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We perform experiments to study the effect of a rotating tip surface on the outboard flow

of a finite-aspect-ratio, high-angle-of-attack translating wing. Prior work on unsteady, trans-

lating wings showed that for rectangular planforms the tip vortex (TV) aids in the outboard

leading-edge vortex (LEV) attachment, but the two are distinct. However, aft sweep promotes

a connection between the outboard LEV and TV and potentially delays inboard LEV shedding.

Moreover, rotating wings with low Rossby number exhibit LEV attachment, greater TV coher-

ence, and higher lift. This paper examines whether a variable wingtip (panel) combining sweep

and outward rotation, superimposed on the main-wing translation, can modify the adjacent,

outboard LEV via an interaction with its swept-edge vortex (SEV), and affect the prior TV

and trailing-edge vortex (TEV). The goal is a temporary lift boost, e.g. for a maneuvering

unmanned aerial vehicle (UAV). The panel’s ability to disrupt the outboard vortex formation

during a streamwise gust-like motion (surge), via inward actuation to mitigate the lift increase,

is also studied. Water towing-tank experiments are done with a wing of submerged aspect ratio

3.4, minus the panel, translating at 45◦ angle of attack and Reynolds number 10,000. Dye visu-

alization via multiple injection ports, imaged using three orthogonal cameras, captures the 3D

flow structure qualitatively. A starting flow and 50% streamwise gust after 21 chords are tested,

with varying panel actuation timing, compared to a rectangular wing and static tip-sweep. In

all cases, the main-wing speed divided by the forward tip speed, i.e. the advance ratio, is 0.95.

For starting flows, outward tip-panel actuation at 0.1 chords traveled produces a new SEV,

causes the TV and TEV to stretch outward and forward to follow the panel motion, and shifts

the nearby-attached LEV outward; this should be beneficial for lift generation. For static tip

sweep, the SEV appears to be less closely-attached. In both cases, the main LEV adjacent to

the swept edge entrains SEV vorticity and temporarily weakens the SEV. Later tip actuation

is less effective at modifying the flow structures, since this LEV interaction is exacerbated due

to the larger LEV present when actuation starts. For the gust cases, inward panel actuation

sheds the SEV and local TEV, and enhances LEV shedding similar to the rectangular wing.

Also, it causes the aft TV flow to move inboard which is detrimental for lift. Actuation earlier,

before the gust, has the greatest effect as it allows these phenomena to develop.

I. Introduction

T
he objective of the proposed paper is to investigate the ability of a variable wingtip geometry, specifically a rotating

panel emerging from the main wing having aft sweep, to manage the outboard vortex-flow for wings in unsteady

translation at high angles of attack (α). Ultimately, the application is to provide flow control for unmanned aerial

vehicles (UAVs) during maneuvers and gusts.

Research on unsteady tip effects has focused on high-α wings in translation or rotation. At sufficiently-large α,

wings in translation experience dynamic stall and the flow separates and rolls up into a leading-edge vortex (LEV) that

generates high lift but then sheds,[1, 2] and strong tip vortices (TVs) also form along with a starting or trailing-edge

vortex (TEV) [3]. Ringuette et al.[4] found that the TV increases the force on surging, low-A normal flat plates in

translation, and its low-pressure region aids in keeping the leading-edge vortices (LEVs) attached. Simulations by

Jardin et al.[5] of 2-degree-of-freedom flapping wings in translation showed that the TV maintains LEV attachment,

producing a local CL increase. Shyy et al.[6] similarly showed that the TV downwash can “anchor” the LEV, creating

locally low pressure and increasing lift, depending on the wing kinematics.
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Taira and Colonius[3] simulatedA = 1−4 wings translating from rest at post-stall α. They found that TV downwash

adversely affects CL, reducing it for lowerA as the TVs become more dominant; however, forA = 1 the TVs do keep

the LEV perpetually attached [3]. For largerA, the LEV remains attached near the wingtips, but inboard it lifts off

and exhibits an arch-like structure. Also, they showed that swept/curved wings connect the LEV and TV, promoting

LEV-to-TV vorticity transport, delaying LEV shedding, and slightly delaying peak CL [3]. Hartloper et al.[7] examined

a translating and pitching plate via 3D particle tracking, finding that although the LEV and TV are distinct, the TV

influence causes inboard LEV vorticity transport, reducing near-tip LEV growth.

For unsteady rotating wings, Lentink and Dickinson[8] found that low local Rossby number (Ro) promotes LEV

attachment and higher CL; they simplified Ro to aspect ratio (A) for small wing-root offsets. For Ro of O(1), Coriolis

accelerations are comparable to the inertial forces.[9] Wolfinger and Rockwell[10] examined Ro effects for anA = 1

rotating rectangular wing by increasing its radius of gyration, rg, and thus increasing Ro = rg/c (c is chord length);

rgφ/c is the azimuthal distance traveled, with φ being the rotational angular position. For Ro ≈ 1, the RV-LEV-TV

loop is coherent even for rgφ/c ≈ 78; RV is the root vortex. However, for Ro = 5.5, the loop moves away from the

leading edge, and its coherence, including that of the TV which enhances LEV stability, degrades with larger rgφ/c

(approaching the translation case). Schlueter et al.[11] also found that with larger rg the rotating-wing CL is closer to

the pure-translation case. Simulations by Jardin and David[12] showed that Coriolis effects are primarily responsible for

close LEV attachment and high CL, compared to centrifugal effects. Kruyt et al.[9] found that LEV attachment depends

onA, occurring forA < 4, consistent with, e.g., Refs. [13–17]. A further discussion on Ro and LEV attachment with

additional recent references is given in Sect. 2.

Regarding rotating-wing TV effects, forA = 2.3 Kim and Gharib[18] found that streamwise TV vorticity contributes

to spanwise flow. ForA = 4, Jardin et al.[5] showed that the LEV and TV connect, and LEV circulation saturates

yielding constant local CL. Wolfinger and Rockwell[10] commented that LEV stability is related to the interior RV

and TV structure and the downwash they produce. Carr et al.[13] studied rotatingA = 2 and 4 wings with small root

offsets using stereo particle image velocimetry volume reconstructions, and showed that theA = 2 wing exhibits a

more coherent and connected outboard LEV-TV flow despite the presence of breakdown, while both cases produce

attached LEVs inboard. The CL for eachA is similar, but impulse and lift calculations from the 3D data showed that

forA = 2 the contribution from streamwise vorticity, due to the more coherent TV and outboard, aft-tilted LEV (and

the low-pressure region they should create), is relatively higher.

Wing sweep effects on LEV attachment were explored using experiments with wings in translation or rotation

[19–21], overall showing that sweep (and the resulting spanwise velocity) is insufficient to promote LEV attachment,

but yields a stronger LEV-TV connection. Further, Wong and Rival [22] studied a plate executing a flapping motion in a

freestream, and demonstrated that sweep does enhance LEV stability and vorticity transport along the span. Jardin

and David[23] examined LEV attachment for finite-span wings, one subjected to a unidirectional freestream but with

a spanwise velocity gradient, another in rotation. They found that a spanwise gradient aids in LEV attachment, but

that the fictitious forces during rotation keep the LEV even closer to the wing and yield substantially greater lift. van

Oorschot et al.[24] measured CL for bird wings with outboard, static aft sweep either revolving or in a freestream. For

forward flight, they found that sweep increases both CL,max and the α at CL,max, while extended wings (extended from

the bent, swept case) yielded higher CL than swept wings during revolving. However,A was not kept constant (for

extended wings it increased by an average factor of 1.5 compared to swept wings, over all cases), making sweep effects

difficult to interpret.

To summarize, TVs promote local LEV attachment for both translating and rotating wings, related to TV downwash.

Aft wing sweep can increase LEV stability and outboard vorticity transport, facilitate an LEV-TV connection and

axial vorticity transport, which also favors local LEV attachment. For rotating wings, spanwise velocity gradients and

Coriolis effects for low Ro (and lowA, for small wing root offsets) yield LEV attachment, TV coherence, and higher

CL. Throughout the Results section below (Sect. 3), further references are given in addition to those cited here, where

applicable, for comparison with the present flow-visualizations features.

Example efforts on tip-flow control are briefly covered here. For steady freestreams, tip-flow control strategies

include passive bleed [25], an aft tip flap with upstream fluidic perturbations [26], tip plasma actuators [27] and tip

blowing [28], with success e.g. in modifying vortex topology [26, 28] and suppressing roll oscillations [25]. ForA = 2

unsteady pitching, tip plasma actuators can increase lift by 40% [29]. For low-A wings translating from rest, Taira and

Colonius[30] found that steady trailing-edge blowing strengthens the TVs, which enhances downward flow over the

LEVs, keeping them close to the wing and increasing CL.

Also, Nicolic[31] studied the use of tip strakes, or half delta-wing (HDW) swept-tip shapes, for wings in steady

freestreams with α < 25◦, similar to the shape proposed here but static. Depending on the strake and main-wing
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incidence angles, a maximum lift-to-drag ratio or (L/D)max increase of ∼24% is achieved, presumably due to strake

vortex lift. Lee and Pereira[32] examined the flow and forces of a HDW tip oriented at different angles. The HDW

increases CL and overall CD, and can decrease induced drag and TV coherence; overall CL/CD is increased for high

main-wing α. Although not directly applicable here, these studies show that enhanced lift and TV modification are

possible.

The variable-tip geometry studied here is intended to potentially take advantage of two beneficial mechanisms

described above: 1) aft tip-region sweep, which for finite-A translating wings should promote a more coherent LEV-TV

connection and vortex attachment; 2) local tip rotation (here done in the plane of the wing), which for rotating wings with

low J and Ro produces LEV attachment, greater TV coherence, and higher lift. The hypothesis here is that a variable tip

geometry that combines aft sweep and local tip rotation should yield a more connected and attached outboard LEV-TV

for a high-α translating wing, thus temporarily boosting lift e.g. for a maneuver. This is accomplished via a movable

tip panel (surface) that rotates outward from inside the main, rectangular translating wing. The panel hasA ≈ 1 and

will have a low Ro. For the swept-edge tip geometry used here the distinction between the LEV and local TV can be

ambiguous, therefore the term swept-edge vortex (SEV) is adopted, and for the trailing vortex immediately aft of it, TV

will be used. A second set of tests is also done with the actuated tip panel rotating from an extended, swept-edge state to

being retracted so that the tip geometry is rectangular. The objective of these experiments is the opposite: to determine

the moving panel’s ability to promote shedding of the SEV and outboard LEV, to reduce the increased lift (perturbation)

from a streamwise, i.e. head-on, gust-like motion.

The goal of this paper is to begin to understand these flow interactions produced by the moving tip panel. The

approach is to perform scaled experiments in a water tank for several cases. The 3D flow structure is captured

qualitatively using multi-camera dye flow visualization. The main wing has a rectangular planform and its motion is an

unsteady translation from rest for the starting-flow cases and a half-sine surge forward with an amplitude of 50% of the

main-wing velocity after 21 chords traveled for the gust tests. For the starting-flow cases, the effects of outward panel

rotation with aft sweep are examined, with two different panel-motion start times, to identify situations that may be

beneficial for lift enhancement. For the gust study, inward panel rotation at two different times prior to the gust-like

surge are investigated, to understand which has the greatest influence on the gust-induced flow structures and may be

best for lift mitigation. Two reference cases with fixed planform shapes are examined for both sets of tests, representing

the limits of the wing panel geometry: the main wing with no tip panel deployed (rectangular wing), and a static tip

panel extended outward with constant sweep.

II. Experimental Setup and Methods

A. Facility, Wing Model, and Linear Motion

The experiments are conducted in a 4 m × 1.5 m × 1.1 m water towing-tank facility (Fig. 1a). It features uninterrupted

glass walls, apart from a single cross-bar support at the bottom, is open at the top for model access, and is raised

∼1 m above the ground on a steel frame with leveling feet, for optical access from below. The wing’s linear motion

is accomplished via a 3 m long linear brushless DC motor (H2W Technologies model DRS-120-08-006-01-EX). A

programmable multi-axis Galil DMC4040 motion controller, using encoder feedback for each axis, controls the linear

motor and tip-panel actuation motor. Galil Design Kit software is used to define and execute the simultaneous motion

profiles.

The wing is mounted vertically in the tank from above, attached to the moving carriage of the linear motor (Fig. 1a).

The wing pierces the free surface and, given that the free-surface deformations are small, this creates a nominally-2D

end condition [33, 34]. The free surface can be treated as a reflected (symmetry) boundary [34], doubling the wingA.

The rectangular main wing is made from two carbon-fiber composite plates epoxied together, with a chord length of

c = 8.1 cm and submerged span of b = 27.3 cm. One plate is thicker and was machined with a cavity to accommodate

the retracted tip panel, the moving rod that actuates it, and 3 internal brass dye tubes. A thinner cover plate was epoxied

over this, giving a total thickness of 5 mm. The main-wing angle of attack is α = 45◦, to ensure a separated flow

with a large LEV, and given the large body of literature on this condition. With the tip panel fully retracted, it has a

submergedA = b/c = 3.4, doubled to 6.8 by the reflected free-surface boundary condition. A half-spanA greater

than 2 is chosen so that a sufficient region of the inboard flow will not be substantially affected by the TV and will

exhibit LEV shedding [3, 5]. In other words, so that the effects of the moving panel are not overwhelmed by having a

lowA dominated by tip flow. The wing is ∼8.9 chord lengths from each tank sidewall, and the tip when fully extended

is ∼7 chords from the bottom wall.
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Fig. 1 The experimental setup. (a) Towing tank facility, showing the linear motor, 3 cameras, lighting,

backgrounds, dye gravity-feed system, and wing model. (b) Close-up of vertically-mounted wing model, with

the DC servo-motor-controlled tip panel (extended), and multiple dye-injection ports.

The approximately 1/4-circle tip panel is made from a 1.63 mm thick carbon-fiber composite plate. It is attached

inside the main wing to a pivot point near the main-wing leading- and tip-edge corner. The pivot location on the panel

itself is near the apex of its 1/4-circle shape; its radius from the pivot point to its tip is cpanel = 7.2 cm. This pivot allows

the tip panel to rotate outward from its completely hidden, retracted default position, where its leading edge is flush

with the main-wing tip edge, or inward from an extended condition; Fig. 1b shows the fully-extended panel. The panel

motion is actuated using a thin, stainless-steel push/pull control rod that travels primarily vertically but also laterally

inside the main-wing cavity. One end of the control rod is connected to the aft corner of the tip panel for maximum

actuation leverage, and the other is connected to a metal (radial) arm attached to the shaft of a brushed DC servo motor

(Micromo model 2642W012CXRIE3-1024L+26A 16:1+MG26); the motor encoder has a resolution of 4,096 counts per

revolution in quadrature. The motor and arm assembly are positioned above the free surface on the wing mounting

assembly (Fig. 1b). The rod’s radial attachment distance on the arm, 68.6 mm, is approximately equal to that where it

attaches to the tip panel below, for simplicity of motion. The encoder and power cables of this motor, along with the

silicone-rubber dye tubes supplying the wing dye manifold, are attached to the linear-motor cable bundle, all sliding

along a support beam so that they move smoothly with the linear-motor carriage.

The motion profile for the main-wing translation for all starting-flow cases is a hyperbolic-tangent acceleration over

1c to a constant velocity of Umain = 12.76 cm/s, giving a Reynolds number of Re = Umainc/ν ≈ 10, 000, where ν is the

kinematic viscosity. The hyperbolic tangent acts to smooth the beginning and end portions of the acceleration phase.

The wing travels a total distance of 8c, then decelerates to a stop. The Re is chosen to be of the order appropriate for

a small UAV [35]. For all gust cases, the same startup acceleration motion is used, reaching the same constant Re,

however after 21c of travel the wing executes a half-sine velocity profile over a distance of 1c with a peak of 1.5Umain;

this is meant to emulate a strong, streamwise (head-wind) gust. Such streamwise gusts can be emulated by moving the

model with respect to a constant freestream (including zero freestream) and are equivalent to a stationary wing with

a streamwise perturbation in a wind tunnel, as long as care is taken to account for buoyancy effects for accelerating

freestream cases [36–38]. A distance of >20c is used to ensure more periodic LEV and TEV shedding prior to the

gust, i.e. to mitigate startup effects, based on our preliminary force measurements (not shown) and due to tank length

limitations; however, >30c may be better [39, 40], although this likely depends onA and Re. After the gust-like motion,

which occurs over 1c of linear travel, the wing traverses another 7c before decelerating to a stop. The position accuracy

of the linear-motor encoder is rated at 1 micron, however maximum deviations of about 100 microns, or ∼0.1%c, occur

during the gust timing.
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B. Tip Panel Motion

The angular position and velocity of the tip panel are θ(t) and Ûθ(t), respectively, relative the moving wing; θ(t) is

measured from the rectangular wingtip edge. The exposed panel area, Sexp(t) ≈ θ(t)c
2
panel

/2, is that extending from

the main wing. The total submerged wing area is Swing,total(t) = bc + Sexp(t). When deployed, the panel increases the

overall submerged wingA to (b + cpanel sin θ(t))2/Swing,total(t).

The tip panel experiences the superimposed main-wing translation, so a key parameter is the panel advance ratio J,

defined following Refs. [8, 41] as J = Umain/
�

�(Upanel,tip cos(α))
�

�. The cos(α) is needed since the panel’s axis of rotation

is oriented at α to Umain, the absolute value is required because the panel may rotate forward or backward, and note

that Upanel,tip does not include the superimposed Umain. Harbig et al.[42] examined the effects of J andA for rotating

wings in translation, and created a diagram of their J vs.A cases showing which combinations produced a “stable” or

“unstable” LEV (primarily attached or shed, respectively). Extrapolating their results to the lowA ≈ 1 tip panel of the

present study, approximately J < 2.25 is required for the panel’s LEV (here referred to as the SEV) to be attached.

Both Harbig et al.[42] and Lentink and Dickinson [8] discuss the problem in the context of Ro as well, stating that

as long as the Ro remains low, which requires a small radial distance, attached LEVs are still possible in the presence of

moderate-to-low wing forward motion or J. An attached and coherent LEV and TV have been found for rotating wings

in a hover condition for about Ro ≤ 1.5, with Ro = rg/c, where rg is the radius of gyration [8, 10]. Alternatively, in

terms of local radial distance for rotating wings in hover with small root offsets (cutouts), an attached LEV has been

found for approximately r/c < 3–4 [9, 43, 44]. In addition, there have been numerous rotating-wing studies showing

the necessity of a low Ro for maintaining an attached LEV and high lift, and the further effects ofA and root offset

(cutout) (a subset of very recent examples includes Refs. [43–46]).

The value used here is Upanel,tip = 19 cm/s, giving Upanel,tip = 1.49Umain and J = 0.95. Therefore, according to

Harbig et al.[42] the panel should be able to produce an attached LEV (SEV here). Also, with the small panelA the Ro

should be sufficiently low. The outward panel rotation starts at θ = 0◦ and reaches 45◦ after actuation, such that its aft

LE sweep from the main-wing LE is 45◦, while this is reversed for inward actuation. Due to the panel pivot being, by

necessity, slightly away from the LE-tip corner of the rectangular main wing, the motor must rotate 46◦ to achieve the

45◦ panel rotation. The tip-panel velocity is a trapezoidal motion with acceleration and deceleration each occurring over

10% of the total motion duration, having a constant velocity of Upanel,tip in between; the total duration of the tip motion

is 0.3 s, and so it occurs over 0.47c of linear wing travel at Umain.

As indicated above, the goal of the outward tip actuation for the starting-flow cases is to temporarily boost lift by

modifying the outboard main-wing LEV, TV, and TEV, in part through creating a new SEV. Of course the increase

in wing area by Sexp(t) and the associated fluid-inertial forces will add to the dimensional lift. In the future, force

measurements to compare the lift coefficients of all cases, taking into account Sexp(t), will aid in comparing the dynamic

and static-geometry cases; here the study is limited to the flow-structures only. However, based on preliminary lift-force

measurements (not shown here), for the starting-flow cases two actuation timings were chosen that were likely to

substantially affect the vortex formation: actuation-out at 0.1c and 1.3c traveled by the main wing. The former occurs

during the early LEV/TV/TEV formation, while the latter is at a time when a coherent LEV/TV/TEV have already

formed. It is likely that the main effect of the outward panel deployment will be short-lived, however of interest is how

long it takes for its overall influence to approach that of the fixed-sweep tip. For the gust cases, a streamwise surge

will enhance the wing lift. Assuming this is an unwanted perturbation, actuation inward is examined in an attempt to

promote LEV/SEV shedding and/or a loss of their coherence; the ultimate goal is to mitigate the lift increase. Again

based on preliminary force measurements (not shown), two actuation timings were selected, prior to the gust start at

21c: actuation-in at 18c and 20c traversed by the main wing. The force data indicate that earlier actuation inward may

have the most effect.

For both the starting-flow and gust experiments, two reference cases with the same linear motion profiles and fixed

tip geometries are tested for comparison: 1) the “rectangular” case for which the wingtip panel is fully retracted, and 2)

the “swept” case where the wingtip panel is full extended to θ = 45◦. These represent the extremes of the actuated-tip

planform geometries.

C. Dye Flow Visualization

Dye flow visualization with three simultaneous camera viewpoints is used to qualitatively capture and understand

the 3D flow structure. The dye is a neutrally-buoyant mixture of food coloring, 2% milk, and 70% concentration ethyl

alcohol, similar to that used by [47]. The colloids from the milk aid in inhibiting the mixture diffusion, and the alcohol

is necessary to reduce the mixture density so it is neutrally buoyant, since the food-coloring density is greater than that
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of water [48]. The dye is mixed with an equal amount of tank fluid, then prior to its use tests are done to determine if

neutral buoyancy has been achieved. The wing has three embedded brass tubes. Two have exits flush with the leading

edge at 70% and 95% span (with reference to the rectangular wing); these allow visualization of the LEV along the span.

To mark vortices at the TE of the rectangular wing and over the aft region of the moving panel, a third brass tube exits

outboard at the TE-tip corner. Further, a single stainless-steel tube of outer diameter 1.57 mm is attached to the wing

suction side via 3 strips of packaging tape, which stays secured when submerged. It runs along the span near mid chord,

then curves outward to exit flush with the rectangular tip edge, 0.14c aft of the panel pivot, to mark the SEV of the

panel and the outboard LEV. Given its diameter and location primarily at mid-chord, it is expected to have a minimal

influence on the wing flow; its external location is necessary, since internally it would interfere with the panel motion.

Figure 1a shows the dye port locations. The dye is therefore delivered to regions of vorticity generation along the plate

surface and to where it will be entrained by the vortices produced, to most effectively visualize the flow structures.

Different colors are used to distinguish the various flow features. The 70% and 95% leading-edge dye ports employ

red and green dye, respectively, the TE-tip corner port uses blue dye, and the outer port near the panel pivot injects

orange dye (Fig. 1b). An adjustable gravity-feed system delivers the dye to the metal tubes from reservoirs (Fig. 1a).

Valves allow the reservoirs to be closed, and from the valves silicone tubing is run along the linear motor cabling

and attached to the metal tubing of the wing at locations above the free surface. The flow rate is adjusted to be large

enough to sufficiently mark the flow structures during the wing motion, but not so high that “jetting” and the associated

instabilities are observed which would adversely affect the flow. For the starting flow, to mark the formation of the first

vortex structures it is necessary to slowly inject dye blobs into the flow prior to the start of each run, as continuous

injection is insufficient. Then, just prior to the run starting, the reservoirs are gradually lifted up to a height appropriate

for continuous injection, so that the flow structures are visible throughout the run. Achieving these objectives requires

iteration. For the gust motion, the reservoir height for sufficient, continuous dye injection is determined through testing.

The gust motion is imaged starting at about 17c of linear wing travel. So that dye does not accumulate in the tank and

block the aft-view camera, the dye is not deployed until a few chord lengths prior to this, upon which the reservoir is

gradually raised to the proper height.

Lighting against white backgrounds is used to produce high-contrast images (Fig. 1a). The lighting consists of

multiple, frosted white LED strip lights on the tank side walls, to illuminate side- and back-wall backgrounds and the

wing itself; this is augmented from below by two halogen lamps. White backgrounds above the tank, including a small

one on the wing carriage, are also used and take advantage of the halogens. A further spotlight illuminates the back-wall

background to enhance the contrast for the aft-view camera, as it must image through the longest dimension of the tank.

The wing suction side is also painted white to increase the dye visibility (Fig. 1b).

Given the 3D nature of the flow, multiple viewpoints are needed to properly understand its structure. During each

run, three digital cameras with mutually orthogonal viewpoints simultaneously record the flow in high definition (Fig.

1a): one bellow the tank, viewing the vertically-oriented wing along the span from the tip (referred to as the “end view”);

one imaging directly behind the wing from the back end of the tank (“aft view”); and one capturing the suction side

of the wing from the side of the tank (“top view”). The end-view camera is a Canon Powershot SX510 HS with an

f-number of 8, lens set at 100 mm, exposure time of 1/60 s, and recording images of 1920 × 1080 pixels2 at 24 fps; the

aft-view camera is a Nikon D3200 with an f-number of 11, lens set to 30 mm, exposure time of 1/1250 s, and recording

images of 1280 × 720 pixels2 at 60 fps; and the top-view camera is a Nikon D3400 with an f-number of 22, lens set at 70

mm, exposure time of 1/60 s, and recording images of 1920 × 1080 pixels2 at 60 fps. The recordings are synchronized

in post-processing using Sony Vegas Pro software, with reference to both an audio cue and the wing position. The time

error is no more than ∼6 frames for the Nikon cameras and ∼2–3 for the Canon camera.

Post processing of the images includes basic image brightening and sharpening in cases where the lighting is slightly

reduced, e.g. for the aft-view camera. This is done in a limited fashion to retain the maximum image information from

the videos.

III. Results

A. Starting-Flow Cases

The starting-flow cases are presented first, and all figures show multiple images at the same time step. The four

columns of images are for the different cases: fixed rectangular, fixed swept, and tip actuation-out at 0.1c and 1.3c

traversed by the wing, respectively. The top, middle, and bottom rows give the three simultaneous camera views: top,

aft, and end, respectively. The wing has the same scale in each row of images, but not across rows.
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Fig. 2 The starting-flow structure at 0.77 translational chords traveled. The images show three simultaneous

camera views of each case studied. The cases are given by column: (1) pure-rectangular; (2) static tip sweep; (3)

tip rotation outward starting at ∼ 0.1c traveled; (4) tip rotation outward starting at ∼ 1.3c traveled. The rows

give the camera views, namely, first row: top or suction-side view; second row: aft view, from behind the wing

as it moves away; third row: end view, toward the wing tip.

Figure 2 gives the flow at 0.77c traveled by the wing. For the rectangular case, the first LEV formed is already

aft of the LE inboard (red dye, top view), but outboard it is bent forward and pinned near the LE and tip-edge corner

(green dye); this has been observed in several studies on finite-A rectangular wings in either translation or freestreams,

e.g. Refs. [3, 5, 19, 49–51]. Additionally, a second smaller LEV is visible ahead of the first, closer to the LE (red dye,

top view); Jones et al.[49] and Jardin et al.[5] also found further LEV formation. Two similar LEVs are shown for the

swept wing, as well. For the actuation cases, these two LEVs are present, however inboard less red dye was originally

injected and therefore not entrained, so the first LEV is not as visible there, and the second LEV is only marked by a

curled dye streak. In other repeated runs, not shown, the second LEV is more visible. In all cases, the LEVs exhibit

substantial spanwise flow inboard, making them helical, as reported in prior work such as Refs. [4, 5, 7, 18, 50]. For the

rectangular case, a TV forms along the tip edge (orange dye, top and aft views), and is deflected somewhat upward to

be more parallel with the streamwise direction (orange dye, end view); the 1.3c-actuation case is the same as that of

the rectangular wing at this time, since the tip panel has not yet been deployed. The TV and LEV appear as separate

structures, in that no observable dye is transported from one into the other. For rectangular planforms, the LEV and

TV remaining distinct was also found by Taira and Colonius [3] and Hartloper et al.[7], and this feature is visible

in the other work cited above. The swept-tip wing produces a large, attached and conical SEV, which has entrained

previously-created blobs of red and green dye, in addition to the injected orange dye. It is similar to that of a delta wing,

with axial flow directed outboard and aft [52]. Trailing this is a connected vortex referred to here as a TV. Just inboard

of the SEV, the red and green dye show a connection between it and the adjacent LEV. This LEV-SEV-TV connection is

consistent with the finite-A, aft-sweep results of Beem et al.[19].

For the 0.1c actuation-out case, the tip motion has recently completed by the time step shown in Fig. 2, and a conical

SEV has formed over the tip panel (orange dye, all views). It is attached to the panel, and the dye indicates that perhaps

it is more closely attached than the SEV of the fixed-sweep case (end view). This is difficult to ascertain, although a few

time steps later the SEV of the fixed-sweep wing appears to grow somewhat larger and be less coherent. The aft TV

flow (blue dye) marks primarily a TEV near the TE-tip corner at this early time for the rectangular and 1.3c cases (aft

and end views). The blue dye for the swept tip also shows a TEV aft of the rectangular-portion TE, but more coherent

and with inboard spanwise axial velocity (all views). This is due to the extended TE geometry of the swept case, with
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respect to the blue dye port. Conversely, the TEV of the 0.1c actuation-out wing is stretched outboard in a curved shape,

which somewhat mimics the outward rotational path of the tip panel.

Lastly, for the swept case and 0.1c actuation, the LEV near the tip is shifted outboard compared to the rectangular

and not-yet-deployed 1.3c actuation wings; the green dye just above the curved injection tube shows this in each top

view (Fig. 2). This is likely due to outboard flow from the developing SEV, and in the actuation case the induced

flow from the panel. Given the comparable dye injection for the rectangular and actuated cases, although more dye is

entrained for the swept tip, this is a real phenomenon and is also present in the repeated runs acquired. The LEV still

appears to be attached near the LE-tip corner of the original rectangular geometry, which causes a local streamwise and

aft LEV tilt. Another aspect of the swept and 0.1c actuation cases is that, compared to the rectangular wing, there is no

TV near the LEV. Prior studies have shown that the rectangular-wing TV induces both a downwash and inboard flow

that limit the LEV strength and promote its attachment [3, 5–7]. Removal of the local TV appears to allow the LEV to

shift outboard, however the overall affect on the LEV strength is not clear due to the additional interaction with the SEV.

A quantitative method such as particle image velocimetry (PIV) is needed to determine this, and moreover how the LEV

and SEV strengths compare for the swept and actuated cases.

Overall, compared to the reference rectangular geometry, the tip actuation-out starting at 0.1c of travel may yield a

more closely-attached SEV, stretches and shifts the connected TV-TEV outboard, and draws the near-tip LEV outboard

(the latter two effects also progress into the next time step shown, Fig. 3). Closer SEV attachment will likely yield

increased lift. Moreover, shifting the TV-TEV outboard (growing the trailing loop’s projected area onto the horizontal)

will increase the vorticity-moment in time, which will cause higher lift. Further, fluid-inertial effects from the changing

geometry will affect the forces, as mentioned in Sect. 2. The LEV development and its potential influence on the lift

is discussed more below. A thorough force measurement campaign is planned to assess these effects, and to analyze

how the dynamic actuation case performs versus fixed sweep. It is likely that any benefits from actuation could be

short-lived, however these may be sufficient for maneuvering purposes.

Next at 1.49c traversed, Fig. 3 shows aft travel of the first, largest LEV over the inboard portion of the wing for each

case (red and green dye). Outboard, each LEV remains attached near the LE-tip corner region (top view), although

for the fixed-sweep and 0.1c actuation-out wings, the LEV is shifted/tilted farther outboard as described earlier. Also

for these cases, the movies show that their respective SEVs have begun to weaken. Inspection of the videos indicates

that the core flow has started to become entrained into the nearby, growing LEV. For the swept case this is visible as

green and orange dye from the SEV traveling inboard into the LEV, whereas for the 0.1c actuation wing the orange

dye exhibits a similar behavior. As mentioned above, inboard axial LEV flow has been found in several studies on

translating, rectangular wings. For aft-swept wings, there is typically a component of aft/outboard axial flow, see e.g.

Ref. Wong2013. One reason for the behavior observed here may be that the LEV is simply dominant in terms of

strength, creating a more intense low-pressure region compared to the SEV and driving the inboard axial flow. Another

contributing factor could be that because the swept-edge of the tip panel is small at just under 1c, the flow mechanisms

associated with sweep may not have sufficient wing surface to develop with the presence of the growing LEV just

inboard. This LEV is also progressing farther outboard in these cases at the time step shown (compare Figs. 3 and

4). Further, the swept geometry here is relegated to the tip, compared to the larger inboard rectangular wing, and also

affected by the aft TV (see Fig. 4, top-view images). Lastly, the presence of a sharp corner in the planform geometry

between the LE and swept edge may alter the connection and axial flow dynamics between the LEV and SEV, compared

to a smoother curved shape.

Returning to the LE flow, for all cases in Fig. 3 the first and second LEVs continue to possess primarily inboard-

directed axial velocity. Inboard of the tip where the first LEV is most tilted, there is some outboard spanwise velocity

as the LE separated shear layer first rolls up into the tilted vortex. Whether the swept tip and/or actuated tip alter the

LEV spanwise flow will require further investigation. At this time step, for 0.1c actuation the TEV (blue dye, top and

aft views) continues its axial propagation and streamwise tilt to follow the tip panel, making it effectively a new TV.

Also, for the 1.3c actuation case, the tip has started its motion and the SEV is just forming near the panel pivot location

(orange dye).

At 1.88c traveled (Fig. 4), the tip-panel motion has recently completed for the 1.3c actuation, and an SEV (orange

dye, all views) is visible, attached to the panel. Some of this dye is from the prior, rectangular-edge TV, which enlarged

to follow the moving panel, whereas the aft portion of this TV did not move with the tip and is visible as an orange

blob in the TE-tip corner. Unlike the 0.1c actuation at 0.77c of wing distance traveled (Fig. 2), for 1.3c actuation the

TEV (blue dye) in the TE-tip corner does not stretch axially in an arc to follow the prior panel motion. Instead, the

newly-injected blue dye from the port there is drawn outward along the panel TE; the previously-injected dye remains in

the prior TV structure from the initially-rectangular geometry. This and the TV behavior (orange dye) indicate that
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the panel may be somewhat less effective in manipulating existing stronger vortices, versus the 0.1c actuation that

occurs when the flow structures first form. As in the swept and 0.1c actuation cases, the LEV portion nearest the tip

has begun to shift slightly outboard for the 1.3c action. Considering the 0.1c actuation again, the blue dye marking

the newly-formed TV continues to follow the wing and be located aft of it, likely enhanced by axial stretching. The

entrained dye blobs aft of the fixed, swept case show a similar aft TV flow. For the fixed sweep and 0.1c actuation, the

entrainment of the SEV flow into the adjacent, inboard LEV, described earlier, has progressed: for the fixed-sweep

wing it is the reduction of green dye in the SEV, for the actuated wing it is the lack of orange dye. In each case, the

dye did not travel into the wake or appear to simply dissipate. With the absence of dye, it is unclear if a new SEV is

concurrently forming for both configurations at this time from the forward flow over their swept tips; evidence of this is

found later via the orange dye.

Regarding the LEV development, the inboard LEV for each case is lifted above the wing (green and red dye, top and

aft views, Fig. 4). Outboard near the tip, the LEV for all configurations remains near the LE corner, although again it is

farther outboard for the cases with swept tips. Moreover, for the fixed-sweep and 0.1c-actuation cases, this outboard

LEV is larger than for the rectangular and 1.3c-actuation configurations. This size increase progresses with time for the

swept and 0.1c-actuation cases, at least through 3.4c traveled (Fig. 6), and is first visible later for the 1.3c-actuation

wing in Fig. 5 (2.49c traveled), again compared to the rectangular wing. This greater growth of the attached, outboard

LEV for the non-rectangular-tip cases should yield larger lift, although PIV and force measurements are required to

compare the cases quantitatively. Just inboard of this, the LEV for all configurations is kinked further toward the wing as

seen in the aft view (Fig. 4). The aft-view movies indicate that the likely cause is downwash from the large TV, visible

via the motion of entrained dye blobs.

Later for 2.49c (Fig. 5), the inboard, first LEVs for each case have shed past the TE (top and end views), and due

to the inboard spanwise velocity the dye has progressed farther toward the free surface. The LEVs for all cases have

also grown in size and the kinked behavior described earlier has persisted. The outboard LEV shift near the tip is still

present for the swept and actuated wings, compared to the rectangular geometry. The entrainment of the SEV core

dye, which is green for the fixed-sweep case and orange for the 0.1c-actuation, has progressed further; there is little

visible dye over the tip panel for the 0.1c case. For the 1.3c-actuation, this same phenomenon has occurred by this

time, and the movies indicate its SEV from the panel deployment exists for a shorter time. This may be due to the

tip motion occurring later, when the nearby LEV is already strong and its low pressure can cause relatively greater

axial flow inboard. Considering the TV flow, it has grown longer aft for each case due to the wing motion, with several
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smaller vortices are visible around it, from a Kelvin-Helmholtz-like shear layer instability that is typical for separated

flows at this Re (e.g., see Ref. [13]). The aft portion of each TV is bowed more or less inboard, and likely connects to

the main TEV of the wing, however no dye ports are available to show this. For the 1.3c-actuation case, the TV has

shifted from being more aligned with the original rectangular tip edge to being aft of the newly-extended tip panel; as

described above, this will contribute to increased wing lift.

As time progresses and the wing travels through 3.40c, 4.17c, and 6.40c (Figs. 6, 7, and 8, respectively) the inboard,

main LEV for each case moves farther aft into the wing wake and lifts higher above the LE. Outboard, the LEV for all

configurations remains closer to the wing. For the rectangular wing, the LEV is still pinned near the LE-tip-edge corner

(top view). For the other cases with swept tips, the LEV is larger at the same spanwise position, i.e. near the tip location

for the purely rectangular main wing (the larger LEV was discussed above). Overall, the main LEV becomes larger and

more diffuse with time for each case, the visualization of which is confounded also by diffusion of the dye. At 4.17c, the

red port marks only small LEVs forming (top and end views). Earlier at 3.40c traveled, the fixed-sweep and tip-actuated

cases all exhibit similar flows, such that the effects from the tip motion are no longer observed. Additionally, blue dye

from the TE-tip corner port has been entrained near the panel for each wing. At 4.17c of linear wing distance, orange

dye is also visible from the port near the panel pivot point for these cases. These events mark the reestablishment of the

SEV, which is finally visible for 6.40c traversed for the three wings with swept tips (orange and blue dye).

B. Streamwise-Gust Cases

The results of the streamwise-gust cases are given here, for which the wing surges forward at 21c traveled with a

half-sine motion profile over a distance of 1c, and a peak velocity of 1.5Umain. The four cases are tip actuation inward at

18c and 20c traveled, and again the fixed rectangular and swept configurations for reference. Figure 9 shows the flow for

each at 18.5c traversed. For all wings, numerous shed LEVs are visible via the red and green dye ports, respectively

(top and end views). The rectangular wing exhibits a TV with multiple sub-structures, marked by orange, green, and

blue dye, connected to a wake structure of dissipated dye that appears to be from a previously shed LEV system. As

expected, the swept and 20c-actuation cases have a helical SEV (orange dye) with axial flow outboard along the edge,

similar to a delta wing. The tip flow is less prominent than for the rectangular wing, due to the lack of a tip edge parallel

to the wing motion (in the top-view sense), with numerous small vortices being shed (orange and blue dye). For the

18c-actuation, at this time the tip panel has nearly completed its retracting motion. The previously-created SEV (orange)
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is shed and remains close to its original position, but has begun to be drawn inboard by the flow created from the panel

motion. The panel movement also causes some blue dye in the tip-TE flow to travel inboard, closer to the SEV. The two

form a somewhat coherent loop (aft view), which geometrically resembles the outline of the originally-extended panel.

Continuing with the 18c-actuation-in case, the movie shows that the aft part of the tip-region loop (blue dye, Fig.

9) is brought closer to the shed SEV (orange) by the panel-induced inboard flow. Since they have opposite swirling

directions, some vorticity annihilation must occur. Afterward, the two travel into the wake, with the blue-dyed vortex

moving outboard and with visibly weaker swirl, while the stronger orange-marked structure proceeds inboard as it travels

aft. This finally leads to the time step of Fig. 10, which shows each case at 20.5c traveled, still prior to the gust surge.

The orange-marked shed vortex has shifted substantially inboard, essentially leaving a time-trace of the effect of the

inward tip panel actuation, where it interacts with shed LEVs (red dye). This inboard motion of the aft TV flow, which

is not observed in the fixed-geometry cases though it is found later for the 20c-actuation, reduces the size of the shed

vortex loop as viewed from above the wing, which will act to decrease the vorticity moment and lift. Nearer to the tip,

for the 18c-actuation case the flow relaxes to a state closer to the rectangular wing, which itself continues to shed small-

and large-scale LEV and TV structures (top and end views). At this time step, the swept configuration is unchanged

except for further shedding. For the 20c-actuation, the tip panel has completed its retraction. Similar to the earlier

18c-actuation case, a visible loop remains near the original tip-panel boundary, consisting of the previously-formed

SEV (orange dye) and TE vorticity (blue dye, see the top and aft views, and compare with the swept case, Fig. 10).

Figure 11 shows each flow at 22.4c traversed, just after the gust motion has completed. For the rectangular case,

the forward surge produces a new, strong and coherent LEV (marked by orange, green, and red dye), with substantial

inboard spanwise flow and being pinned near the LE-tip-edge corner. Also created is further tip vorticity, visible near

the wing via orange and green dye, and aft from the blue dye. A new, more intense TEV is generated as well, which

connects to the aft TV (blue, top view). Overall, vortex structures resembling those of the starting flow are formed by

the surge, although in the presence of the prior shed vorticity. This is in agreement with the time-resolved PIV and force

measurements of Mulleners et al.[39] on anA = 6 translating wing comparing a surge from rest with that after 30c

traveled, which showed that in both cases the flow features from the surge and the lift-force decay were similar. For

the swept configuration, all views show that the gust similarly produces a strong LEV inboard (red dye) with inboard

spanwise velocity, and a new, coherent TEV (blue dye). Moreover, a large, conical SEV is created early in the gust

motion (orange dye, top view), although the end view shows that by this time it has shed from the wing, likely due to the
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deceleration at the end of the gust, and connected inboard to the LEV (orange, green, and red, dye, top and aft views).

Again, these features are akin to those of the starting flow.

For the 18c actuation case, the aft TV flow proceeds farther inboard, which again is detrimental for lift, compared

to the swept case which maintains the initial tip geometry of the actuated wing (Fig. 11); recall that the goal for the

actuation here is to reduce the lift. Near the wing tip, the 18c-actuation flow is similar to that of the rectangular case.

The 20c-actuation flow exhibits some of the inboard wake motion of the 18c-actuation wing, but its progression is

limited due to the later tip-motion start. Locally to the wing, the 20c actuation flow also resembles that of the rectangular

case. The end view shows that the gust-generated inboard LEV (red and green dye) is in a similar position above

mid-chord for each case, indicating that the strong perturbation has the same effect inboard. It also indicates that the

gust-produced TEV (blue) is farther below the wing, more coherent, and slightly more aft for the swept case, which will

aid in lift generation. The TEV is somewhat closer to the wing for 20c-actuation, and nearest for the rectangular and

18c-actuation wings (Fig. 11).

Further after the gust motion, for 23.2c of wing travel, the flow of the actuation cases still does not fully resemble

that of the fixed rectangular wing, despite them having finally assumed that geometry (Fig. 12). This indicates that the

actuation effects persist through the surge. The differences are greater for the earlier 18c actuation versus 20c, because

further time is allowed for the flow produced by the panel motion to progress. The former has a larger aft TV (blue dye,

top view), generated during the gust, also compared to the fixed rectangular wing; whether this TV is stronger or weaker

than those of the other cases requires further information from e.g. PIV. Additionally, the inboard motion of the aft TV

flow of the 18c-actuaton case, formed prior to the gust, has advanced more than that of the 20c-actuation. The fixed

rectangular geometry also exhibits inboard motion of the aft TV flow. This is likely caused by induced flow from the TV,

which must also be a factor in the actuation cases. Considering again the 18c-actuation, the inboard travel of the aft TV

formed before the gust makes it bow-shaped (blue and green dye, top and aft views). It is likely stretched and enhanced

by the inboard flow from the panel actuation; this is less-pronounced for the 20c-actuation. For the swept case, two

blue-dyed TEVs are visible, oriented similar to the panel TE (top and aft views); the one farthest aft is produced by

the gust motion, the one closest to the wing forms afterward. Also, for this configuration a new SEV has started to be

reestablished (orange, top and aft views).

The gust-generated LEV in each case continues to exhibit strong inboard flow and be helical (red and orange dye,

top and aft views of Fig. 12). Considering the inboard LEV portion, for the 18c-actuation it has traveled as far aft as that

of the rectangular wing, whereas for the swept and 20c-actuation flows it is closer (top view). The aft view further
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shows that the inboard LEV for 18c-actuation is bowed into an arch. Overall, in terms of position above or below the

LE, this LEV is nearest to the LE location over much of its length, and farther inboard it is below the LE (aft view). For

the other cases, inboard of the tip region the LEV is lifted above the wing. Near the tip, the LEV for the rectangular,

18c-, and 20c-actuation cases is kept close to the wing despite shedding inboard (top and aft views), which bows the

LEV toward the tip. This is likely from downwash due to the strong TV produced at the tip edge of the rectangular

geometry, which in the top view is aligned with the wing motion. Conversely, although the swept case produces an SEV,

it is lifted off at this time, and moreover the swept tip has a pointed geometry. These lead to a less-coherent tip flow,

reducing the downwash effect, so that the LEV in the tip region is shifted farther aft and above the plate.

Later at 24.8c traveled (3.8c after the gust is initiated, Fig. 13), for the rectangular case the LEV that formed during

the gust has shed and started to dissipate (green and red dye, top view). For the swept case, the SEV is reestablished

(orange dye, all views), perhaps due to the shedding of the gust-surge LEV which might otherwise entrain some of its

vorticity, and the shed LEV is more coherent inboard. The 20c-actuation flow exhibits a shed LEV similar to that of the

swept case (red and orange dye, top and aft views), and shed TV-TEV behavior resembling the rectangular wing. The

aft-view movies for the 18c-actuation and rectangular cases show strong TV flows and downwash, which bend the LEV

toward the TE (in the aft-view sense) inboard of the tip, as mentioned earlier. This effect is much less pronounced for

the swept tip with its weaker TV flow, as well as for the 20c-actuation case. It is not clear from the movies how the shed

LEV interacts with the TV outboard. There are likely complex vortex connections and wrapping in this region, but with

the diffuse dye at this time and at the Re chosen, these features are difficult to discern and further study is needed.

IV. Concluding Remarks
This paper investigates the ability of a rotating, low-A and aft-swept tip panel, superimposed on a translating main

wing, to manage the outboard LEV and TV flow for both a starting flow and a superimposed 50% streamwise gust

occurring at 21 chords traveled. For the starting flow, the ultimate goal is a temporary boost in lift, whereas for the

gust case the aim is to reduce the lift increase from the streamwise surge. Scaled experiments at Reynolds number of

10,000 in a water towing tank are used, and the 3D flow structure is captured qualitatively from dye flow visualization

with three orthogonal camera views. For the starting-flow case, early panel actuation outward at 0.1 chords traveled

produces an SEV, makes the connected TV and TEV stretch to trace the arc of the panel movement, and slightly

displaces the tip-region attached LEV outboard while also causing it to grow larger, compared to the purely-rectangular
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wing. These phenomena should be beneficial for producing lift. For the fixed-sweep case, an SEV is also generated,

although it may not be as closely-attached versus the dynamic tip, and an outboard-shifted, larger LEV is also found. In

both the fixed-sweep and actuation-out configurations, the LEV near the swept edge entrains the SEV’s vorticity and

temporarily, but significantly, weakens it. Actuation-out later is less effective at changing the flow structures, since

this LEV interaction is stronger due to the larger LEV formed when the actuation starts. For the gust cases, inward

panel motion sheds the SEV and promotes LEV shedding similar to the rectangular-wing configuration. Moreover, it

causes the aft TV flow to travel inboard which will reduce lift. The actuation time must be early enough to modify the

flow prior to the occurrence of the gust. In the future, force measurements will be correlated to the flow behavior to

quantitatively compare the performance of each case.
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