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a b s t r a c t
The ability to generate useful control forces on lifting surfaces at high angles of attack is particularly
challenging due to boundary layer separation. A miniature collection of feathers on birds termed the
alula, appears an intriguing solution to this control problem. Using surface-oil visualizations and direct
force and moment measurements, we experimentally investigate the aerodynamics of a model alula(e)
aﬃxed to a thin, ﬂat-plate, A = 1.5 rectangular wing. A critical parameter of the deﬂected alula
considered, is not its orientation relative to the incoming ﬂow, but rather its spanwise distance from the
wing tip to which it is oriented. Control forces (lift and rolling moment) are proportional to this distance
over a wide range of angles of attack. When centered on the stalled wing, a single alula generates a
rolling moment of magnitude comparable to that produced by a conventional trailing-edge ﬂap aileron in
an attached-ﬂow condition. Importantly, the wetted area of the alula is one order of magnitude less than
the reference ﬂap aileron. The uncharacteristically large control force of the alula stems from its ability
to induce and stabilize a vortex that sweeps outboard across the span of the wing towards the wing
tip. Changing the distance of the alula from the wing tip, varies the length of this ‘sweeping vortex’ and
its associated interactions with the wing. A novel high-angle-of-attack control solution is proposed, the
sliding alula, which entails coordinated shifting of two alulae to manipulate the length and asymmetry
of stabilized ‘sweeping vortices’ on stalled wings. Results regarding control authority in cross-ﬂow and
the gust mitigation potential of the sliding alula are also discussed.
Published by Elsevier Masson SAS.

1. Introduction
A wide variety of applications ranging from underwater vehicles
to aircraft require the ability to maneuver at low speeds in all or
portions of their operating envelope. Applications with stringent
cost, size, weight, and power constraints tend to rely on controlling
the forces and moments produced by lifting surfaces operating at
high angles of attack, for example the wings of an unmanned aerial
vehicle (UAV) during landing, rather than alternate solutions such
as thrust vectoring.
Generating useful control forces on lifting surfaces at high angles of attack is particularly challenging due to boundary layer
separation. Under these conditions, stalled ﬂow over improperly
placed control surfaces diminishes their control authority. Figure 1
depicts this trend. Here, roll moment coeﬃcient measurements
produced by a −20◦ aileron-ﬂap deﬂection are plotted as a function of angle of attack for rectangular wings of varying aspect ra-
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tio. The Reynolds number for these experiments was Re = O (106 )
where data was redigitized from Fischel et al. [1]. The arrows mark
the approximate angle of attack of maximum lift as an indicator of
lift stall. For the A = 2.13 and A = 4.13 wings, a precipitous loss
in control power follows lift stall as expected for a control surface
placed at the trailing-edge of a stalled wing. This trend would hinder the aircraft’s ability to both trim and maneuver at high angles
of attack limiting its operational ﬂight envelope.
In light of this challenge, research into novel control strategies
has drawn increased attention [2–5]. Jones et al. [6] conducted
static experiments on an airfoil with a leading-edge ﬂap. The authors suggest that the leading-edge ﬂap acts as a transition-trip
device granting higher maximum lift than a traditional surfacemounted trip. Other research has attempted to control the development, stabilization, and convection of leading-edge vortices
(LEVs) [7–9]. The numerical computations of Drost et al. [7] indicate that high frequency actuation of a hinged, deﬂected leadingedge ﬂap elicits > 50% increase in lift-to-drag-ratio compared to
a 27% increase in the static deﬂected case. An additional beneﬁt of leading-edge control surfaces is the ability to leverage the
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Fig. 1. Reduction of roll moment at high angles of attack as produced by a −20◦
aileron ﬂap deﬂection on rectangular wings of varying aspect ratio. Arrows mark
the angle of attack of maximum lift as an indicator of lift stall. Reynolds number
O (106 ). Data re-digitized from Fischel et al. [1].

pressure peak for actuation which can reduce actuator power consumption [9].
The control problem associated with boundary layer separation
becomes further complicated for lifting surfaces of low aspect ratio which exhibit a spanwise variation in separated ﬂow across the
wing. For example, moderate to highly-swept wings may display
a coexistence of coherent leading-edge vortices, vortex breakdown,
and completely stalled ﬂow at a given operating condition [10].
Similar trends were shown on rectangular platforms due to the
nonuniform development of the leading-edge vortex across the
span of low-aspect-ratio wings [11]. The latter trend likely drives
the trailing-edge ﬂap aileron on the A = 1.13 wing in Fig. 1 to
experience a reduction in control force at an angle of attack of increasing lift; an angle of attack well before that of lift stall. Similar
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trends were shown for aileron ﬂaps on an A = 1 wing at lower
Reynolds numbers, Re = O (104 ) [12], suggesting some insensitivity to Reynolds number with regard to this trend.
For applications requiring controlling forces and moments of
lifting surfaces of low-aspect-ratio experiencing boundary layer
separation, the question is no longer simply what is the proper
actuator to inﬂuence separated ﬂows, but where does one place
such an actuator. Proposed control solutions tend to leverage the
fact that low-aspect-ratio lifting surfaces harbor stabilized vortices
at high angles of attack, for example the leading-edge vortices
of delta wings and the wing-tip vortices of wings of low taper.
Hu et al. [13] used passive bleed near the wing tip to manipulate the coherency of the wing-tip vortex and O’Donnell and
Mohseni [12] used articulated winglets to manipulate the position
of the wing-tip vortex. As operation at high angles of attack is usually a small subset of the operational envelope of a lifting surface,
an ideal actuator is one that maximizes control authority during
design conditions and minimizes intrusiveness during off-design
conditions while being conscious of weight, power, and actuation
constraints.
Nature appears to have found one solution to this control problem in the alula; a miniature collection of feathers, 10–15% of the
semispan of bird wings, located near the wrist joint at the leading
edge of the bird’s main wing. During ﬂight at low speeds the alula
is observed deﬂected up from the plane of the wing as shown in
Fig. 2. In this deﬂected state, the alula is recognized as a high-lift
device [14–19].
Historically, the proposed aerodynamic mechanisms of the alula
have been hypothetical rather than empirical. The gap between the
alula and the wing surface has led to connections to be drawn
between the alula and a leading-edge slat [15,18,20]; the latter
prevents stall by energizing the boundary layer near the leading
edge of the wing. However, the alula is canted from the plane of
the wing and spans only small percentage of the wing, features

Fig. 2. The left two ﬁgures depict a kestrel ‘hovering’ in a strong headwind. Adapted from Feathered Photography, by Ron Dudley, 2019, retrieved from https://www.
featheredphotography.com/blog/2013/03/23/the-alula-bastard-wing-of-a-kestrel-in-ﬂight/. Copyright 2019 Ron Dudley. The right ﬁgure depicts a bald eagle maneuvering for
landing. Adapted from BR Images Photography, by Beverley Lu, 2019, retrieved from https://www.brimages.ca/blog/birds/bald-eagle-showing-the-alula-in-action. Copyright
2019 Beverley Lu & Roger Herrett. The alula is marked.
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Fig. 3. A depiction of the alula vortex. From Lee et al. [14].

that distinguish it from conventional leading-edge slats. Videler, in
his 2005 book [16], proposed two alternative mechanisms: 1. that
the alula induces a leading-edge vortex over the hand-wing (region of the wing between the wrist joint and the wing tip) and
2. that the alula generates a small vortex in a similar manner to
that produced by a leading-edge fence or sawtooth which separates the attached-ﬂow system on the arm-wing (region of the
wing between the wing root and the wrist joint) and the leadingedge vortex on the hand wing. Videler cautions that, ‘The reader
should be aware that there is no real proof yet for the ideas regarding the function of the alula...’.
In recent work, Lee et al. [14] conducted force and PIV experiments on severed adult-male magpie wings to shed light on the
aerodynamic function of the alula. A streamwise vortex stemming
from the deployed alula was measured which suggests the aerodynamic function of the alula is more closely aligned with that
of a vortex generator. Figure 3 displays an artists rendition of the
alula vortex from Lee et al. [14]. The alula vortex imparts strong
downwash near the wing surface which decreases the shear-layer
thickness and suppresses ﬂow separation over the no deﬂection
case. The authors show that ﬂow separation suppression is more
pronounced on the hand-wing than the arm-wing due to the rotation of the alula vortex which introduces additional spanwise ﬂow
from the wing root toward the wing tip. While the depiction of the
alula as a vortex generator is enticing, in this work we will provide
evidence that the control force of the alula stems not from the vortex that it generates but rather the vortex that it induces due to
the interaction of the wing ﬂow and the alula at the alula’s root.
Few investigators have analyzed the alula from an engineering standpoint. Mandadzhiev et al. [21] investigated the effects
of an alula device on a S1223 airfoil for potential use for UAV
applications. The parameters investigated were the alula deﬂection angle, and the alula angle of attack (measured relative to the
chord of the wing), where force data and hot-wire anemometry
was taken at three angles of attack, α = 4◦ , 10◦ , 18◦ , representing
pre-stall, stall and post-stall conditions, respectively, at two different Reynolds numbers (Re = 100,000 and 135,000). For the alula
parameters tested, lift enhancement was mostly isolated to poststall angles of attack where increased alula deﬂection angles in
the range φ = 4◦ –22◦ increased the magnitude of lift enhancement. From their data the maximum lift enhancement achieved
was around 10%. Meseguer et al. [20] investigated a cantilevered
wing model aﬃxed with an alula whose geometry and airfoil simulating that of a pidgeon wing. The streamwise location of the
alula, nondimensional chord length of the alula, and the nondimensional deﬂected height of the alula tip was varied. A maximum
22% increase in lift was achieved with the alula with the largest

Fig. 4. Measurements of alula location on birds differentiated by wing type. y is the
spanwise coordinate whose origin is at the wing root. Re-digitized from [15].

chord length placed coincident with the leading edge of the wing
and deﬂected a height of 0.143l off the wing plane, where l is the
alula length.
Despite this work, the alula on a ﬁnite wing has yet to be explored. Moreover, a potentially critical parameter of the alula was
not investigated, its spanwise position, which may have the ability to control the interactions of the alula-induced ﬂow and the
wing tip vortex. There exists evidence in nature suggesting the importance of the spanwise position of the alula, at least for certain
types of birds. Measurements, of Alvarez et al. [15] on over 40
species of bird wings show a convergence of the spanwise position
of the alula, Fig. 4, speciﬁcally for birds with Type A: Ellipticaltype wings, where the spanwise position of the root of the alula
lies in the range y /(b/2) = 0.25–0.35, y being the spanwise coordinate measured outboard from the root of the bird wing. Birds
categorized with Type A wings by Alvarez et al. have elliptical
planforms of low aspect ratio and are active ﬂappers that operate in dense, congested areas and frequently take off and land.
These birds would have the most to gain from maximizing the
performance of high-lift devices such as the alula and thus it is
intriguing to think that the convergence of the spanwise position
of their alula is aerodynamically driven.
In this work, we experimentally investigate the aerodynamics
of a model alula in an attempt to gauge the alula as a lightweight,
minimally intrusive, high-angle-of-attack control solution. Particular attention is made to the spanwise position of the alula, however, several orientational and geometrical parameters are also
considered.
The manuscript is organized as follows. The experiment design
and methods are described in Section 2. Results regarding the effect of angle of attack, spanwise location, span length, and alula
orientation are discussed in Section 3. Here, we show that changing the spanwise location of the alula enables a variable control
force over a wide range of angles of attack; a feature not seen
when varying the other alula parameters. These results prompt
Section 4 which introduces the concept of a sliding alula and
presents preliminary experiments judging the control effectiveness
of the sliding alula in sideslip. Conclusions are then given in Section 5.
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2. Experimental methods
All experiments were conducted in the Engineering Laboratory Design recirculating wind tunnel located at the University
of Florida. The test section has a 61 × 61 cm2 cross-section and
is 2.44 m in length. The wind tunnel can achieve freestream velocities ranging from 3–91.4 m/s and has a freestream turbulence
intensity of 0.12% at the tested speeds. Direct six-component force
and moment measurements were conducted in the ELD tunnel.
The Reynolds number was ﬁxed at 75,000. The details of the models and experiment are described next.
2.1. Wing model
A thin, rectangular, A = 1.5 wing is chosen as the baseline
wing. The aspect-ratio was selected to be similar to those commonly found on experimental ﬁxed-wing Micro-Aerial Vehicles
(e.g. Black Widow, NRL MITE2, etc.); aircraft with the most to gain
from miniaturized control solutions such as this. Moreover, the
A = 1.5 wing bridges the gap between two types of thin rectangular wings: those of low aspect ratio A < 1.5 for which the
proximity of the tip vortices is suﬃcient to stabilize the leadingedge vortex and delay stall to high angles of attack, and those of
higher aspect ratio A > 1.5 that do not possess this vortex stabilization ability, leaving stall to occur at low angles of attack. The
A = 1.5 wing exhibits characteristics of both wings in its ability
to sustain ﬂow reattachment to a modest angle of attack until an
abrupt stall (see Fig. 7). This characteristic enables us to decipher
the performance of the alula when the ﬂow over the wing is separated and reattached and the performance of the alula when the
wing is massively separated.
The model wing is kept rectangular with a 12.7 cm chord and
17.78 cm span with a thickness-to-chord ratio of 3.5%. A 5:1 elliptical proﬁle was used for the leading edge where the side and
trailing edges were left square.
The wing was 3D printed using a 3D Systems Projet 2500 multijet printer. The printer has a net build volume (XYZ) of 294 ×
211 × 144 mm with a 800 × 900 × 790 DPI resolution with 32 μm
layers. Resolution before post processing is ±0.025–0.05 mm per
25.4 mm of part dimension. The material was VisiJet M2 RWT.
Hand ﬁnishing (220 grit followed by 600 grit wet sand) was necessary to smooth out the leading edge of the wing.
The wing was designed with seven equally spaced cylindrical
housings spread across the leading edge of the wing (see CAD
schematic Fig. 5). The housings were designed to accept and secure
3D printed alula attachments or plug inserts. The plug inserts were
fabricated to ensure, to machine tolerance, a smooth leading-edge
proﬁle. The alula attachments consisted of a plug insert with a
fused lifting surface. This lifting surface is modeled as a rigid, rectangular ﬂat plate with a speciﬁc orientation with respect to the
wing. Details of the parameters of the model alula are described
next.

to 0.1 (for birds with an elliptical wing with active ﬂapping ﬂight
in cluttered environments).
The orientation of the deployed alula is deﬁned by three angles:
1. The incidence angle, γ , deﬁned by the angle of the alula chord
relative to the wing chord. 2. The deﬂection angle or cant angle,
φ , deﬁned by the rotation of the alula from the plane of the wing.
3. The pronation angle, or the sweep angle of the alula (in the
plane of the wing) relative to the wing’s leading edge. Only the
incidence angle and deﬂection angle are varied in this study. The
pronation angle was ﬁxed at 0◦ such that the leading edge of the
alula is aligned with the leading edge of the wing.
The terminology LO and RO is used to designate whether the
alula is leftward or rightward oriented, respectively, as seen by an
observer at the trailing-edge of the wing facing the leading edge
of the wing (see Fig. 5). Unless otherwise noted, the LO alulae
are placed on the left semispan of the wing where RO alulae are
placed on the right semispan of the wing. Experiments were conducted with the wing aﬃxed with both a single alula and dual
alulae. For dual alulae experiments the alula are placed symmetrically about the midspan such that the left and right semispan of
the wing are mirror images of each other.

2.2. Parameters of the model alula

2.3. Force measurements

The alula is represented as a rigid ﬂat plate with a ﬁxed geometry, orientation, and spanwise position on the wing. The geometry
of the alula is described by the span ratio, l/b, or the ratio of the
length of the alula to the span of the wing, and its chord ratio, a/c,
or the ratio of the alula chord to the chord of the wing. The chord
ratio for the alula on the wing was ﬁxed at a/c = 0.075 while the
span ratio was varied from l/b = 0.05 to 0.15. The resulting area of
the alula was A a = 0.004S to A a = 0.011S The span ratios tested
in this investigation are partially motivated by the bird wing measurements of Alvarez et al. [15] which show that the span ratio of
the alula ranges from l/b = 0.5 (for high speed soaring type birds)

Aerodynamic forces and moments were measured using the
Micro-Loading Technologies (MLT) six-component internal force
balance which has been used extensively by our research group
[11,22–26]. Each model was swept through angles of attack α =
−10–46◦ , in 2◦ increments using a custom robotic positioning system [27] with a positioning error of ±0.2◦ . Upon movement to
the next angle of attack location, data acquisition was halted for
4 seconds to allow for initial ﬂow transients to subside. Data was
then sampled for 5 seconds at 4096 Hz. An identical sweep was
made before hand with the wind off which acted as an inertial
“tare” set. Strain-gage wind-on data was ﬁrst subtracted from tare

Fig. 5. CAD model of the wing-alula assembly and associated deﬁnitions.
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Fig. 6. Experimental facility for force and moment recovery in the ELD wind tunnel.
Equipment consists of a four-degree-of-freedom robotic positioning system and a
six-component strain-gauge force balance.

Fig. 7. Validation plot comparing the lift, drag, and nose-down pitching moment
coeﬃcient curves of the A = 1.5 rectangular baseline wing compared to previously
published results.

data to isolate the aerodynamic loads from the average inertial
loads. Tared strain-gage data was then converted to aerodynamic
loads using techniques outlined by the AIAA strain-gauge standard. Blockage effects from streamline curvature, wake, and solid
bodies were corrected for based on methods presented by Rae
and Pope [28]. Figure 6 depicts the positioning and measurement
equipment in the ELD wind tunnel.
The aerodynamic quantities of interest in this paper are the lift
coeﬃcient, C L = ρ U2L2 S , drag coeﬃcient, C D = ρ U2D2 S , pitching mo-

Due to the similarity of the wings and Reynolds numbers considered, subsequent experiments were conducted to elucidate the
discrepancy in lift between test cases. It was determined that the
observed differences in lift at angles of attack near stall are the result of the different wing mounting strategies of the experiments
compared i.e. mounting below the wing, as in the Mizoguchi and
Itoh study, and mounting in-line with wing, as in the current
study.
Figure 8 compares surface-oil ﬂow visualizations with the wing
mounted in-line with (top row) and below the wing (bottom row)
at several angles of attack. At α = 20◦ , curious dual-lobed oil patterns are observed in the surface-oil visualizations. We attribute
these patterns to the presence of an arch-type vortex of similar nature to that which was discovered in computations and subsequent
experiments on heaving wings [31,32] and pitching wings [33] of
A = 2 (see Fig. 9). The legs of the arch vortex induce large-scale
swirling and a concentric region of low pressure on the wing surface [33], the former which is consistent with observations of the
ﬂow development of the current experiment. The existence of the
arch-type vortex at angles of attack near that of maximum lift and
the subsequent loss of lift that accompanies the loss of this structure, suggest that the arch-type vortex is responsible for the distinct lift peak of this wing. Mounting inline with the wing disrupts
the surface ﬂow associated with the arch-type vortex which would
reduce the measured lift at this angle of attack. The discrepancies in the surface patterns between the different wing mounting
strategies diminish at the higher angles of attack as the ﬂow over
the wing becomes massively separated.

∞

∞

ment coeﬃcient, C M = ρ U2M
(taken about the quarter-chord), and
2
∞ Sc
roll moment coeﬃcient, C l = ρ U2l
2 Sb . U ∞ is the freestream velocity,
∞

ρ is the ﬂuid density, S is the wing area, and b is the wingspan.
Estimates of uncertainty for coeﬃcient quantities were obtained
by applying the Taylor series method for uncertainty propagation as described in Coleman and Steele [29] to an example test
case. The test case was the A = 1.5 wing at α = 28◦ with a LO
alula of spanlength l = 0.15b ( A a = 0.011S) located at y /(b/2) = 0
with φ = 25◦ and γ = 20◦ subject to uniform ﬂuid with velocity
U ∞ = 9.09 m/s and ﬂuid density, ρ = 1.194 kg/m3 . The measured
lift force, L, drag force, D, pitching moment, M, and roll moment, l, at this condition was 0.969 N, 0.604 N, −0.159 N-cm,
and 0.056 N-cm. The blockage ratio is approximately 3.0%. Due to
the large number of samples, only uncertainties associated with
bias errors were considered in this analysis. The absolute bias errors of measured variables, U ∞ , b, and c are 0.1 m/s, 0.79 mm,
and 0.79 mm, respectively. The relative bias errors of forces and
moments are less than 2.3% and 4.2%, respectively. These values constitute the maximum bias error of a set of ﬁve repeated
known-load experiments with magnitudes comparable to the loads
measured in the current study. The relative and absolute (in parenthesis) uncertainties for lift, drag, pitching moment, and roll moment coeﬃcient are computed to be 3.3% (C L = 0.0268), 4.4%
(C D = 0.0223), 4.9% (C M = 0.0062), and 4.9% (C l = 0.0015),
respectively.
Figure 7 plots lift, drag, and pitching moment coeﬃcient as a
function of angle of attack for the plain A = 1.5 rectangular wing
used in this study (Reynolds number 7.5 × 104 ) in comparison to
re-digitized data from Mizoguchi and Itoh [30] on an A = 1.5
ﬂat-plate rectangular wing at a similar Reynolds number (Reynolds
number 7.6 × 104 ). The wing model of Mizoguchi and Itoh had a
thickness-to-chord ratio of 3.3% (compare to 3.5% for the current
wing) with a rounded leading edge and square trailing edge. Good
agreement is seen between experiments except for a modest discrepancy in the measured lift peaks between experiments.

2.4. Surface-oil ﬂow visualizations
Surface-oil ﬂow visualizations were conducted to assist in interpreting the aerodynamic mechanisms of the alula. The top surface
of the wing was spray-painted white leaving a smooth top surface for oil-pigment transport. The oil-pigment mixture consisted
of paraﬃn oil and commercially available ﬂuorescent pigment (Art
‘N Glow pigment powder, particle size 30–50 μm). The following procedure was employed: First, a heavily saturated pigment-oil
mixture was applied to the wing at zero pitch angle using a ﬁnely
bristled brush. The saturated layer was then tipped off with a
coarse bristled brush that is wetted with pure paraﬃn oil. This
step ensures an even coating of pigment on the wing and provides
a thick layer of oil to facilitate pigment transport. Next, the MPS
is commanded to the desired pitch angle and the tunnel velocity
is rapidly ramped up to the prescribed freestream velocity. After
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Fig. 8. Effect of the wing mount on the near surface ﬂow. (Top row) Sting mounted inline with the wing. (Bottom row) Sting mounted below the wing. Flow is from top to
bottom.

Fig. 9. Arch-type vortex from [31].

> 5 min of run time, the pigment is charged using a UV ﬂashlight and the wing is imaged at inclination with the tunnel still
running. Lastly, images are dewarped, cropped, and converted into
grayscale. Example pre- and post-processed images are shown in
Fig. 10 with alulae marked.
3. Results
3.1. Effect of angle of attack
We begin by assessing the control effectiveness of the alula
across a wide range of angles of attack. Both a single- and dualalula conﬁguration is considered. The main focus in this section is
on general trends of aerodynamic loads. A more quantitative analysis is given in later sections.
Figure 11 compares the effect of angle of attack on lift, drag,
pitching, and roll moment coeﬃcients of the wing aﬃxed with a
single alula or dual alulae relative to the plain baseline wing. The

top left ﬁgure plots lift coeﬃcient, C L , and ten times the rolling
moment coeﬃcient, 10C l , whereas the top right ﬁgure plots the
negative of the quarter-chord pitching moment coeﬃcient, −C M ,
and the drag coeﬃcient, C D , each as indicated. With respect to the
−C M curve, increases along the y-axis correspond to an increase
in a nose-down pitching moment.
For the single alula case, the alula is placed on the left semispan of the wing with its hinge located at y /(b/2) = −0.25. This
alula conﬁguration is mirrored on the right side of the wing for the
dual-alula case, i.e. | y /(b/2)| = 0.25. Each alula is rotated/deﬂected
φ = 25◦ from the wing plane as measured clockwise (counterclockwise) for the left (right) alula from an observer located at
the trailing-edge of the wing facing the leading edge of the wing.
The length (area) and inclination angle of each alula are ﬁxed at
l = 0.15b ( A a = 0.011S) and γ = 20◦ , respectively.
The dominant aerodynamic effects of the alula are isolated to a
distinct angle of attack range, 16◦ < α < 38◦ . Throughout this angle of attack range, the wing aﬃxed with a single LO alula placed
on the left semispan of the wing generates a positive roll moment.
The change in rolling moment is not correlated with changes in the
longitudinal loads. For example, at prestall angles of attack within
this angle of attack range, 16◦ < α < 22◦ , the nonzero roll moment is accompanied by the reduction in lift, drag, and nose-down
pitching moment over the baseline wing. In contrast, at post-stall
angles of attack within the range 22◦ < α < 38◦ , the roll moment
is accompanied by an increase in lift, drag, and only minor change
in nose-down pitching moment over the baseline wing. With regard to the dual-alula case, changes in longitudinal loads relative

Fig. 10. Surface-oil ﬂow visualizations before and after being dewarped, cropped, and converted to grayscale.

α = 25◦ . Alulae as marked. Flow is top to bottom.
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Fig. 11. Comparisons of lift, drag, roll moment, and nose-down pitching moment coeﬃcient curves (top) and surface-oil ﬂow visualizations (bottom) of A = 1.5 rectangular
wing with no alula, single alula, and dual alula at select angles of attack. Flow is from top to bottom.

to the baseline wing follow trends depicted by that of the single alula case. However, increments in the longitudinal loads are
generally larger for the dual-alula case. Due to the symmetric alulae conﬁguration, rolling moment remains nominally zero for the
dual-alula case.
Notice, that the addition of either a single alula or dual alulae
ﬂattens the initial peak of the lift and pitching moment coeﬃcient curves of the baseline wing. This result suggests that an
errant deployment of the alula at prestall angles of attack can
not only decrease the lift of the wing but would also shift the
aerodynamic center of the wing forward which is destabilizing in
terms of static pitch stability. The loss of lift associated with the
wing-alula combination considered in this study is consistent with
previous reports that the alula does not always contribute to lift
enhancement [18].
While dominant aerodynamic effects associated with the alula
occur at high angles of attack, there exists a performance penalty
of operating with a deﬂected alula at very low angles of attack. For
example, the addition of a single alula and dual alulae increases
C D 0 of the wing by 0.0058 (≈ 21%) and 0.0098 (≈ 36%), respectively. The drag penalty can likely be reduced by storing the alula
ﬂush to the wing in off-design ﬂight conditions.
Surface-oil visualizations were conducted at select angles of attack to assist in interpreting trends in aerodynamic loads (bottom
of Fig. 11). For these visualizations, the replica sting balance was
attached to the wing from below to facilitate visualizations of the
surface patterns on the top of the wing.
The surface patterns on the plain wing are analyzed ﬁrst. At
α = 10◦ , a separation bubble spanning the width of the wing is
evinced near the wing’s leading edge. By α = 15◦ , remnants of the
separation bubble remain near the wing tips but can no longer be

resolved near the midspan of the wing. A distinct isolated dual
lobed surface pattern exists near the center of the wing for which
counter-rotating swirling motions occur in each lobe. This structure
was previously attributed to the presence of an arch-type vortex
and the cause of sustained lift at this angle of attack (recall Fig. 9
and accompanying discussion). At α = 20◦ , an angle of attack near
that of maximum lift, the dual lobed surface pattern has shifted aft
and grown in spacial extent. By α = 25◦ , this pattern is lost and lift
and nose-down pitching moment curves have stalled. At α ≥ 25◦ ,
no clear surface patterns exist on the wing which suggests that the
ﬂow over the wing at these angles of attack is massively separated.
Attention is now turned to the surface patterns on wings afﬁxed with both a single and dual alula. At α = 20◦ , the surface
patterns for both alula cases depict the clear elimination and/or
distortion of the surface pattern attributed to the arch-type vortex on the plain wing. The elimination and/or distortion of this
high-lift structure is consistent with the reduction in lift, drag, and
pitching moment associated with the presence of the alula at this
angle of attack. In addition, beginning at α = 15◦ , curious surfaceoil patterns are observed near the upstream corners of the wing at
spanwise stations between the alula root and the wing tip. Specifically, distinct separation lines sweep from the alula root toward
the wing tip in a manner dependent on the angle of attack.
Figure 12 provides a zoomed-in view of the surface patterns
outboard of the right alula in the dual-alula conﬁguration. Note
that the patterns depicted here are very similar to those observed
outboard of the alula for the single alula case.
At α = 15◦ , three features can be distinguished: a separation
line attributed to the tip vortex (marked in green), a separation
line attributed the separation bubble (marked in cyan), and a separation line originating from the alula root (marked in yellow).
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Fig. 12. Effect of angle of attack on the near surface ﬂow structures outboard of the alula. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web
version of this article.)

At α = 20◦ , the separation line stemming from the alula root increases in length and sweeps from the root of the alula toward
the wing tip. A distinct half-moon shape is observed in the surface patterns obtained at this angle of attack. This feature is likely
the consequence of the merging of the alula-induced ﬂow with
the separation bubble and the tip vortex. At 25◦ ≤ α < 40◦ the
distinct half moon shape is lost and a continuous separation line
stems from alula root and sweeps outboard toward the wing tip.
At α = 35◦ , the sweeping nature of this separation line is lost as
it is observed to tilt in the downstream direction. At α = 40◦ , the
separation line stemming from the alula is no longer distinguishable.
The separation line associated with the alula and the accompanying dark ‘tracks’ that run parallel to it indicate the existence
of a discrete vortex. The dark ‘tracks’ are the result of the initial motion of the carrier ﬂuid. Once the wind tunnel is brought
up to speed, these tracks would form as carrier ﬂuid, stemming
from the alula root, would sweep across the wing toward the wing
tip displacing pigment away from these areas. The motion of the
carrier ﬂuid is driven by a combination of shear, pressure, and
gravitational forces. The carrier ﬂuid is both drawn toward the
low pressure region induced by the vortex on the surface of the
wing (which would lie just downstream of the separation line)
and drawn downstream on the inclined wing due to gravitational
forces. However, the reverse ﬂow of the vortex is impermeable by
the carrier ﬂuid causing the carrier ﬂuid to run parallel to the separation lines.
We hypothesize the vortex stemming from the alula’s root to be
formed when a portion of the leading-edge shear layer confronts
the physical barrier of the bottom surface of the alula and is forced
to roll-up forming a discrete vortex whose initial orientation is in
the spanwise direction. The canted nature of the alula acts as a
vortex stabilization mechanism, continually redirecting a component of the freestream ﬂow in the spanwise direction and into the
core of the vortex enabling the drainage of vorticity which curtails
its detachment. Here, spanwise ﬂow is generated by the canted
alula in a similar manner to that of a lifting surface that is inclined to the freestream and at a nonzero roll angle experiences a
component of the freestream velocity along its span. Based on the
geometry, the magnitude of spanwise ﬂow produced by the alula
would tend to increase by sin(α ) enabling the vortex to traverse
greater distances over the wing without detachment as angle of
attack is increased; a feature consistent with the trends observed
in the ﬂow visualizations. The loss of the sweeping separation line
at α = 35◦ and α = 40◦ is likely a consequence of the vortex lifting off the wing surface at these high angles of attack as suggested
by Lee et al. [14].

Hereafter, we will refer to this vortex as the ‘sweeping vortex’.
We refrain from using the term ‘alula vortex’ as its vorticity is
more likely to stem from the interaction of the wing ﬂow and the
alula at the alula’s root rather than the shed vorticity of the alula
alone. In Section 3.4, we will revisit this claim when we present
measurements varying the incidence angle of the alula. We distinguish the current depiction of a sweeping vortex induced by
the alula of initially spanwise orientation from the depiction of a
streamwise vortex generated by the alula (recall Fig. 3).
With this interpretation of the surface patterns, we turn our attention back to the load measurements of Fig. 11. The positive roll
moment generated at angles of attack in the range α = 16–38◦ for
the wing aﬃxed with a single LO alula placed on the left semispan
of the wing is consistent with the asymmetric vortex lift produced
by the LO alula; speciﬁcally its ability to generate and stabilize a
vortex that sweeps over the outer portions of the left wing tip.
Moreover, the subsequent reduction of roll moment at α ≥ 35◦ is
consistent with surface-oil patterns which suggest the reduced interaction of the sweeping vortex with the wing. Accordingly the
roll moment measurements in accordance with ﬂow visualizations
suggest the roll-moment-generating ability of the alula is tied to
the sweeping vortex to which it induces. Despite the roll-momentgenerating ability of the alula, global lift enhancement is only observed at poststall angles of attack, α = 24–40◦ . At lower angles
of attack in the range α = 16–22◦ , global lift, drag, and pitching
moment is reduced with the addition of either a single alula or
dual-alulae. These trends were attributed to the alula’s interference
with the arch-type vortex harbored by the plain wing.
3.2. Alula spanwise position
The sweeping nature of the vortex induced by the alula observed in ﬂow visualizations further motivates the following investigation of the spanwise position of the alula. We ﬁrst consider the
dual-alula conﬁguration. The geometrical and orientational parameters of the alula are identical to the previous experiment (Fig. 11),
i.e. φ = 25◦ , γ = 20◦ and l = 0.15b ( A a = 0.011S), however, now
the spanwise location of each alula is varied. In each experiment
the alulae are shifted symmetrically such as to maintain a spanwise symmetry of the wing about its midplane.
Figure 13a compares lift, drag, and nose-down pitching moment coeﬃcient curves of the wing with alulae placed at various
spanwise locations, | y /(b/2)|. The spanwise location of the alulae
inﬂuences both the magnitude of prestall lift-loss and the magnitude of post-stall lift enhancement.
To assist in interpreting trends in aerodynamic loads with regard to the spanwise location of the alula, Fig. 13b plots the change
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Fig. 13. (a) Lift, drag, and nose-down pitching moment coeﬃcient as a function of angle of attack for dual-opposing alulae placed at various spanwise locations | y /(b/2)|.
(b) Change in lift, drag, and nose-down pitching moment coeﬃcient relative to baseline wing as a function of the spanwise location of the alulae at select angles of attack.

Fig. 14. A = 1.5 wing with dual-opposing alula at | y /(b/2)| = 0.

in lift, drag, and nose-down pitching moment coeﬃcient relative to
baseline wing as a function of the spanwise location of the alulae
at select angles of attack. Here, α = 22◦ represents the stall angle
of attack for the baseline wing, as indicated by αC Lmax , and α = 25◦
and 28◦ represent post-stall angles of attack for the baseline wing.
A maximum 25% increase in post-stall lift (C L = 0.19) relative
to the baseline wing occurs at α = 28◦ when the alulae are centered on the wing in a V conﬁguration, | y /(b/2)| = 0 (see Fig. 14).
This occurs alongside a 16% increase in drag (C D = 0.08) and
a 11% reduction in nose-down pitching moment (C M = 0.016).
With this conﬁguration, i.e. | y /(b/2)| = 0, the adverse effects associated with the alula at prestall angles of attack are minimized,
namely the reduction in lift and nose-down pitching moment
(see α = 22◦ in Fig. 13b). Locating the alulae further toward the
wing tips (or increasing | y /(b/2)|) degrades the performance beneﬁt of the alulae. For example, spacing the alulae away from the
midspan of the wing both reduces post-stall lift enhancement and
increases pre-stall lift loss over the lift-optimum alula placement,
| y /(b/2)| = 0.

We turn to surface-oil visualizations to understand the connection between the spanwise location of the alula in this dual-alula
conﬁguration and associated aerodynamics. Figure 15 depicts surface patterns obtained on the wing aﬃxed with dual-opposing
alulae at | y /(b/2)| = 0.25 and | y /(b/2)| = 0 compared to the wing
with no alula. The angle of attack for each case is α = 25◦ representing a post-stall angle of attack. We use the inline mounting
strategy to enable a more direct comparison with load measurements.
In contrast to the baseline case, the surface patterns for both
dual-alulae cases, Fig. 15b and Fig. 15c, reveal two separation lines
of which were previously attributed to a sweeping vortex induced
by the alula. In comparing Fig. 15b and Fig. 15c, the spanwise
position of the alulae appears to control the length of the sweeping vortices induced by the alulae. Notably for the | y /(b/2)| = 0
case, Fig. 15c, the sweeping vortex on both sides of the wing extends across each semispan of the wing. The distance of the alula
from the wing tip, rather than the distance of the alula from the
midspan, appears to be the critical parameter with regard to the
spanwise position of the alula. Comparing with the load measurements of Fig. 13b at the same angle of attack (α = 25◦ ), increasing the distance of the alula from the wing tip (i.e. decreasing
| y /(b/2)|), increases the length of the sweeping vortex which increases the control force of the alula.
Next, we consider a single alula conﬁguration in order to interpret its effect on the roll-moment-generating ability of the alula.
In these tests, we vary the spanwise position of a LO alula keeping
the orientation of the alula ﬁxed at φ = 25◦ and γ = 20◦ , and the
length of the alula at 0.15b. We now consider the nondimensional
distance of the LO alula from the left wing tip, d/(b/2), rather
than the distance of the alula from the midspan. For this single
alula conﬁguration, the distances tested ranged from d/(b/2) =
0.25–1.75.
Fig. 16a compares lift, drag, and nose-down pitching moment
coeﬃcient curves and Fig. 16b compares roll moment coeﬃcient
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Fig. 15. Surface-oil ﬂow visualizations of an A = 1.5 wing at
(c) | y /(b/2)| = 0, respectively.

α = 25◦ with (a) no alula and dual-opposing alula whose roots are located at (b) | y /(b/2)| = 0.25 and

Fig. 16. Effect of the spanwise distance of a single LO alula from the left wing tip on the (a) lift, drag, and nose-down pitching moment coeﬃcient and (b) roll moment
coeﬃcient curves of an A = 1.5 rectangular wing.

curves of the wing with the alula placed at distances from the left
wing tip ranging from d/(b/2) = 0.25–1.00.
At distances in this range, the wing with a LO alula generates
a positive roll moment of magnitude proportional to its distance
from the left wing tip. The maximum roll moment occurs with the
alula root centered on the wing, y /(b/2) = 0. This result is counter
intuitive if one anticipates the alula to act like a leading-edge control surface where increasing the distance of the control surface
from the wingtip decreases its moment arm. The alula is clearly
not a conventional lifting surface. The maximum roll moment generated by the alula is C l = 0.036 which occurs at α ≈ 24◦ . For
comparison, the control force of a −20◦ ﬂap-aileron deﬂection on
an A = 1.5 wing at α = 0◦ is C l = 0.033 (this value was interpolated from the wing data presented in Fig. 1). The miniature alula
produces a control force at high angles of attack of greater magnitude than a ﬂap aileron at zero angle of attack. Note that for the
reference case, the wetted area of the ﬂap aileron is A a ≈ 0.12S,
where S is the wing area. For comparison, the wetted area of the
alula is A a = 0.011S. The wetted area of the alula is one order of
magnitude smaller than that of the ﬂap aileron. While the roll-

moment-generating ability of the alula at high angles of attack is
intriguing, the downside of the alula is that it does not produce a
signiﬁcant rolling moment at low incidences.
Surface-oil ﬂow visualizations were obtained at α = 25◦ for the
corresponding single alula cases. Figure 17 displays the effect of
the LO alula’s distance from the left wing tip on surface-oil patterns associated with the alula. Also included are corresponding
measurements of the change in lift, drag, nose-down pitching moment, and roll moment coeﬃcient over the baseline wing as a
function of alula’s distance from the left wing tip.
As the alula is positioned further from the left wing tip at distances ranging from d/(b/2) = 0.25 to d/(b/2) = 1.25, the vortex
that originates from the alula root continues to increase in length
sweeping a longer distance across the wing toward the wing tip.
From Fig. 17a, the change in lift and drag increases exponentially
with increasing distance from the left wing tip where the change
in lift reaches a maximum value of 0.09 at d/(b/2) = 1.25 which
corresponds to a 12.7% increase in lift over the baseline wing at
this angle of attack. In contrast, the roll moment increment increases monotonically with increasing distance of the alula from
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Fig. 17. (a) Effect of the spanwise distance of a single LO alula from the left wing tip on the change in lift, drag, nose-down pitching moment, and roll moment coeﬃcient
relative to the plain wing (no alula). α = 25◦ , C L ≈ 0.734. Images depict corresponding surface-oil visualizations. Flow is from top to bottom.

the wing tip reaching a peak value at d/(b/2) = 1.00. Pitching
moment trends follow that of roll moment where a monotonic reduction in nose-down pitching moment occurs with increasing d.
At spanwise locations d/(b/2) > 1.25 the sweeping nature of
the vortex is lost. Load measurements indicate a net positive increase in lift and drag and roll moment reversal. Dark regions are
seen downstream of the alula skewing slightly toward the right
wing tip which suggests the presence of the alula-induced vortex
there. The existence of this vortex now on the right wing is consistent with the negative roll moment measured for the alula placed
at d/(b/2) > 1.25.
The surface-oil visualizations in conjunction with load measurements suggest that the lift-optimal spanwise location for the alula
occurs at the furthest distance away from the wing tip for which
the sweeping nature of the vortex induced by the alula is still retained. Similarly, the maximum roll moment is obtained when the
alula is placed at the furthest distance from the wing tip for which
the sweeping nature of the alula-induced vortex is still retained
unless this distance is greater than the semispan of the wing. For
the current case, the maximum roll moment is obtained by placing
the alula at the midspan of the wing. It remains unclear whether
the loss of the sweeping vortex is the result of distancing the alula
too far from the wing tip to which the alula is oriented or the
result of the proximity of the alula from the other wing tip. The
latter distance would appear to become increasingly important as
the aspect ratio of the wing decreases while diminishing in its
importance as the wing aspect ratio increases. Due to the intermediate aspect ratio considered, the relative contribution of each
of these distances to the loss of the sweeping vortex cannot be
distinguished from our experiments.
3.3. Alula span length

control force in the operational angle of attack range of the alula
for the tested set of alula parameters.
Figure 18 presents lift, drag, nose-down pitching moment, and
roll moment coeﬃcient data plotted as a function of angle of attack for the wing with a single LO alula placed at the midspan
of the wing, y /(b/2) = 0. The alula orientation is the same as the
previous experiments, i.e. φ = 25◦ , γ = 20◦ . While previous experiments were conducted with an alula length of l = 0.15b, for this
experiment, two additional alula lengths were considered: 0.05b
and 0.10b. The baseline case represents the plain wing with no
alula attachment.
From Fig. 18a, increasing the length of the alula increases lift
and drag at post-stall angles of attack while having a minimal effect on the reduction in lift and drag at pre-stall angles of attack.
With regard to roll moment, Fig. 18b, the effect of increasing the
alula length is to increase the operational angle of attack range
of the alula while having a minor inﬂuence on the peak magnitude of roll moment. For example, for the smallest alula tested,
the operational range of the alula is from α = 16◦ –28◦ where for
the largest tested span length, the operational range of the alula is
from α = 16◦ –38◦ .
Based on these measurements, a longer alula would thus be favorable for control purposes in order to increase the operational
angle of attack range of the alula. This result provides an explanation for biological trends that depict a correlation between the
alula length and both wing loading and wing aspect ratio; namely,
the length of the alula tends to increase with increasing wing loading and decreasing wing aspect ratio [15,19]. Both decreasing wing
aspect ratio and increasing wing loading (holding airspeed constant), requires a higher angle of attack to trim. Based on our
results, the longer alula for these birds may be necessary in order for the alula to function at these higher angles of attack.
3.4. Alula orientation

We now investigate the effect of the alula geometry. In these
experiments we will ﬁx the alula location at the midspan of the
wing, y /(b/2) = 0, as this spanwise location afforded the largest

Experiments were also conducted varying the alula orientation.
In these tests, a RO alula was placed at the midspan of the wing,
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Fig. 18. Effect of alula span length, expressed as the ratio l/b, on the (a) lift, drag, and nose-down pitching moment coeﬃcient and (b) roll moment coeﬃcient curves of an
A = 1.5 rectangular wing.

Fig. 19. Effect of alula deﬂection angle on the (a) lift, drag, and nose-down pitching moment coeﬃcient and (b) roll moment coeﬃcient curves of an A = 1.5 rectangular
wing.

y /(b/2) = 0, and the span length and incidence angle of the alula
was held at 0.15b and γ = 20◦ , respectively.
Fig. 19a and Fig. 19b display the effect of alula deﬂection angle
on lift, drag, nose-down pitching moment, and roll moment coefﬁcient curves. In all cases, the RO alula produces a negative roll
moment (in contrast to the positive roll moment generated for the

LO alula). The magnitude of roll moment is approximately equal
and opposite to a LO alula with the same root location.
The dominant effects of the alula deﬂection angle are two-fold.
First, changing the alula deﬂection angle alters the peak roll moment. The former trend is depicted in Fig. 20 which plots the
change in roll moment coeﬃcient as a function of deﬂection an-
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Fig. 20. Change in roll moment coeﬃcient as a function of alula deﬂection angle at
α = 22◦ .

gle φ at α = 22◦ . Increasing the deﬂection angle from φ = 5–25◦
increases the peak roll moment, although too large of an alula deﬂection, i.e. φ = 35◦ , can reduce the peak roll moment.
Second, changing the alula deﬂection angle in the range φ =
5–25◦ shifts the upward limit of the operational angle of attack
range of the alula, Fig. 19b. For example for φ = 5◦ the operational
range of the alula is from α = 16◦ –30◦ where for φ = 25◦ the operational range of the alula is from α = 16◦ –38◦ . As was the case for
trends with regard to peak rolling moment, too large of an alula
deﬂection, i.e. φ = 35◦ , can cause the opposite effect and reduce
the operational range of the alula.
We now investigate the effect of changing the incidence angle
of the alula. If the control forces of the alula were to stem from the
aerodynamic lift that it generates then increasing its incidence angle should result in an increase in its control force. Similar trends
would be observed if the alula were to act as a vortex generator.
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Fig. 21a and Fig. 21b, display the effect of the alula incidence
angle on lift, drag, nose-down pitching moment, and roll moment
coeﬃcient curves. The deﬂection angle was held at φ = 25◦ and
alula root was ﬁxed at the midspan of the wing. Relative to the
other parameters considered in this study, the incidence angle has
the least inﬂuence on the control force produced by the alula.
This result suggests that the control force of the alula considered
in this study has nothing to due with the lift that it generates.
Rather, as was proposed earlier, it is the sweeping vortex induced
at the alula’s root and subsequently stabilized by the alula which
results in the observed control forces. Let us now distinguish the
alula, as studied in this manuscript, from traditional high angle
of attack devices such as fences, dog-teeth, and vortex generators.
Fences and dog-teeth, typically found on swept-winged aircraft, are
used to obstruct spanwise ﬂow to prevent boundary layer thickening and ensuing tip stall. For this task, the fence acts as physical
barrier to spanwise ﬂow while the dog tooth produces a streamwise vortex that also impedes spanwise ﬂow. Vortex generators
also produce streamwise vortices which re-energize the boundary layer to maintain attached-ﬂow conditions over downstream
portions of the wing and control surfaces. In contrast with these
devices, the alula (in the current investigation) does not prevent
or delay stall but rather causes it, if errantly deployed. Moreover,
the alula does not generate a vortex but rather induces one, and
the canted nature of the alula is such that spanwise ﬂow is most
certainly produced rather than stagnated. Lastly, the vortex that it
induces is not oriented in the streamwise direction but rather in
the spanwise direction, at least initially, until turning downstream
at spanwise stations near the wing tip.
4. The sliding alula concept
We have shown that the interaction of the induced sweeping
vortex with the wing and the resultant aerodynamic loads can be

Fig. 21. Effect of alula incidence angle on the (a) lift, drag, and nose-down pitching moment coeﬃcient and (b) roll moment coeﬃcient curves of an A = 1.5 rectangular
wing.
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Fig. 22. Schematic of sliding alula control of lift and roll moment at high angles of attack.

controlled, over a wide range of angles of attack, by varying the
spanwise position of the alula. This ﬁnding motivates a new strategy for lift and roll control of lifting surfaces at high post-stall
angles of attack, the sliding alula, which entails coordinated shifting of two deﬂected alulae along the leading edge of the wing to
control i) the total length of sweeping vortices on the wing (lift
control) and ii) the asymmetry of the sweeping vortices (roll control).
Fig. 22 depicts schematics of a hypothetical lifting surface with
sliding alulae. It is assumed that the lifting surface is trimmed at
a post-stall angle of attack within the operational angle of attack
range of the alula. At trim, Fig. 22a, the alulae are symmetrically
placed at spanwise locations which allow suﬃcient inboard and
outboard travel of the alula. About this trim condition, lift can be
controlled by the symmetric inboard/outboard movement of the
alula, Fig. 22b. Here, inboard motion of the alula increases lift by
increasing the length of the sweeping vortices on wing. The outboard motion of the alula reduces this length reducing lift. The
change in lift is proportional to the alula travel although the relationship is fairly nonlinear. A consequence of the sliding alula for
lift control is the parallel variation of drag. In the current investigation, the C D is around 0.5C L at post-stall angles of attack.
More intriguing than the sliding alula for lift control, is the sliding alula for roll control (see Fig. 22c). To control roll moment,
synchronized shifting of the alula to the left (right) on the wing
generates a negative (positive) roll moment of magnitude proportional to the shift. For example, shifting the alula to the right
extends the length of the sweeping vortex on the left semispan
while reducing the length of the sweeping vortex on the right
semispan. The resultant vortex lift asymmetry favors a positive roll
moment. We note that in this study we have not explicitly tested
asymmetric pairs of alula and there exists a potential for adverse
interactions that effect the control effectiveness. Further investigation into asymmetric alula pairs is an avenue for future work.
4.1. Control authority of the sliding alula in sideslip
The turbulent environment akin to ﬂight at low altitudes can
lead to asymmetric ﬂows over the wing and control surfaces which
can elicit undesired rolling moments and potentially degrade the
control force of an actuator. The magnitude of rolling moments
generated in sideslip by wings of low-aspect-ratio are considerably
larger than their higher aspect ratio counterparts [34]. While stabilizing in terms of static stability, the large roll stiffness on low-A
wings can lead to dynamic stability issues. For instance, the slender inertia and low roll damping of the low-aspect-ratio wing coupled with its high roll stiffness can lead to an unstable dutch-roll
mode [22]. Ultimately, low-aspect-ratio aircraft must have suﬃcient authority to both trim the aircraft (low level control), i.e.
reject undesired roll moments, and to maneuver for guidance tasks
(high level control). It is thus of interest to assess the roll control
authority of the sliding alula on this canonical wing in sideslip.
Experiments toward this end were conducted with a single
alula on the A = 1.5 wing in steady sideslip speciﬁcally at sideslip
angles of β = 0◦ , β = −5◦ and β = −10◦ . To assess the ability

of the alula to reject undesired roll moments due to sideslip, the
wing was ﬁrst aﬃxed with a leeward-oriented (LEO) alula placed
on the leeward semispan of the wing at spanwise stations from
y /(b/2) = 0 to y /(b/2) = 0.75. Next, the wing was aﬃxed with
a windward-oriented (WO) alula placed on the windward semispan of the wing at spanwise stations from y /(b/2) = −0.75 to
y /(b/2) = 0 with the goal of assessing the ability of this alula
conﬁguration to produce an additional roll moment, atop of that
generated due to sideslip, which would be useful for performing
extreme maneuvers.
Roll moment measurements for the A = 1.5 wing are presented in Fig. 23. The roll moment curve for the plain wing in
sideslip is assessed ﬁrst. For each nonzero sideslip angle, roll moment increases with angle of attack until α = 18◦ . In comparing
Fig. 23a–c, the magnitude of roll moment coeﬃcient at a given
angle of attack is larger for the higher sideslip angle. The following equation accurately captures these trends for low-aspect-ratio
wings at low-to-moderate angles of attack:

C l (α ) = (C lβ /C L )C L (α )β,

(1)

where, C lβ /C L , is the gust sensitivity parameter previously derived for low-A straight wings deﬁned by their sweep angle, aspect ratio, and taper ratio in [34]. For rectangular wings C lβ /C L =
−3/(8 A R ). C L (α ) is given analytically for thin, low-aspect-ratio
rectangular wings by DeVoria and Mohseni [25] but may also be
also obtained via the method of Lamar [35] with little distinction.
At α > 18◦ , roll moment stalls and agreement with Eq. (1) is lost
as subsequent increases in angle of attack result in the reduction in
the magnitude of roll moment. The roll stall trend for the A = 1.5
wing was previously analyzed via S-DPIV measurements in [11]
and was determined to be the result of asymmetric spanwise expansion of stalled ﬂow on the sideslipped wing.
The alula inﬂuences roll moments at α > 16◦ which consists
largely of angles of attack in the roll stall regime for the A = 1.5
wing. The dominant effect of the leeward-oriented (LEO) alula
placed on the leeward wing is to reduce the roll moment induced
by sideslip by a magnitude proportional to its distance from the
leeward wing tip. Importantly, for the LEO alula case there exists a
spanwise location of the alula that completely negates the roll moment due to sideslip within the operational angle of attack range
of the alula. The opposite effect occurs for the windward-oriented
(WO) alula placed on the windward wing where the roll moment
is increased by a magnitude proportional to its distance from the
windward wing tip. This may be helpful for performing extreme
maneuvers.
The control derivative, (|C l |)| y ∗ | where y ∗ = y /(b/2), of the LEO
and WO alula was computed at each sideslip angle at α = 25◦ .
These values are shown in Table 1. The absolute values are used
to indicate how increasing the distance of the alula from the
midspan (i.e. | y ∗ |) alters the magnitude of the roll moment increment produced by the alula. The negative values of the control
derivatives imply that increasing | y ∗ | reduces the magnitude of the
roll moment increment associated with the alula. Sideslip appears
to inﬂuence the control derivatives of the alula in an asymmetric
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Fig. 23. Roll moment coeﬃcient as a function of angle of attack for the A = 1.5 wing at β = 0◦ , β = −5◦ , and β = −10◦ equipped with either a leeward-oriented (LO) alula
placed on the leeward wing semispan or a windward-oriented (WO) alula placed on the windward wing semispan.
Table 1
Effect of sideslip on the control derivative of a sliding alula, (|C l |)| y ∗ | .
α = 25◦ .

LEO
WO

β = 0◦

β = −5◦

β = −10◦

−0.0419
−0.0401

−0.0413
−0.0330

−0.0279
−0.0280

α = 35◦ at β = −10◦ . The upstream tip vortex convects over the
windward portion of the wing in the streamwise direction while
the downstream tip vortex ‘hugs’ the leeward side edge [25]. The
former feature would shorten the length of the sweeping vortex
induced by the WO alula on the windward portion of the wing
which would reduce its control effectiveness by a magnitude proportional to sideslip angle. Direct measurements of the ﬂow over
the wing in the region outboard of the alula are planned to investigate this hypothesis.
4.2. Future work
The experiments presented herein were conducted on a single
canonical wing and while the results regarding the sliding alula are
enticing they should in no way be interpreted as representative of
all wings or lifting surfaces. Additional experiments are required
to further mature the sliding alula concept and its applicability to
real world applications. Several of such experiments are itemized
below:

Fig. 24. Mean-ﬂow vortex structure (iso-surfaces) of an A = 1 wing at side-slip
angles (left) β = 0 and (right) β = −10◦ . Green: ωz > 0, red: ωx > 0, blue: ωx < 0.
From DeVoria & Mohseni. [25].

• testing of asymmetric alula pairs,
• quantitative measurements of the sweeping vortex,
• effect of planform geometry of the baseline wing: aspect ratio
and sweep effects,

= −5◦ the control derivative of the WO

manner. For example, at β
alula is reduced by 18% while the control derivative of the LEO
alula is minimally affected. At β = −10◦ , a ≈ 30% reduction in the
control derivative is evident for both conﬁgurations.
The asymmetry in control effectiveness of the WO and LEO
alula at low sideslip angles is likely the result of asymmetric vortex
ﬂows over thin, low aspect ratio wings in sideslip. This asymmetry is depicted in the schematic in Fig. 24 for an A = 1 wing at

• effects of turbulence (both intensity and length scales),
• effects of dynamic actuation of the alula,
• sliding alula during ﬂapping (accelerating) ﬂight.
5. Conclusion
A series of wind tunnel experiments were conducted on a ﬂatplate rectangular A = 1.5 wing aﬃxed with model alulae. The
goals were to 1. further our understanding of the physical mecha-
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nisms of the alula and 2. identify critical parameters of the alula
that inﬂuence control forces. This work supplements ongoing research efforts to develop lightweight, minimally intrusive, highangle-of-attack control technologies to improve low-speed handling qualities of ﬁxed-wing aircraft.
A crucial parameter of the alula is found to be its distance from
the wing tip to which it is oriented. Over a distinct range of angles of attack, the control force (both lift and rolling moment) of
the alula increases as the alula is located further from this wing
tip. When centered on the stalled wing, the single alula generates
a rolling moment of magnitude greater than that of a −20◦ ﬂapaileron deﬂection at zero angle of attack, where the wetted area of
the alula is an order of magnitude smaller than that of the reference
ﬂap aileron.
Surface-oil visualizations shed light on the underlying aerodynamic mechanisms driving the uncharacteristically large control
forces produced by the alula. The interaction of the wing ﬂow
and the alula near the alula’s root results in a vortex, initially of
span-wise orientation, that sweeps across the outer portions of the
wing toward the wing tips. The length of this ‘sweeping vortex’
can be altered by varying the distance of the alula from the wing
tip. Varying the incidence angle of alula had negligible effect on
control forces; a result that discounts the role of the alula as the
vortex generator at least for the wing-alula geometries considered
in this investigation.
A new high-angle-of-attack control solution is proposed, the
sliding alula, which entails coordinated shifting of two alulae to
manipulate the length and asymmetry of stabilized ‘sweeping vortices’ on stalled wings. Experiments of the sliding alula subject to
cross-ﬂow depict a reduction in its control effectiveness, however,
it remains to be seen if this result is due to the physics of the alula
itself or a consequence of the low-aspect-ratio wing considered.
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