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Dynamic effects of wing planform changes are investigated with the goal of gust alleviation.
Force measurements are done on a low-aspect-ratio, high-angle-of attack translating wing
having a rectangular planform that further incorporates a moving tip with in-plane rotation and
sweep. The wing is towed in a water tank with various velocity ramps starting from a constant
motion, which are categorized as step-up (increasing velocity) and step-down (decreasing
velocity); ramps over distances of 1, 3, and 6 chords traveled are used for both types of gusts.
The tip panel is rotated inward for step-up cases with an aim to lower the gust lift peaks, and
similarly rotated outward for step-down gusts to reduce the negative force change. The forces
from the actuation cases are compared with those of two reference geometries corresponding to
pre- and post-gust wing shapes, namely rectangular and static-sweep where the tip panel is fully
retracted or extended, respectively. Further, the sensitivity of the actuation effects to aspect
ratio (AR) is examined. The lift coefficient, C7, uses the instantaneous main-wing translation
velocity and the varying wing area to compare across all cases. The step-up gust C; resembles
that of the starting flow for the 1-chord ramp, as reported by others. The step-down gusts
exhibit a C;, minimum then an increase to a circulatory-force peak. For both gust types, apart
from the 6-chord step-up case, when the Cy, curves are aligned at 50% of the gust-ramp travel,
the post-gust circulatory peaks coincide. For the step-up gusts and tip-panel actuation out, the
AR = 2 case yields a more substantial C;, reduction (gust mitigation) but it is not sustained
compared to the /R = 4 actuation effect. Wingtip actuation at the 50% gust location produces
a more sustained, lower C, but does not affect the gust peak, while actuation before the peak
for the longer ramp cases reduces the peak value but the mitigation effect is not prolonged. For
the step-down gusts, actuation out is effective at increasing the Cy.. For AR = 4 the effect is
greatest for the 1-chord ramp and yields a Cy plateau between the gust minimum and recovery
peak that is higher than for /R = 2. However, for the longer deceleration ramps the R = 2
actuation-out case produces relatively larger actuation peaks and earlier gust recovery.

L. Introduction
THE goal of the present work is to test whether a moving wingtip surface that employs in-plane rotation and sweep can
aid in mitigating the lift changes from simplified step-up and step-down streamwise gusts. The rotating tip surface,
referred to here as a tip panel, dynamically changes the wing planform. The panel is deployed on a low-aspect-ratio
translating wing at high angle of attack («). The long-term application of this research is to develop a method of flow
control for unmanned aerial vehicles (UAVs) to employ for maneuvers or gust alleviation.

For wings in unsteady translation at high @, dynamic stall will occur for which the flow separates and a leading-edge
vortex (LEV) forms that yields large lift then sheds [1, 2]. Tip effects occur for wings of finite aspect ratio (A4?), and
Taira and Colonius [3] performed numerical simulations to examine 4?2 = 1-4 translating wings at large « starting from
rest and undergoing long travel distances. They showed that tip vortex (TV) downwash lowers the wing lift coefficient,
CL, an effect which progresses as the 42 becomes smaller and the TV influence increases. At &2 = 1, the LEV remains
attached due to the dominant TVs, but for higher 42 this is only true near the wingtips and the inboard LEV lifts off
into an arch shape and sheds. Jardin et al.[4] similarly found that the TV promotes LEV attachment, for simulations of
flapping wings in translation. For further recent work on the forces and flow structure for finite- 42 wings in unsteady
translation, see Stevens et al.[5] which covers results from the NATO AVT-202 group. Here we consider /2 = 2 and 4
wings to ensure that inboard LEV shedding will occur, and observe how the moving tip panel may alter the flow.
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For wings in unsteady, pure rotation, several studies have shown that the LEV is attached for low local Rossby
number (Ro), also in the context of TV and /R effects, e.g. Refs. [6—11]. The low- /R rotating tip panel examined here is
superimposed on the main-wing translation, for which the advance ratio J incorporating wing translation and rotation is
also important. Sect. II.C discusses this and leverages the rotating-wing study of Harbig et al.[12] for varying J.

The moving tip panel studied here incorporates aft sweep as it rotates. For unswept translating rectangular wings
the LEV and TV are distinct [13, 14], but although sweep and the spanwise flow it produces do not alone yield LEV
attachment, sweep can facilitate an LEV-TV connection [15]. For low-/R translating wings, swept and curved planforms
also cause the LEV and TV to connect, which yields outboard vorticity transport, and delays both the LEV shedding and
peak Ci. [3]. However, for a wing in translation with added flapping (lateral rotation about the root), which produces
a spanwise vorticity gradient, sweep can enhance spanwise flow and aid in LEV attachment [16, 17]. Numerical
simulations by Jardin and David [18] also showed that although a spanwise velocity gradient across the wing span can
alone promote LEV attachment, for wing rotation the LEV is closer to the wing and generates larger lift. van Oorschot
et al.[19] performed tests on actual bird wings with either fixed, aft sweep outboard or the sweep reduced and area
increased by extending the wing, done in a freestream flow or for steady revolving. Sweep produces a larger Cp_ max at a
higher « in the freestream flow, but for revolving the extended wings generate greater Cy..

Recently, Hayostek et al.[20] experimentally investigated unswept and swept /A2 = 2 and 6 wall-mounted wings in a
water channel using dye visualization and S-PIV. They identified tip, wake, and wall regions, which for &2 = 2 have
overlap and affect one another, but for /R = 6 the end influences are more isolated. Aft sweep introduces outboard
spanwise flow, which lowers the TV strength, and the flow separation and vortex shedding are substantially lessened.
A follow-on direct-numerical-simulation study by Zhang et al.[21], using instead a root symmetry-plane condition,
showed a persistent TV for all configurations with strength most affected by «, and that tip effects lower the performance
versus 2-D cases. In addition, periodic shedding of spanwise vortices was found for /2 = 4, and for /R = 6 a vortex
“dislocation” was discovered in the shedding region closer to the symmetry plane. Between the tip and spanwise
shedding is a region of slanted, zig-zag “interaction vortices” which have the same shedding frequency as the spanwise
structures. Such structures, although more diffuse, are also visible in our longer-time dye visualizations [22]. Also,
Medina et al.[23] used experiments and computations to investigate the dynamic stall of a 30°-swept wing with a
semi-span AR = 2, but sinusoidal pitching about 1/4-chord. An arch vortex was observed inboard of the TV which
unpins, then connects with the TV itself as the TV unpins, leading to full tip stall.

Static tip sweep was also examined by Nicolic [24] and Lee and Pereira [25], who employed half delta-wing, i.e.
swept, tip shapes also referred to as strakes. Depending on the main-wing and strake orientations, the results showed
increased Cr, and maximum lift-to-drag ratio, likely due to strake vortex lift. Although this research was done for lower
a < 25° and a steady freestream versus the high-«, unsteady conditions of the present work with variable tip geometry,
it shows that such tip shapes can improve performance.

The proposed paper uses a rotating tip geometry, and prior work has also been done on dynamically-changing wing
shapes. For example, Reynolds et al.[26] showed that a steppe eagle quickly lowers (“tucks”) its wings below its body
in response to a headwind gust followed by some disturbance like a downdraft that produces a drop in lift. The tucking
is likely the response of muscle tension to a suddenly reduced wing loading, but they speculate that it could also be a
mechanism for damping the gust perturbation. Wang et al.[27] used DNS to study slow-flying bats, and showed that
a dynamic increase in wingspan during flapping, compared to a fixed-span case, produces greater lift and efficiency
by enhancing the LEV strength, in addition to the effect of the larger wing area. Returning to birds, Harvey et al.[28]
examined freely-gliding gulls and cadaver wings in wind tunnels, and demonstrated that variations in wing elbow angles,
which alter the camber and aerodynamic center, could vary the bird’s static pitch stability. For additional discussions on
the forelimb adaptations of bat and bird wings and potential inspiration for robotic drones, see Ref. [29].

Considering more simplified engineering approaches, building off the work of Wibawa ez al.[30], Steele et al.[31]
investigated the fast spanwise retraction of vertically mounted wings towed at constant-« in a water tank. The square-tip
wing (emulating a “vanishing body”) creates spanwise vortices and a vortex ring that makes the wake unstable, the square
but hollow tip (“melting body”) requires less energy to retract than the first since it does not produce further momentum
in the spanwise direction and is more favorable for flow control, while the rounded tip (“shrinking body”) generates
weaker spanwise vortices and results in added-mass energy recovery and thrust. Recently Scofield er al.[32] studied
LEV vorticity transport control for an /R = 3 flat-plate wing translating from rest, via a tip that bends dynamically
in the suction direction by 35°. Experiments using PIV indicated that at 80% span the LEV circulation growth and
shedding are delayed, and DNS demonstrated that the bending increases spanwise vorticity convection.

Di Luca et al.[33] designed and fabricated a bird-inspired morphing wing with the left and right outboard portions
each consisting of multiple artificial feathers, which when fully extended produce outboard sweep, or by rotation inboard
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with overlap the feathers can fold the wing to decrease the span and lower the area by 41%. From wind tunnel tests
measuring time-averaged forces, they showed that the expanded wing provides greater Ci, and maneuvering capability,
while retraction reduces the drag coefficient for higher speed. Also, installing the wings on a drone, they demonstrated
that asymmetric actuation can be used for roll control. This variable wing geometry shares similarities with that of the
present study, however we employ a rigid wingtip panel and examine the unsteady forces and flow.

Regarding streamwise gusts, here the focus is on simple non-periodic changes in velocity. Recent experiments
have shown that using a moving model with respect to a constant (or zero) freestream velocity to produce a gust-like
interaction is equivalent to employing a stationary wing in a wind tunnel having time-varying freestream velocity
changes, provided that the buoyancy effects from this accelerating freestream and the wing-model inertial loads for the
moving-wing case are accounted for [34-36]. Mulleners et al.[37] conducted experiments on an o = 30° flat-plate wing,
and compared the LEV and TEV development and Cy. decay for: 1) starts from rest and 2) a streamwise acceleration
from a fully-developed state at constant velocity to a final velocity 50% higher than the initial wing velocity. They found
that after the initial startup, both cases are similar in terms of time-varying flow and Cy variations and decay. Marzanek
and Rival [38] studied a non-slender delta-wing at @ = 20° and 30° accelerating from rest in a freestream to a new
speed that is 50% faster, to emulate a headwind gust, via constant acceleration over 1¢—6¢. For a = 30°, they found
sensitivity to the acceleration rate: e.g. for the 1c¢ case, it exhibits high sustained Ci, associated with a favorable pressure
gradient and flow separation with subsequent reattachment.

Initial work on the present wing configuration was done using qualitative dye flow visualization with an A2 = 6.8
wing in a water towing-tank facility [22]. This AR value is twice that of the vertically-submerged wing, excluding the tip
panel, accounting for the reflected free-surface boundary condition. The wing was a flat plate in unsteady translation
with @ = 45° and a Reynolds number of Re = 10,000. Tests included a starting flow with outward panel actuation,
meant to increase lift, and a 50% 1/2-sine streamwise gust (surge) at 21 chords (21c¢) traveled with inward panel rotation,
intended to shed the panel’s leading or swept-edge vortex (SEV) and promote inboard LEV shedding to reduce the gust
lift increase. The azimuthal speed of the panel’s tip was a factor of 1.49 greater than the main-wing translation speed.
For the starting flows, outward panel rotation at 0.1c traveled generates a panel SEV, stretches the TV and trailing-edge
vortex (TEV) outboard and upstream, and displaces the adjacent LEV outboard; these behaviors should increase the lift.
By comparison, the SEV for a reference case with panel fixed in its extended, swept position is not as closely attached.
For both moving and fixed-panel configurations, the outboard LEV entrains the SEV vorticity and weakens it for a
time. Starting the panel actuation at 1.3¢ traveled has a reduced effect, because the LEV is stronger when the actuation
begins, as is its entrainment of the SEV flow. The gust tests showed that panel retraction causes shedding of the SEV
and local TEV, consistent with the vanishing-body case of Steele et al.[31], and as desired yields LEV shedding similar
to the rectangular wing that is more pronounced than in the fixed-sweep case. Moreover, the moving panel produces an
inboard shift of the TV flow, which should lower the lift.

The objective of the current paper is to build on this prior work and quantitatively examine how the moving panel
affects the (1. The same water towing-tank is used with a force transducer to measure the wing lift. Two main questions
are considered: 1) To what level can the increased lift due to a streamwise, headwind gust be reduced via inward panel
rotation? 2) How effective is outboard panel rotation at mitigating the lift lost during a streamwise, tailwind gust? To
address (1) and (2), simple “step-up” and “step-down” streamwise gusts are tested, starting from a constant velocity and
accelerating or decelerating, respectively, to a new constant velocity. The parameters varied include the gust acceleration
duration, the panel actuation timing, and the main-wing 4?; ARs of 2 and 4 are studied, to ensure inboard LEV shedding
but reduce the entrainment effect from the strong LEV found for 42 = 6.8. The moving-panel results are compared to
two reference cases having fixed planforms at the extremes of the panel actuation: the main wing with no tip panel
deployed (“rectangular” wing), and a fixed tip panel fully extended outward with constant sweep (*‘static sweep” case).

I1. Experimental Setup and Methods

A. Facility and Wing Model

The facility is a4 m X 1.5 m X 1.1 m glass-walled towing tank with water as the working fluid (Fig. 1a). It is
open at the top, and the bottom and side walls are supported by a steel frame which elevates it 1 m for imaging from
underneath. Above the tank is a further frame of extruded-aluminum beams, and four cross beams support a 3 m long
brushless linear stage (H2W Technologies DRS-120-08-006-01-EX) for towing models. A tray is installed adjacent to
the stage which supports the cable bundle attached to the stage’s carriage, plus the cabling for the wingtip actuation
motor, providing smooth cable travel as the carriage moves. A Galil DMC4040 controller employing encoder feedback
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Fig. 1 Experimental setup. (a) Towing-tank facility, indicating the wing and linear motor. (b) Schematic of
the wing, giving the tip-panel actuation scheme, wing geometry, and wing velocities.

provides programmable motion profiles for the linear stage and the tip-panel actuation. The coordinated motions are
developed and carried out using Galil Design Kit software. The position accuracy of the linear-stage encoder is rated at
1 micron, however maximum deviations of about 100 microns, or ~0.1%c, occur during the gust motions.

The main wing is made from two carbon-fiber composite sheets of thicknesses 3.18 mm and 0.79 mm, with a chord
length of ¢ = 81 mm. A cavity is machined out of the thicker plate to allow room for the actuation mechanism and
retracting tip panel; the two plates are glued together with marine epoxy to form the complete wing with 3.97 mm
thickness. The rotating tip panel is a 1.59 mm thick carbon-fiber composite plate cut into an approximately 1/8-circle
shape, the apex of which is pivoted at the leading edge and tip corner of the main wing via a binding barrel. The tip
panel is rotated via a small motor above the free surface, called the tip motor (brushed DC servo motor, Micromo
model 2642W012CXRIE3-1024L+26A 16:1+MG26, with 65536 encoder counts per revolution), that is mounted on an
aluminum plate which also supports the main wing.

The panel motion is accomplished as follows (see Fig. 1b). A stainless-steel control rod connects to an arm collared
on the tip-motor shaft; the rod/arm connection is a rotational joint. The rod passes down through the wing cavity, and
connects at its lower end to the aft/inboard corner of the pivoted tip panel, also with a rotational joint. The control
rod connection to the arm is 68.6 mm from the center of the tip-motor axle, which is approximately the same distance
between the tip-panel pivot point and its connection to the rod. Therefore the panel rotates with the tip motor via the
rod, with a nearly one-to-one conversion. Some part of the tip panel is always inside the main wing even when fully
extended; the exposed panel has an average radius of 73 mm from the exposed panel apex. The sweep angle between a
line parallel to the main-wing leading edge (LE) and the panel LE is A (Fig. 1b), and the angle between the tip edge of
the rectangular main wing and the panel LE is (90° — A). Using the latter angle, 46.72° of motor rotation yields 45° of
exposed tip rotation. The tip panel can completely retract into the main wing (A = 90°), or fully extend giving A = 45°.
The panel rotational velocity is verified using 240 frame-per-second movies of the panel motion. The angular position
of its LE over time is determined from still images using Gimp software. The manual edge-finding incurs some error,
but shows that the average angular panel velocity from the images is within 0.3% of the motor velocity.

B. Force Measurements

The lift force is measured using a 6-axis ATI Gamma force/torque sensor attached between the linear-stage carriage
plate and the wing’s sting support. The transducer’s negative y-direction is aligned with the wing’s lift direction. The
Gamma signals are acquired with a 16-bit National Instruments DAQ card (PCle-6323) via LabVIEW, and sampled at
1 kHz after receiving a trigger signal from the motion controller. For each case, N = 10 runs are taken in water and in
air; the latter allow the model inertial forces to be subtracted off, leaving the fluid-dynamic forces of interest. MATLAB
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Fig. 2 Plots showing the filtered C;, from the mean of 10 runs in water with the average of 10 runs in air
subtracted off (black line), and the corresponding precision error calculated as described in the text (gray band).
Note that the instantaneous U,,,i, and wing area are used in calculating the (i, which make the pre- and post-gust
values more comparable. The cases are the /A = 4 wing for: (a) the 1¢ step-up gust with tip-panel actuation-in
at 21.5¢ traveled and (b) the 1c¢ step-down gust with panel actuation-out at the same distance traveled.

is used for data processing, and the mechanical vibrations and noise of the system are analyzed from strike tests as
well as air and water runs by estimating the power spectral density. A 3rd-order Butterworth filter with a 4 Hz cutoff
frequency is applied to the data which retains the flow-related forces while removing most of the vibration contributions.
After filtering, all runs are aligned in time via a correlation, the air and water runs are separately averaged, then the air
results are subtracted out.

The Gamma uses the ATI SI-32-2.5 calibration, and its accuracy is checked using static tests with precision weights
for forces of ~0.2-2 N, covering the range of the experiment; the results are within 1.5% of the calibration. For a given
case, the random uncertainty in the average lift coefficient, §Cy.(¢), is computed at each time instance using the precision
error of the mean from the run-to-run variations of the water measurements, Cr water(f) = .0.95Fwater(f)/ VN, and that
of the air measurements, §Cp_ir(£) = ,,.0.950ir(¢)/ VN, wWhere 1, o 95 is the Student’s z-distribution for a 95% confidence
level with N — 1 degrees of freedom, and the sample standard deviation is o-. Overall, the mean lift coefficient and its
precision error for each case are CL(t) £ 6CL(1) = (EL,Water(t) + 0CL water(?)) — (5L,air(t) + 0CL 4ir(2)). Figure 2 shows
two AR = 4 cases with tip-panel actuation, the step-up and step-down gust with the gust acceleration or deceleration
occurring over lc of travel. For the step-up gust, actuation-in starts at 21.5¢ traveled, and for the step-down gust
actuation-out begins at the same distance. These were chosen since they are representative of the whole measurement
set. The gray band in each plot shows the precision-error bounds, and note that for the mean Cy, the overline is omitted
and implied from this point forward and in all plots. Also, in computing C. the instantaneous Up,in and wing area are
employed, which yield more similar values before and after the gust. The precision error is overall lowest in the initial
Re = 18,000 portion of the step-down gust, and highest after the step down to Re = 9,000 where the data have more
variation and the signal is smallest. For the cases shown in Fig. 2, the time-average of the precision error in the mean Cy,
over the full motion duration is +4% (+0.05) and +6.7% (+0.08) for the step-up and step-down gusts, respectively.

C. Experimental Parameters

The main rectangular wing is oriented vertically through the free surface, which acts as a reflected (symmetry)
boundary condition [30, 39]. For the rectangular wing with the tip panel fully retracted, the physically-submerged aspect
ratio is AR = b/c, set by varying the water level, where b is the wing span. Submerged 42 = 1 and 2 are used for the
rectangular-wing portion, doubled to 2 and 4 by the reflection; all 42s reported are the reflected values. The Cy, for the
reflected A2 = 2 and 4 cases is similar to available starting-flow data from the NATO RTO task group AVT-202 for
fully-submerged wings of the same A4?s [5], supporting the reflected-boundary assumption. The main-wing Reynolds
number (Re = Upainc/v), where v is the kinematic viscosity and Up,iy, is the translational velocity of the main wing, is
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Fig. 3 Main-wing motion profiles for the step-up and step-down gust cases.

of order 10,000 or slightly below this for all cases. This is appropriate for small UAVs [40], and yields sufficiently-high
signals from the force sensor. The C, at Re = 12,000, which exhibits minimal free-surface deformations, matches
that at the maximum Re = 18,000 tested within the error, for which the free-surface disturbances are somewhat larger
particularly in the vortex cores, but otherwise small compared to the wing span. This indicates that adverse free-surface
effects are not substantial over the Re-range tested. The angle of attack of the main wing is @ = 45°, chosen to produce
flow separation with strong vortices, and due to the substantial prior work at this value. At @ = 45°, /R = 4 and with the
tip panel extended, the blockage ratio (submerged frontal-projected wing area divided by the filled tank cross-sectional
area) is only ~1%.

The main-wing motions tested are simplified streamwise gust-like profiles, each having parameters varied; the
tip-panel actuation is described below. Similar to Mulleners et al.[37] and Marzanek and Rival [38] we examine “step-up”
gusts, but also “step-down” gusts. Using a moving model with respect to a constant (or zero) freestream velocity to
produce a gust-like interaction has been shown to be equivalent to employing a stationary test article in a time-varying
freestream, provided that the buoyancy effects from this accelerating freestream are accounted for [34—36]. Marzanek
and Rival [38] point out that this has so far only been tested using nominally 2-D bodies (airfoils), however parameter
variations using 3-D bodies in either configuration will produce insightful trends. The step-up and step-down cases
can be thought of as emulating head-wind and tail-wind gusts, respectively. The gust cases all begin with acceleration
from rest over 1c to constant Upain initial, Using a hyperbolic-tangent profile to mitigate mechanical vibrations. The
hyperbolic-tangent curve is scaled to have the same average acceleration and duration as a constant-acceleration (linear)
profile. At 21c traveled, the wing executes an additional acceleration to a higher constant velocity of 1.5Umain,initial for
step-up gusts or deceleration to 0.5Umain,initial for step-down. Therefore the gust amplitude is 50% in each case, as for
the step-up gusts of Mulleners et al.[37] and Marzanek and Rival [38]. Hyperbolic-tangent velocity profiles are also
used during the acceleration and deceleration portions of the gust motions until the desired constant velocity is reached.
The gusts are initiated after 20c so startup effects are not prominent, since the Cr approximately levels off to a low value
and the wing exhibits more periodic LEV and TEV shedding (based on our prior flow visualization [22]). Greater than
30c may be ideal [37, 41], which could depend on /R and Re, however the present tank length cannot accommodate this.
Similar to the step-up study of Marzanek and Rival [38], acceleration/deceleration or “ramp” distances of 1¢, 3¢, and 6¢
before the wing reaches the final step-up/step-down velocity, respectively, are tested. After 12¢ of travel beyond the gust
start to observe the response, the wing decelerates and stops at a distance of 34c.

Figure 3 shows the dimensionless wing velocity profiles versus chords traveled, nondimensionalized by Umain initial -
The Re values for the force measurements are a balance between ensuring sufficient sensor signals in the final phase for
the step-down gust, and limiting the wing velocity to mitigate free-surface deformations for the initial portion of the
step-down gust and last phase of the step-up gust. For the step-up and step-down cases, the constant velocity before/after
the gust has Re = 12,000/18,000 and Re = 18,000/9,000, respectively. Reynolds-number effects on Ct, in this range
have been shown to be minimal [42] and are not the focus of the present study.
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Table 1 Cases tested for the step-up/step-down gust motions for /R = 2 and 4; the Reynolds numbers are given
in the text.

Gust type Gust accel./decel. dist. Tip conditions tested
50% step-up gust le Rect., static sweep (A = 45°), actuation-in at 21.5¢
at 21c traveled 3¢ Rect., static sweep (A = 45°), actuation-in at 21.5¢ & 22.5¢
6¢ Rect., static sweep (A = 45°), actuation-in at 21.5¢ & 24.0c
50% step-down gust le Rect., static sweep (A = 45°), actuation-out at 21.5¢
at 21c traveled 3¢ Rect., static sweep (A = 45°), actuation-out at 21.5¢ & 22.5¢
6¢ Rect., static sweep (A = 45°), actuation-out at 21.5¢ & 24.0c

The goal of this paper is to examine whether the tip-panel actuation can mitigate the lift change produced by the
step-up/step-down gusts. However, as indicated in Sect. I the aim here is to understand the panel’s effect and not to do
flow control or lift optimization. Inward rotation (“actuation-in”) is employed to reduce the lift after the step-up gust,
while outward rotation (‘“‘actuation-out”) is used to increase the post-gust lift for the step-down case. For the former, the
starting and ending values of A are 45° and 90°, while these are swapped for the latter. Chowdhury ez al.[22] showed
that actuation timing can substantially affect the flow structures, and here it is varied to study its influence on the lift.
For all 1¢c—6¢ step-up/step-down acceleration/deceleration ramps, two actuation timings are tested: 1) early actuation at
21.5¢ of travel, i.e. early shortly after the gust initiation at 21¢, and 2) actuation at 50% of the travel distance during
the ramp, namely at 21.5¢, 22.5¢, and 24c¢ traversed for the 1c, 3¢, and 6¢ ramp, respectively; for the 1¢ ramp the two
timings are the same. The wing area and /& will vary for each case. With the panel retracted (A = 90°), the & cases
are simply the rectangular values of 2 and 4. For the fully-extended tip panel with A = 45°, the /R increases to 4.1 and
6, respectively, with corresponding increases in wing area of 31.7% and 15.8%. As mentioned earlier, two reference
cases with the same Uiy profiles but fixed tip geometries are tested for comparison: 1) the “rectangular” case with the
tip panel fully-retracted (final geometry for actuation-in), and 2) the “static sweep” case where the tip panel is extended
to A = 45° (final geometry for actuation-out). Table 1 summarizes the motion cases.

The tip-panel motion is in addition to Up,in, and is characterized using the advance ratio, J. For flapping-wing
flight [43], typically J is taken as the forward velocity divided by the absolute value of the average azimuthal (rotational)
wingtip velocity (excluding the superimposed translational velocity). Harbig et al.[44] studied LEV dynamics for
rotating wings with a horizontal stroke plane in constant forward motion. For the downstroke, they created a J vs. A2
diagram to show which values yielded a “stable” (mainly attached) or “unstable” (shed) LEV. The present tip panel
has a tilted 45° rotational stroke plane, and to better compare with Harbig et al.[44] the component of the forward
velocity in the plane of rotation, Uiy cOs @, is used similar to the definition for helicopters with a tilted rotor plane
[45]. Further, since the panel does not rotate outward past 8 = 45° its LE never achieves orthogonality with Upain as an
insect wing typically does, so a factor of cos A is used to obtain the component of Up,in cos @ orthogonal to the LE,
i.e. parallel to the panel’s chord direction. The final expression is J = Unain €08 @ c0S A/ Upanel,iip- For all cases, the
tip-panel motion profile is trapezoidal with constant acceleration and deceleration occurring over the first and last 10%
of the duration, respectively, having constant Upanel1ip in between; the rotational amplitude is always 45° giving A = 45°.
The maximum, constant Upapeliip is used in the J formula. The constant-velocity magnitude for all cases, whether
inward or outward panel rotation, is Upanel,tip = 1.5Umain,initial- The Unain changes during wing acceleration/deceleration
for step-up/step-down gusts, with the largest value being for the 50% step-up profiles that yields a maximum advance
ratio of J = 0.5; this is the maximum J for all cases tested. For outward panel rotation, from extrapolation of the Harbig
et al.[44] diagram for the /A ~ 1 of the tip panel, J < 0.5 should produce an attached LEV (here SEV). The effective
angle of attack for the 3-D tip-panel flow cannot be determined without quantitative velocity data, however our prior
[22] flow visualization indicates the formation of an attached SEV for outward rotation, showing consistency with the
results of Harbig et al.[44]; for inward panel actuation, our earlier study [22] found that the panel vortex system sheds.

Harbig et al.[44] and Lentink and Dickinson [6] also describe the role of Ro for a rotating wing in forward motion,
concluding that if Ro is small, i.e. for short radial distances, LEV attachment can occur for low J. For rotating wings in
hover, attached LEVs have been reported for approximately Ro < 1.5, using Ro = ry/c, with r, being the radius of
gyration [6, 8]. Considering instead the local radial distance from the axis of rotation, attached LEVs have been found



Downloaded by Matthew Ringuette on February 4, 2020 | http:/arc.aiaa.org | DOIL: 10.2514/6.2020-2045

1.5 w w w w w w 2.5

AR 2.0
3

1.0 \/\ Re=18k
NN 1 5
—
o 1.0 —1c¢ step-up
—3c step-up 1y AN
0-51—6c step-up ey
- - 1c step-down .:
0F--3c step-down i

- - B¢ step-down !

-0.5 : : : : : : -0.5 : : : : : :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Chords traveled Chords traveled

(a) (b)

Fig. 4 Force measurements for the /R = 4 rectangular-wing cases: (a) dimensional forces with Reynolds
numbers before and after the gust motion labeled for the step-up and step-down gusts, and (b) (. incorporating
the instantaneous main-wing velocity, Up.in. All gusts start at 21¢ of wing travel.

for about r/c < 3—4 for small root cutouts (offsets) for wing rotation in hover [7, 10, 46]. Several recent papers have
shown the importance of having low Ro for LEV attachment and large lift, and how the effects of /R can be isolated
from Ro and/or Re, with Refs. [9-11, 46] being representative. The tip panel’s small /& should also have a sufficiently
low Ro for SEV attachment, which our earlier flow visualization showed [22], as mentioned above.

II1. Results
The results from the force measurements are presented here. First the rectangular reference case is used to show the
key features of the step-up and step-down gust motions without tip-panel actuation, next the actuation cases are covered.

A. Rectangular Wing

Figure 4a gives the dimensional lift force, L, for the /2 = 4 rectangular step-up and step-down gust cases, to show
their behavior prior to calculating C;,. For the starting-flow portion with acceleration from rest over 1c, all curves
exhibit an initial peak due to fluid-inertial (added-mass) force and circulatory force from the vortex growth. This is
followed by a second peak (after acceleration ceases) due to vortex formation and shedding, and then a third, lower peak
corresponding again to a formation and shedding cycle. Mulleners et al.[37] describe the interactions with the prior
flow structures which cause this last, prominent circulatory peak to be reduced. This behavior is similar to that of the
fully-submerged /R = 4 starting-flow cases from the NATO AVT-202 study, as reported in Stevens et al.[5]. Consistent
with the 50% step-up gust study of Mulleners et al.[37], here the qualitative lift trends for the 1c-acceleration starting
flow and 1¢ step-up gust resemble one another.

Figure 4b shows the corresponding Ci. plot. The Ci. is defined using the instantaneous main-wing velocity, Upain,
from Fig. 3, so that the time-varying Upnain is accounted for and any remaining Cy, features can be attributed to unsteady
flow phenomena. This gives Cp, = 2L/ (pUﬁlamS), where p is the fluid density and S is the wing area. For the initial
1 ¢ startup acceleration, the Cy., is instead nondimensionalized using the constant-velocity value just after acceleration,
Unnain.initial» Since starting-flow scaling is not the focus of this paper. The Cy, curves for Re = 12,000 and Re = 18,000
prior to the gust collapse very well, as expected given the Re independence mentioned above. Further, Fig. 4b indicates
that using the instantaneous Up,i, for Ci. makes the pre- and post-gust values more comparable. Considering the 1¢
step-down case (red dashed curve), just after the gust there is a negative force peak from the added-mass contribution
followed by a brief positive peak; the Cy, scaling increases their relative magnitudes versus the dimensional lift. The
positive peak could be the continuation of the reducing circulatory-force value through the gust after the added-mass
force ceases (see Fig. 4a), or just mechanical backlash. Further tests on the relative behavior of this second peak at
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Fig. 5 Lift coefficients for the /R = 4 rectangular-wing cases, focusing on the gust portion of the wing motion.
(a) Step-up gusts, (b) step-down gusts, (c) step-up gusts with the 3¢ and 6¢ cases having the chords traveled
shifted backward by half the gust acceleration distance, i.e. by 1.5¢ and 3¢, and (d) step-down gusts with the 3¢
and 6¢ results also shifted backward by the same respective values of chords traveled. The Ci. incorporates the
instantaneous main-wing velocity, Up,.i,. The black dashed vertical line indicates the start of each gust at 21c¢
traveled, whereas the colored dashed vertical lines designate the end of the gust acceleration or deceleration,
with the colors corresponding to the gust distances in the legend.
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different speeds are needed to determine the cause.

Figures 5a,b focus on the gust forces for the rectangular step-up and step-down cases. For the step-up gust, the 1¢
acceleration ramp yields a sharp initial peak with contributions from both added-mass and circulatory force, followed
by two progressively lower and broader circulatory-lift peaks (Fig. 5a). For the 3¢ ramp the added-mass and initial
circulatory-lift produce only a single peak, followed by a second, lower circulatory-force maximum. The 6¢ step-up gust
also generates a single, broad first peak with the same contributions as that for the 3¢ ramp, but there is only a very weak
second circulatory-force maximum that lies within the experimental error.

For the step-down gust, the 1c-ramp case exhibits a Ci. < 0 peak during maximum deceleration, and the 3¢ and 6¢
ramps also each show a clear (i, minimum, but with (i, > 0, corresponding to their maximum deceleration (Fig. 5b);
the magnitudes of these minima are progressively smaller with greater deceleration distance. During deceleration the
prior wake produced by the wing must impinge on it, be deflected by the wing, and likely widen; this is detrimental for
lift production. Note that the magnitudes of the C;, minima for the step-down gusts, relative to the Cy, prior to the gust
initiation, are larger than those of the related positive peaks for the step-up cases. This may be caused by a greater
added-mass force from the step-down wake impingement versus that from acceleration for the step-up case, however
there is no way to determine this without quantitative flow data. For the step-down gusts, after the Ct, minima as the
deceleration gives way to the slower constant-velocity motion, all cases show a Cy, recovery (increase) to a positive
circulatory-force maximum.

For Figs. 5c,d, the chords traveled for the 3¢ and 6¢ gusts are shifted backward by half the gust width, i.e. 1.5¢
and 3¢ for the 3¢ and 6¢ gusts, respectively, for both the step-up and step down types. This shift yields an improved
collapse of the step-up gust cases in terms of the timing of the 1¢ added-mass dominated peak and the first peaks for
the 3¢ and 6¢ accelerations, and for the second circulatory peaks of the 1¢ and 3¢ gusts (Fig. 5c); however, the overall
collapse is not very good. For the step-down gusts, the shift brings the low Ci, peaks closer in terms of chords traveled
as expected (Fig. 5d). However, they do not line up perfectly because the greatest deceleration does not occur exactly
at 50% in terms of chords traversed, but rather at 50% of the total deceleration duration in time. The Ci, recovery
after the minimum shows a much better collapse via the shift, with the 3c and 6¢ cases being very close for nearly the
full increase and peak afterward. The 1¢ gust instead shows a Ci. plateau after the brief positive (backlash) peak, but
beyond ~25¢ traveled it collapses with the other two cases. The broad Cy, peak after each gust finishes must be due to
circulatory lift, and all peaks have similar magnitudes to e.g. the first circulatory peak of the 1¢ step-up gust case.

B. Tip-Panel Actuation and Aspect-Ratio Effects

Figures 6 and 7 show the step-up gust cases including tip-panel actuation-in and step-down gust results with
actuation-out, respectively. They also compare data for /& = 4 (top row) and 2 (bottom row); recall that the /R refers to
the rectangular portion of the wing. Per Sect. II.C, actuation occurring at 21.5c¢ is tested for all acceleration/deceleration
gust ramps, as well as “50% actuation” which is done at the midpoint of the gust in terms of chords traveled. The 50%
actuation happens at 22.5¢ and 24c¢ traveled for the 3¢ and 6¢ gusts, respectively, and is the same as the 21.5¢-actuation
timing for the 1¢ gust. For the tip-panel actuation cases, the Ci, versus time incorporates both the instantaneous Upain
for the velocity scale and the time-varying wing area. This again ensures that any deviations from the rectangular and
static-sweep reference cases can be attributed to unsteady flow phenomena.

For the step-up gusts with actuation-in (Fig. 6), the wing starts in the static-sweep condition, then after actuation the
tip panel is fully-retracted to the rectangular-wing case. Considering AR = 4, for the 1¢ ramp actuation-in at 21.5¢
(50% actuation) is too late to affect the added-mass dominated initial peak, but appreciably reduces both circulatory
peaks compared to the static reference cases. A lower C, from actuation versus the rectangular case indicates a truly
unsteady-flow effect that cannot be accounted for by simply using the instantaneous wing area (and translating-wing
velocity) in defining Cr.. The flow visualization results of Chowdhury et al.[22] indicate that a key contributor to this Cr,
reduction is likely the shedding of the panel SEV-TV-TEV loop as the panel quickly retracts into the wing. Note that in
between the circulatory peaks (~25.5¢ traveled), presumably after the main-wing vortex system sheds, the Cy, for all
lc-ramp cases is nearly the same. The overall Cy-reduction effect from inward actuation lasts for the remainder of the
measurement, at least 12.5¢ traveled beyond the gust. The 50% actuation-in for the 3¢ ramp also does not affect the first
peak Ci. magnitude, but just after this the actuation lowers the C;, below that of the reference cases for the rest of the
motion, except again near the local minimum where shedding occurs. For the 6¢ gust, the 50% actuation timing also
reduces the C, between the first peak and shedding, although the effect is slightly smaller, after which the actuation-in
case is similar to the reference geometries except for a slight Cr, decrease again near the end of the motion. The 21.5¢
actuation-in for the 3c-ramp reduces the peak Cp, during the gust, but afterward the Cr. nearly matches the reference
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Fig. 6 Results for the step-up gust cases with tip-panel actuation-in for /R = 4 (top row) and AR = 2 (bottom
row). (a,d), (b,e), and (c,f) show the 1c, 3c, and 6¢ gusts, respectively. The cases for each Ci. curve are given by
the legend, corresponding to the rectangular, static-sweep, and various actuation-in timings. The black dashed
vertical line marks the start of all gusts at 21¢ traveled, and the red and blue dashed vertical lines indicate the
initiation of the tip-panel actuation at 21.5¢ traveled and 50% of the ramp, respectively, per the legend colors.
The 50%-ramp actuation (same as the red dashed line for the 1c-gust, blue dashed line for 3¢ and 6¢) occurs at
a distance traversed that is half-way through the gust acceleration, i.e. at 21.5¢, 22.5¢, and 24c for the 1c-, 3¢-,
and 6c¢-gust, respectively. The Cy is defined using the instantaneous U,,;, as the velocity scale and a wing area
equal to that of the main wing plus the instantaneous exposed tip-panel area.
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Fig. 7 Results for the step-down gust cases with tip-panel actuation-out for /R = 4 (top row) and R = 2
(bottom row). (a,d), (b,e), and (c,f) show the 1c, 3c, and 6¢ gusts, respectively. The cases for each Cy curve
are given by the legend, corresponding to the rectangular, static-sweep, and various actuation-out timings. The
black dashed vertical line marks the start of all gusts at 21¢ traveled, and the red and blue dashed vertical lines
indicate the initiation of the tip-panel actuation at 21.5¢ traveled and 50% of the ramp, respectively, per the
legend colors. The 50%-ramp actuation (same as the red dashed line for the 1c-gust, blue dashed line for 3¢
and 6¢) occurs at a distance traversed that is half-way through the gust deceleration, i.e. at 21.5¢, 22.5¢, and 24c¢
for the 1c-, 3c-, and 6¢-gust, respectively. The Ci is defined using the instantaneous Ui, as the velocity scale
and a wing area equal to that of the main wing plus the instantaneous exposed tip-panel area.
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cases. For the 6¢c-ramp and 21.5¢ actuation, the Cy, curve is essentially the same as those of the reference wings. This
does not mean that the moving panel has no effect on the dimensional lift, but rather that its effect can be scaled to be
similar to the reference cases by also including the instantaneous wing area in the Cr. Overall, the 50% actuation timing
has the greatest and most sustained Cp -reduction effect, being most pronounced for the 1¢ ramp and only slight for the
6¢ gust, but it is too late to influence the gust peak itself for the 1¢ ramp and the initial gust-peak value for the 3¢ and 6¢
ramps.

The corresponding 42 = 2 step-up gust cases are shown in the second row of Fig. 6. Compared to /R = 4, the
Cy, curves for AR = 2 have an overall lower magnitude, consistent with the smaller 4. For the 1¢ and 3¢ ramps, for
AR =2 asecond circulatory-force peak is not present in almost all cases, except where a slight maximum exists for the
static-sweep geometry, whereas this feature is prominent for 42 = 4. Considering that the step-up gust shows similarities
with starting flows, this is consistent with the starting-flow /R trends from Stevens et al.[5] and Taira and Colonius [3].
The latter study showed less-pronounced Cj, peaks from vortex shedding for /R = 2 versus 4 at @ = 40° due to the
greater effect of downwash from the wingtip vortices.

Overall, actuation-in for /? = 2 produces a larger change in C;, magnitude (with respect to the reference cases)
during and shortly after the gust compared to /R = 4, which is expected given that the extended /& = 2 tip panel has a
relatively greater percentage of the total wing area. However, this change is related to a dynamic flow effect, since the
variable wing area is accounted for in Cr.. This /AR difference occurs for the 1c-ramp actuation-in case during the first
circulatory-force peak, and for the 3c-ramp with 21.5¢ actuation which has a relatively lower gust peak and with 50%
actuation where the post-gust Cr, is smaller compared to the reference geometries. Also, for the 6¢ ramp the 21.5¢ and
50% actuation-in cases yield measurably lower Ci, before and after the peaks for the reference cases, respectively, which
is not found for /R = 4. However, for /2 = 2 the panel’s actuation effect is less sustained for the 1¢- and particularly
3c-ramp cases versus A = 4; for the 3c ramp the actuation influence is negligible after 25¢ of travel. This may be
related to the lack of a prominent, second circulatory force peak for /&R = 2, perhaps indicating that for &R = 4 the
moving panel’s performance is enhanced by an interaction with the expected stronger inboard LEV formation, and its
shedding; further quantitative flow information is needed to explore this.

Figure 7 gives the actuation-out cases for the step-down gusts. The wing begins with the rectangular geometry then
the tip panel rotates outward to have the static-sweep planform. For /2 = 4 (top row), overall the actuation increases the
C1. compared to the reference cases both during and after the gust, depending on the ramp length. The most pronounced
effect is for the 1¢ ramp, for which the magnitude of the negative Cy, peak is reduced substantially and the post-gust Ci,
plateau is higher than the reference cases. The flow visualization of Chowdhury et al.[22], albeit for a starting flow,
shows an SEV forming on the outward rotating panel and an increase in the TEV/TV vortex loop size. If similar flow
structures are present for the gust case, which has forces resembling those of the starting flow, these features would
contribute to this enhanced Cy.. For the 3¢ ramp, the 21.5¢ actuation-out produces a high Ci, peak, then the Ci, lowers
but maintains a larger value than the references cases until the first circulatory recovery peak at ~28.5¢ traveled. The
50% actuation-out at 22.5¢ traveled for the 3¢ ramp occurs just prior to the C, minimum from the gust. At first it yields
a (1, similar to the 21.5¢ actuation case, but then the (i, is reduced and gradually converges to essentially match the
reference cases just prior to the recovery peak. As with the step-up gust cases, tip-panel actuation for the 6¢-ramp
step-down gust has the smallest effect. For 21.5¢ actuation-out, the C;, overshoots that of the reference cases initially,
then after 2¢ of further travel the Cr, becomes very close to the reference results, within the error. For 50% actuation-out
at 24c traversed, there is again an overshoot C, peak and the C, during the gust minimum is somewhat higher than
that of the fixed-geometry reference cases (and the 21.5¢ actuation result). The Cy continues to be sustained slightly
above all other cases until the recovery peak, but this improvement level remains close to or within the uncertainty. In
summary, for the /R = 4 step-down gusts, actuation-out not long before the Cy, gust minimum can reduce the magnitude
of the drop in lift, and for the 1¢ and 3¢ ramps the actuation effect is sustained above the uncertainty until approximately
the C, recovery peak.

The A = 2 actuation-out results for the step-down gusts are shown in Fig. 7, second row. The rectangular and
static-sweep reference cases show more deviation from one another compared to AR = 4, with the static-sweep wing
exhibiting reduced Cy, after the gust but before the recovery to maximum lift. This is likely due to the relatively greater
change in outboard sweep and /R between the rectangular and static-sweep cases versus AR = 4, but without flow data
the exact cause is unknown. Recall that for actuation-out the rectangular and static-sweep geometries represent the states
before and after actuation, respectively. For the 42 = 2, 1¢ ramp, the actuation-out at 21.5¢ reduces the magnitude of the
CL < 0 gust peak, similar to 42 = 4; just after this, the 42 = 2 forces show two positive peaks that again may indicate
mechanical backlash. Next, in the Cr, recovery before the maximum peak, the actuation-out curve follows both the
rectangular and static-sweep cases, then the static-sweep case lags behind the others, until all Cy, curves converge at the
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maximum recovery peak and remain similar to the end of the motion. This converging behavior also occurs for R = 4.

For the /R = 2, 3¢ ramp, the 21.5¢ and 50% actuation-out Cy, both exhibit overshoot peaks from the initial actuation
that are above the reference cases, similar to the 42 = 4 wing in terms of timing but relatively larger; the actuation
effects persist and reduce the magnitude of the gust minimum. For /R = 2 the (i, increase after the minimum has a
higher initial slope for the rectangular and actuation cases (all overlap), compared to /R = 4. Conversely, the & =2
static-sweep case shows substantially-reduced (i, in the recovery portion, consistent with the 1c-ramp gust. Interestingly,
the Cr, recovery-peak magnitude is slightly larger and occurs earlier for the 21.5¢ actuation-out, versus the other /R = 2
cases. The AR = 2, 6¢-ramp case also shows similar but relatively greater initial Ci, overshoot behavior for the actuation
cases just after the gust, compared to A2 = 4. The 6¢-ramp 50% actuation has a higher slope than all other 6¢ gust
cases and therefore a faster initial recovery, but the C then reaches a plateau slightly below the maximum value for the
reference wings. For 21.5¢ actuation-out, similar to the 3c-ramp the increasing Cy, overlaps at first with the rectangular
case, then achieves a higher and earlier C;, maximum, albeit larger than that of the 3c ramp. These larger and earlier
peaks from 21.5¢ actuation for the 3¢ and 6¢ ramps occur at approximately the same chords traveled as the &2 = 4
recovery peaks, perhaps related to the higher /R achieved near the beginning of the gust.

For the step-down gusts, a summary comparison of the actuation-out effect between /R = 4 and 2 is somewhat
confounded by differences in the Cy, behavior of the rectangular and static-sweep reference cases for each /4. These
aside, the tip-panel actuation-out for both s yield similar reductions of the peak magnitude during the C;, minimum
from the gust, which is beneficial for gust mitigation. For the two longer ramps, the 4?2 = 2 actuation cases produce
relatively larger peaks just after actuation, versus the reference geometries, compared to /R = 4. Further, for /R = 2 the
rectangular and actuation cases allow for a faster post-gust recovery (Cr. increase) for the 3¢ ramp, and 50% actuation
yields a similarly earlier recovery for the 6¢-ramp, not found for /& = 4. Also, for /2 = 2 the 21.5¢ actuation generates
higher and earlier Ci, recovery peaks versus the reference cases, which is not observed for /R = 4. However, for the
Ic-ramp the A2 = 4 actuation case results in more sustained Cr, between the gust minimum and the recovery peak.
Overall, for longer ramps the /R = 2 actuation-out cases are superior for producing higher relative Cy, faster, to aid in
gust mitigation.

IV. Concluding Remarks

A tip panel with aft-sweep was rotated inward or outward on a low- /R, @ = 45° rectanglar main-wing in translation,
to study its ability to mitigate lift variations from streamwise gusts of two kinds: step-up and step-down, respectively.
Three gust-ramps over distances traveled of 1c, 3¢, and 6¢ with two actuation timings—near the gust start (21.5¢
traveled) and at 50% of the ramp distance—were tested for /2 = 4 and 2, where the /R values correspond to the
rectangular-wing portion only. The actuation cases were compared to two fixed-geometry references: the rectangular
(panel retracted) and static-sweep (panel extended) wings. The Cy. definition used both the instantaneous main-wing
translation velocity and the variable wing area. The 1c¢ step-up gust exhibits unsteady lift behavior similar to that of the
1 ¢ starting motion, as found by others. For the step-down gusts, the deceleration produces a C;, minimum, then the force
recovers to a circulatory peak. Except for the 6¢ step-up gust, all gust cases show a circulatory peak in the post-gust
constant-motion part for the rectangular /R = 4 wing. The position and magnitude of this peak coincide across those
gust ramp cases when their 50% ramp locations are aligned. The step-down gust force magnitudes are higher than the
step-up cases, although the step-up acceleration magnitude is larger than the deceleration for the step-down gusts. Only
one value of the tip-panel rotation speed was used, which can be varied in future studies. For this tip rotation speed
both inward and outward, the most pronounced effect for /R = 4 was observed for the 1c-ramp case. Conversely, for
AR = 2 the overall greatest tip-actuation influence was found for the 6¢ step-down ramp. For the step-up gusts with
actuation-in, the A2 = 2 wing produces a greater decrease in Ci, but the effect diminishes sooner compared to 42 = 4.
This may be due to interactions with the more pronounced AR = 4 LEV formation. For both A?s, actuation-in at the 50%
ramp distance yields the most sustained reduction in C, but does not affect the gust peak, whereas the early actuation
at 21.5¢ for the 3¢ ramp (and the 6¢ ramp for A& = 2) lowers this peak magnitude. Considering the step-down gusts,
for AR = 4 overall the actuation-out increases the Ci, compared to the reference cases both during and after the gust,
depending on the ramp length. For the longer 3¢ and 6¢ ramps, the A2 = 2 actuation-out case generates relatively higher
actuation peaks in C, and the gust recovery is faster, versus 42 = 4. For the 1¢ ramp, actuation-out lowers the gust-peak
magnitude for both A4s, but the /R = 4 case generates a higher Ci. plateau between the gust minimum and the recovery
peak. Lastly, the rectangular and static-sweep reference cases have somewhat similar post-gust Cy. behavior for the
step-up gusts, but this is not true for the /R = 4, 1¢ step-down case and all the & = 2 step-down gusts.
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