition to another at 3
= 15 deg (Ref. 7). $(0) = a) 72 and b) —52 deg.
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Fig. 3 Roll trim characteristics for 60-deg delta wing at 3 = 0
(Ref. 7). $(0) = a) 2, b) 44, ¢) —32, and d) 90 deg.
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Fig. 4 Roll trim characteristics for 65-deg delta wing at 3 = 0

(Ref. 1). ¢(0) = a) 41, b) 59, and ¢) 66 deg.

The idealized characteristics shown by a solid line in Fig. 5
were obtained by approximating the gradual movement of vor-
tex breakdown from midchord to the trailing edge' (Fig. 6a)
by a jumpwise movement. Accounting for the beveled leading
edge," this jump was expected to occur if the leading-edge
sweep were increased from A = 65 deg to a value close to A
=70 deg; e.g., A = 69 deg (Ref. 8). Figure 6b indicates that
such a change of the sweep angle occurs on the left, leeward
half of the 65-deg delta wing when the roll angle exceeds ¢
~ 7 deg. This value was used in Refs. 3 and 4 to construct
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Fig. 7 Effect of sideslip and roll angle on effective leading-edge sweep and angle of attack of 60-deg delta wing.

the idealized C,(d) characteristics, shown by the solid line in
Fig. 5.

When vortex breakdown on the leeward wing half (in the
lateral sense) moves from midchord past the trailing edge, the
regained vortex-induced lift generates a discontinuous, stati-
cally destabilizing change of the rolling moment. It is this flow
phenomenon that is responsible for the appearance of the non-
zero trim points ¢, = =¢,. The actual movement of the vortex
breakdown is more gradual (Fig. 6a), resulting in experimental
characteristics that are continuous rather than discontinuous
(Fig. 5), with the statically destabilizing data trend starting at
* ¢, rather than at the discontinuity *d&,. However, as the
idealized, discontinuous C((¢) characteristics have been shown
to catch much of the important flow features,>*° they will be
used here to unveil the essential flow physics associated with
the observed roll-trim characteristics of a 60-deg delta wing at
nonzero sideslip.

As illustrated by the flow sketches in Fig. 5 and discussed
at length in Ref. 6, the rolling moment variation with ¢ for
|b| = b, is determined by the movement of vortex breakdown
on the leeward wing half-aft toward the trailing edge, and on
the windward wing half-forward toward the apex. However,
for || > &, the dominant contribution to the statically sta-
bilizing rolling moment comes from the leeward wing half
with its full vortex-induced loading. As the windward wing
half has unorganized, fully separated flow for |b| > b, its
contribution to the rolling moment is insignificant. Thus, the
C(d) characteristics for |d| < &b, which determine the trim
points =, are essentially generated by the leeward wing half.
According to earlier analyses,”' the effect of sideslip can be
accounted for by treating windward and leeward wing halves
as parts of two delta wings at 3 = 0, with different leading-
edge sweeps. This approach will also be used here. Conse-
quently, the C,(db) characteristics of windward and leeward
wing halves at 3 # 0 and ¢ # O for the 60-deg delta wing will
be obtained as the leeward and windward wing halves of two
delta wings at 3 = 0, with their different leading-edge sweeps
determined by B and ¢. In addition, the combined effect of 3
and ¢ on the effective angle of attack of the wing halves has
to be considered.

Effect of Sideslip

Expanding on the earlier definition of the effective leading-
edge sweep”" to include the effect of sideslip B, gives

A(d, B)=A = tan '(tan o sin ¢ sec B + tan B cos ¢ sec o)
(1)

and the effective angle of attack becomes
a(d, B) = tan” '(tan o cos & sec B) 2)

For B = 0, Egs. (1) and (2) produce the results shown in
Fig. 6b for A = 65 deg and o = 30 deg. Stephen'® also used
Egs. (1) and (2) for B = 0 to correlate experimental results for
vortex breakdown on delta wings with leading-edge sweeps in
the range 45 deg < A < 90 deg.

Figure 7 shows the effect of sideslip at o = 30 deg for the
60-deg delta wing, where the effective leading-edge sweep
A(d, B), and angle of attack a(d, B), are determined by Eqs.
(1) and (2), respectively. The figure shows how decreasing ¢
from a positive value gives a value for ¢, that decreases with
increasing 3, from ¢, =~ 16 deg for B = 0, to b, ~ —22 deg
for B = 20 deg. In the ¢, that decreases with increasing (3,
from ¢, ~ 16 deg for § =0 to , ~ —22 deg for B = 20 deg.
In the idealized case™*® used here, vortex breakdown jumps
off the leeward wing half when &, is reached. For the other
wing half, the windward side for § > 0, decreasing ¢ from
positive to negative values to make this half the leeward wing
half (in the lateral sense), makes ¢, go from b, =~ —16 deg
for 3 = 0, to ¢, = —47 deg for B = 20 deg. In this case,
vortex breakdown is also expected to jump off of the leeward
wing half when &, is reached. However, for this to happen, a
vortex with breakdown must exist on the wing half for ¢ >
.. Figure 7 shows that only for § = 10 deg is the wing sweep
A — AA = 50 deg for the windward wing half, and a vortex
does exist at ¢ = 0 (Fig. 6a), making it possible for the vortex
breakdown to jump off the wing half at ¢ = ¢, For B = 20
deg, effective sweep at ¢ = O for the leeward wing half is less
than 40 deg, and a leading-edge vortex in the usual sense does
not exist. It may be possible for a vortex to develop at some
¢ > b, also for B = 20 deg. However, in that case, the critical
value A = 69 deg no longer applies, as the corresponding ef-
fective angle of attack a(¢) is far below a = 30 deg, ap-
proaching o = 20 deg at & = ¢b,. The assumptions behind the
idealized C,(¢) characteristics, such as those shown in Fig. 5
for A = 65 deg, no longer apply when B > 10 deg and a(da
B) < 26 deg. However, for B =< 10 deg, the idealized C/(¢)
characteristics should provide guidance for the evaluation of
the multi-roll-trim characteristics of the 60-deg delta wing.

Figure 7 shows that at ¢ = 0 and 3 = 5 deg, the effective
sweep of the leeward wing half of the 60-deg delta wing is
slightly larger, but very close to that for the 65-deg delta wing
at B = 0. Figure 8 shows in more detail how the leeward wing
halves of the 65-deg delta wing at 3 = 0 and the 60-deg delta
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Fig. 9 Comparison effect of leading-edge sweep and sideslip on
C/d): a) A =65 and 60 deg, and b) A = 60 deg and B =0, 5, and
10 deg.

wing at B = 5 deg both give ¢, = 7 deg. As the C/(¢) char-
acteristics at & = ¢, are essentially generated by the leeward
wing half, one expects the C,(d) characteristics for the two
wings to look as shown in Fig. 9a. From Figs. 7 and 8 one
can see that a(d,) for the two wings halves can hardly be
distinguished from each other for ¢ > 0, whereas they differ
substantially for ¢ < 0, with a(d,) ~ 27 deg at b, =~ —26
deg for the 60-deg delta wing compared to a(d,) =~ 30 deg at
ba ~ —7 deg for the 65-deg delta wing. Even more important
is the fact that the C,(b) characteristics for A = 60 deg near
the trim point &, =~ —47 deg, where a(db,) =~ 22 deg, will be
very different from those for A = 65 deg near the trim point
b, = —20 deg, where a(d,) = 28 deg. Thus, the idealized
C/(&) characteristics for the 60-deg delta wing at B = 5 and
10 deg are only applicable at ¢ > 0, giving the results shown
in Fig. 9b, where &, is the value obtained from Fig. 7 for A
= 69 deg. The value C/(¢d,) is that obtained for A = 65 deg
and B = 0, which in turn came from Fig. 5. With A(d,) kept
constant, and a(db,) = 30 deg, C, is only a function of (b —
b.,), remaining very similar for the leeside wing halves at B =
0, 5, and 10 deg.

Studying the results in Fig. 6a and those in Fig. 7 for ¢ >
0, one finds that the windward wing half will be stalled, either

because vortex breakdown has moved to the apex or because
the leading-edge sweep is to low to support a vortex, causing
the wing half to have the aerodynamics of a moderately swept
wing in deep stall. That is, the load variation with roll angle
will be small and this wing half cannot contribute to the C,(b)
characteristics in any significant way. The decrease of a(d,)
below 30 deg for B < 0 and B > 10 deg (Fig. 7) makes it
difficult to apply the idealized C,(b) characteristics without
access to static experimental C,(¢) characteristics for the 60-
deg delta wing. However, for § = 0, 5, and 10 deg, the ide-
alized characteristics are well defined for the 60-deg delta wing
using C,(¢,) for the 65-deg delta wing. This is demonstrated
by Fig. 9b, where the predicted data points [, C/(b.)] are
connected with the experimental trim points’ (db,, 0).

Roll Oscillations Around Trim Points

Figure 10 summarizes the experimental results for the 60-
deg delta wing,” not only showing the roll-trim-angle as a func-
tion of B, but also indicating whether the roll oscillations
around the trim point were damped or not. For 0 = = 10
deg and ¢, >0 in Figs. 7, 8, and 9, the performed analysis of
a 65-deg delta wing>*° can help to supply the explanation for
the damped nature of the roll oscillations. As mentioned earlier
in the discussion of Fig. 5, for ¢, < |$| < b, the vortex
breakdown on the leeward wing half moves rapidly from mid-
chord past the trailing edge. This generates a statically desta-
bilizing C/(d) trend and, through time—history effects,” ™
contributes greatly to the damping of the roll oscillations
around ¢ = 0 for |$| < b, (Fig. 4). On the windward wing
half, the undamping contribution of the unburst parts of the
vortices forward of breakdown together with the downstream
spiral vortices will together generate a rolling moment of lesser
magnitude than that generated on the opposite wing half by
the intact leading-edge vortex in the absence of vortex break-
down. As the unburst vortices cannot cancel the damping gen-
erated by potential flow over the rest of the 65-deg delta wing
unless the angle of attack is increased above 45 deg, according
to the theoretical results’ in Fig. 11, the oscillations should be
damped, in accordance with the experimental results in Fig. 4
for $(0) = 66 deg. A similar behavior would be expected of
the 60-deg delta wing at 3 = 0. The tenuous character of the
oscillations in this case for $(0) = 2 and 90 deg in Fig. 3 is
the likely result of the close proximity to the apex of vortex
breakdown for a 60-deg delta wing at 0 = 30 deg and ¢ =0,
B = 0 (a = 30 deg in Fig. 6a). Thus, | b.| is smaller than for
the 65-deg delta wing, limiting the ¢ range over which static
(and dynamic) stability can exist around ¢ = 0.

For oscillations around the other trim points, |b,| > |d,l,
the dominant contribution to the rolling moment comes from
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Fig. 10 Measured roll trim and observed nature of roll oscilla-
tions for 60-deg delta wing at o = 30 deg (Ref. 7).
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the leeward wing half, as discussed earlier. Thus, the undamp-
ing contribution from the unburstleading-edge vortex becomes
of concern. According to prediction’ this will not result in un-
damped roll oscillations until a certain angle of attack has been
exceeded (Fig. 11). For A(d,) = 69 deg, Fig. 11 shows the
critical angle to be a =~ 38 deg. Thus, at o = 30 deg, the roll
oscillations should be damped for both the 65- and 60-deg
delta wings (Figs. 4 and 3, respectively).

In Fig. 5, for || = |d,|, the leeward wing half will con-
tribute damping at a(dp) = 30 deg as long as A(d, B) < 75
deg (see Fig. 11). For the branches ¢ = ¢, in Fig. 9b for the
60-deg delta wing, the leeward wing half fulfills the preceding
requirement, explaining why the oscillations around the trim
points are damped for B = 0, 5, and 10 deg (Figs. 3 and 10).
For B = 10 deg and ¢, =~ 12 deg (Fig. 10), Fig. 7 shows that
A(d)) ~ 76 deg and a(d,) =~ 30 deg. According to Fig. 11,
the oscillations should be neutrally damped, if anything, in
agreement with the results for 3 = 10 deg in Fig. 1. The ob-
served undamped roll oscillations for B > 10 deg (Fig. 10) are
in accordance with expectations, as Fig. 7 shows A(d,) to ex-
ceed 76 deg when {3 is increased beyond 3 = 10 deg, which
is predicted” to result in undamped oscillations at a = 30 deg
(Fig. 11).

Nonlinear Aerodynamics

Up to this point, the discussion of the roll oscillations has
not considered the fact that the unsteady aerodynamics are
highly nonlinear. The observed jumps in the wing rock time
histories’ (Fig. 2) will be shown to be the result of nonlinear
aerodynamic effects caused by the roll-rate-induced conical
camber® (Fig. 12, inset). Following the suggestion in Ref. 21,
static tests were performed with sheet-metal models deformed
to produce the roll-rate-induced camber.” The test results con-
firmed the predictions,’ showing that the twisted-up side of the
delta wing experienced later vortex breakdown than the op-
posite, twisted-down side. Thus, for positive roll rate, the rate-
induced camber delays vortex breakdown on the downstroking
and promotes it on the upstroking wing half. For ¢ =
Gb/2U.. = 0.05 of the large-amplitude roll oscillations,' this
camber effect was 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"* (Fig. 12). This explains
why the statically destabilizing C,(db) discontinuities of the ide-
alized static characteristics never materialized under the dy-
namic conditions. The remaining differences between the
C/(d) characteristics for b= 0.05 and O are primarily the result
of the combined effects of time lag and roll-rate-induced ap-
parent mass.” Figure 12 shows that at the & = 0.05 rate, the
nonlinear C,(¢) characteristics between —d&, and +d&, never
materialized because of the large roll-rate-induced camber ef-
fect. There exists no rampwise change of roll angle for which
bo = 0 can be reached, because the rate-induced camber (Fig.
12, see inset) remains of finite magnitude for ¢ # 0. Only for
an oscillatory change of the roll angle is it possible to reach
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Fig. 12 Effect of roll-rate-induced camber on C,(db).*

bo = 0, and even then only with just the right roll-angle time—
history; as in the case shown in Fig. 4 for $(0) = 66 deg,
where the roll oscillations could enter and stay in the region
—ba < ¢ < b, oscillating around the trim point ¢, =~ 0.

In Fig. 2, one can see examples of breakout from one es-
tablished limit-cycle type of roll oscillation, commonly called
wing rock,'” to another oscillation around a different trim
point. It is the effect of differences in past time histories that
causes the observed differences in wing rock jumps.’” This can
be understood when studying the underlying flow physics.®
The initial ¢ time histories are different; $(0) = 72 deg gives
higher || at ¢, = 45 deg than $(0) = —52 deg, explaining
the earlier breakout for ¢b(0) = 72 deg. Forced roll oscillations
of the 65-deg delta wing™ showed similarly large time—history
effects>*® The presence of ground-facility interference™ could
also cause a difference as a result of the different initial roll
directions, decreasing ¢ for $b(0) = 72 deg, increasing ¢ for
&(0) = —52 deg.

The results discussed in the preceding text give food for
thought in regard to the coupling existing between control de-
mands and dynamic vehicle response for advanced aircraft
performing supermaneuvers.’*”

Conclusions

An analysis of the experimentally observed effect of sideslip
on the unsteady aerodynamics of a 60-deg delta wing in free-
to-roll oscillations around a 30-deg inclined axis has led to the
following conclusions.

1) The roll dynamics are largely determined by the unsteady
aerodynamics generated by the leeward (in the lateral sense)
wing half.

2) Extension of analytic tools developed for the roll oscil-
lations of a 65-deg delta wing provides the means needed for
qualitative prediction of the roll-trim characteristics of a 60-
deg delta wing at nonzero sideslip, including the nature of the
roll oscillations (damped or undamped), as long as the effec-
tive angle of attack remains close to the inclination angle of
the roll axis.
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