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1. Introduction

ANNED fighter aircraft and unmanned combat air vehicles

may require high angle-of-attack maneuvers where the roll
dynamics become crucial. Small unmanned air vehicles (UAVs) and
fixed-wing micro air vehicles often have separated flows [1,2]. These
small vehicles fly at relatively high angles of attack and close to the
stall conditions due to the poor lift. Vertical gusts might induce roll
instabilities at high angles of attack. This possibility is suggested
based on the recent experiments in which rectangular, elliptical, and
Zimmerman planforms exhibited self-induced roll oscillations, even
before the stall angle [3.4].

Most of the knowledge on the aerodynamics of free-to-roll wings
is on slender delta wings [5—7], which exhibit well understood free-
to-roll oscillations about a zero mean roll angle. Free-to-roll
aerodynamics of delta wings with lower sweep angles (or higher
aspect ratios) have been investigated in recent experiments [§—14].
The existence of equilibrium at nonzero roll angles was reported for
sweep angles A < 65°. The roll asymmetries are demonstrated in
Fig. 1a for a simple delta wing with sweep angle of A = 55° (taken
from [14]). The variation of the mean roll angle as a function of angle
of attack shows that nonzero roll angles are observed until the wing
stalls. Here, we use the term “stall” to describe the onset of the flow
regime for which there is no flow reattachment, and hence the roll
angle becomes zero. Previous work [12] confirms that the “stall angle
of the free-to-roll wing” is near the stall angle of the fixed wing (at
zero roll angle) at which the lift force is maximum. The stall of the
free-to-roll wing is very sudden as the angle of attack is increased. In
contrast, for a slender delta wing with sweep angle A = 70°, roll
asymmetries mostly disappear, as shown in Fig. 1b.

Contour plots in Fig. 2 are adapted from the data in [14], which
show the mean roll angle and the standard deviation of roll angle in
the free-to-roll experiments. The variation of the angle of attack at
which the vortex breakdown appears at the trailing edge of the wing,
as well as the stall angle of attack at which the lift is maximum (for
zero roll angle), is added from another source [15] (shown as dashed
lines). It is seen in Fig. 2a that, for wings with low sweep angles, roll
asymmetries appear when the vortex breakdown is over the wing and
becomes maximum near the stall angle. The magnitude of the mean
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roll angle decreases with increasing sweep angle and almost
disappears for the most slender wing. The stall of the free-to-roll
wing also becomes more gradual with increasing sweep angle.
Figure 2b shows that, in a certain range of sweep angles and near the
stall, self-induced roll oscillations are possible.

In this Note, we extend our experiments to cropped delta wings
with an initial leading-edge sweep angle of A = 55°, as shown in
Fig. 3. We anticipate that the slenderness ratio, defined as the chord
length divided by the span, may be important. It was shown [7] that if
the distance from the vortex origin divided by the span is larger than
two, the wing rock of aircraft configurations is likely. Similarly, this
ratio may be important for the onset of the roll asymmetries for the
nonslender free-to-roll wings. Table 1 lists the aspect ratio and
slenderness ratio for the wings shown in Fig. 3. For comparison, we
also added the simple delta wing with A = 70° into our study.

II. Experimental Methods

Figure 3 shows the cropped wings studied. The relevant
dimensions and other properties are listed in Table 1. For all wings,
the span was kept the same (b = 335.6 mm). All wings were
fabricated out of aluminum with sharp leading edges. The thickness
was 3 mm, and a double 10° bevel was applied at the leading edges,
while the trailing edge had a straight cut (square tip). The moment of
inertia about the roll axis for each wing was calculated using CAD
software. Wing models were attached to a free-to-roll sting, as
detailed in [14]. No initial roll angle was imposed upon any of the
wings. The high-speed section of the closed-return wind tunnel at the
University of Bath was used for all the testing. The working section
of the wind tunnel has dimensions of 2.13 x 1.52 x 2.70 m. All the
experiments in this study were conducted at a tunnel speed of
30 ms™', and the maximum blockage for the wind-tunnel models
was approximately 3%. The Reynolds numbers (based on wing root
chord length) are similar to flight conditions for UAVs operating at
low/transitional Reynolds numbers.
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Fig. 1 Variation of mean roll angle as a function of angle of attack, with
standard deviation as error bars, for a) A =55° and b) A = 70°, for
simple delta wings.
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Fig. 2 Contour plots showing variations of a) mean and b) standard
deviation of roll angle for simple delta wings with different sweep angles.
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Fig. 3 Wings tested in this study: a) schematic of wings with 55° sweep
angle, and b) generic 55° sweep cropped delta wing planform, with main
dimensions given in Table 1.
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Fig. 4 Variations of mean roll angle as a function of angle of attack with
standard deviation as error bars and schematics of each wing (right) for
a) simple delta wing and b—d) cropped delta wings with different cropped
section lengths.

A dual 120 mJ neodymium-doped-yttrium-aluminum-garnet
(Nd:YAG) digital particle-image-velocimetry (PIV) system was used
to capture the velocity field, with seeding provided by a smoke
machine placed in the low-speed section of the wind tunnel. The
measurements were taken in crossflow planes at various chordwise
locations, with multiple separate tests needed to cover the
measurement domain. Details of these measurements are given in
[16]. The measurement uncertainty for the velocity is estimated as
2% of the freestream velocity.

III. Results and Discussion

The time-averaged roll angle and the standard deviation of the roll
angle (as error bars) are shown as a function of angle of attack for all
wings with A = 55° in Fig. 4. It is seen that the cropped delta wings
may have very different free-to-roll dynamics, depending on the
slenderness ratio of the wing. As the slenderness ratio increases (or
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Table 1 Properties of wings tested

ENGINEERING NOTES

Leading-edge sweep, ® Aspect ratio, b>/A  Slenderness ratio, c/b ¢, mm d,mm t/c, % I, kgm? Re, pUyc/n Planform
55 2.80 0.71 239.7 0 1.25 1.3735x 1073 410,000 Delta
55 1.28 1.01 339.7 100 0.88  3.6826 x 1073 581,000 Cropped delta
55 1.00 1.16 389.7 150 077 4.8295x 107 707,000  Cropped delta
55 0.83 1.31 439.7 200 0.68  5.9942 x 1073 839,000 Cropped delta
70 1.46 1.37 461.5 0 0.65 2.6582x 1073 788,000 Delta

aspect ratio decreases), the nonzero mean roll angles diminish and, at
the same time, roll oscillations disappear. Even the addition of a small
cropped section, as in Fig. 4b, makes the stall more gradual and
results in smaller magnitude of the roll oscillations. In Fig. 4c, for a
slenderness ratio of 1.16, there are only slight roll asymmetries near
the stall. For the slenderness ratio of 1.31, shown in Fig. 4d, the
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Fig. 5 Time histories of roll angle at angles of attack corresponding to
maximum standard deviation (a =23.25, 22.75, 26, and 26°,
respectively) and schematics of each wing (right) for a) simple delta
wing and b-d) cropped delta wings with different cropped section
lengths.

response is similar to that of the simple slender wing with A = 70°,
shown in Fig. 1b. We have no evidence that the change in the moment
of inertia has any correlation with the trim angles. The cropped delta
wing with a slenderness ratio of 1.31 and the slender wing with a 70°
sweep angle have similar slenderness ratios but very different
moments of inertia (differing more than a factor of two), yet the trim
angle responses are similar.

The corresponding time histories of the roll angle for each wing at
the angle of attack with maximum standard deviation are shown in
Fig. 5. For the slenderness ratio of 1.01, the roll oscillations exhibit
some amplitude modulation. The Strouhal number of the oscillations
(Sr = 0.034) is slightly larger compared with that of the simple delta
wing (Sr = 0.026). With further increase in the slenderness ratio, the
roll oscillations diminish.

With increasing slenderness ratio, cropped delta wings become
more stable at zero roll angle. To understand the reasons behind this,
we performed PIV measurements in crossflow planes. We studied the
simple delta wing with A = 55° (documented in [16]), the simple
delta wing with A = 70° (also documented in [16]), and the cropped
delta wing with a slenderness ratio of 1.16. As a reminder, this
cropped wing’s free-to-roll response is a lot closer to that of the
simple delta wing with A = 70°. For comparison, we fixed the angle
of attack at o = 20° for the three wings.

These measurements showed that, as expected, the vortices are
located close to the wing surface and more inboard for the A = 55°
simple delta wing, whereas for the slender wing with A = 70°, the
vortices are located further away from the wing surface and more
outboard [16]. Hence, we propose that the location of the vortices in
the crossflow plane at zero roll angle may be a precursor for the roll
stability or instability. For the cropped wing, we measured the
crossflow velocity fields in two planes, as shown in Figs. 6a and 6b,
the latter being the trailing edge, as shown in Fig. 6. At the end of the
section with a sweep angle of 55° (Fig. 6a), the crossflow velocity and
streamlines are very similar to those of the simple delta wing with the
same sweep angle. The locations of the vortices are also very similar.
At the trailing edge, the vortices are found to have moved away from
the wing and outboard. In fact, the flowfield is more similar to that of
a slender wing with A = 70°.

IV. Conclusions

Wind-tunnel experiments were conducted for various free-to-roll
cropped delta wings, with the initial leading-edge sweep angle of
A = 55°, as well as simple delta wings with sweep angles of A =
55° and A =70°. The two simple delta wings, representing the
slender and nonslender delta wings, exhibit entirely different
characteristics. The nonslender delta wing exhibits strong roll
asymmetries, as well as roll oscillations, whereas the slender delta
wing shows virtually no roll asymmetries and no roll oscillations.
The response of the cropped delta wings falls in between these two
cases. As the slenderness ratio (chord/span) increases, roll asym-
metries decrease and roll oscillations disappear. For a slenderness
ratio of approximately 1.3, there are no roll asymmetries.

For the nonslender simple delta wing, the vortices are located
closer to the wing surface and more inboard compared with the
slender simple delta wing. In contrast, for the slender delta wing, the
vortices are more outboard and away from the surface, resulting in
possibly one dominant vortex over the wing surface at a nonzero
roll angle, which provides the restoring moment. Hence, it is
hypothesized that the location of the vortices in the crossflow plane at
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Fig. 6 Crossflow velocity and streamlines for stationary wing for a) x/c = 39.5% and b) trailing edge, at « = 20° and ® = 0° for cropped delta wing

with A = 55°, together with schematic of laser sheet locations (top).

the trailing edge at a zero roll angle may be a precursor for the roll
instability. The cropped delta wing investigated exhibits a vortex
topology similar to that of the slender wing at the trailing edge, which
supports the hypothesis.
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