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Abstract

This study aims to the utilization of vortex stures generated through wing flapping for achiedngtainable
flight, and the motivation is elicited by the phemenon observed in natural flyers. The vortex stmes in the flow
field generated by a flapping rigid wing are captursing vorticity and the LAMDA2 criterion. Theusdly
investigates a comparative analysis between a Wity with and without a winglet. Moreover, the irdhce of
flapping frequency is examined as well. For theegikpents, particle image velocimetry (PIV) measwata are
employed for the flow field around mechanical flayjgp motion in a quiescent water condition. The fiag
mechanism has one-degree freedom, showing a Io3rrahotion, and tested wings at 1.5 and 2.0 HanAdified”
vortex filamentation and fragmentation phenomermsgmroposed as a significant finding in the presaundy, based

on a comprehensive analysis of the flow field acbthre wing with a winglet.
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1. Introduction

Birds like hawks have feathers at the wingtip, ahéce called winglets. These winglets are beindiegmn commercial
aircraft to reduce power consumption. Therefore,dbployment of the wing with a winglet in mechahitapping motion
may result in a favorable effect of reducing powegruirements and would be useful in developing tarakcflying vehicles.
The pros and cons of using winglets were evaluaad,the non-planar configuration wings for fixethgvaircraft were
detailed in [1-8]. The concept of winglet in fixedng configuration was initiated by Whitcomb [1]&flechner et al. [2] in
the 1970s, and Goli et al. [9] initiated the studyvinglet in flapping wing configuration. In natirthe spreading of feathers
(winglets) both horizontally and vertically is umtbken by most birds to decrease induced drag gfrdbe reduction of
kinetic energy retained within the vortex sheetenfed in their wake [10]. The reduction of inducedgiwould lead to lower
power consumption in flight [5-6]. Hence, to deyeRapping wing vehicles with higher efficiency andnsequently lower

power requirements, the addition of winglets aseaplpges to the main wing may be beneficial.

To pursue an efficient flapping configuration desithe thorough examination of vortices encirclihg compromising
flapping wings emerges as of significance. Conceyrihe current investigation, the flow field gerietawas observed to
exhibit vortex structures, which were subsequertintrasted between configurations involving a rifjabping wing
accompanied by a winglet and configurations lackéngh winglets. The discernment of vortex structuses facilitated
through the application of vorticity and the LAMDA?2 criterion. The present study has been conducteiogting the one

degree of freedom (1-DOF) or 1-DOF flapping kinen®gtA similar degree of freedom flapping motionémnatics was also
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discussed in previous studies [11-15]. The devetymof miniature flapping vehicles could benefirfr the utilization of a
kinematics approach based on 1-DOF flapping mofitnis choice enables a better understanding otdimeplex unsteady
flow field surrounding the wing, which is responisilior generating the necessary forces to sudigin fIt has been noted by
Kato and Kamimura [16] that the flapping mechandnbutterflies, despite being a multi-body systean be regarded as

possessing 1-DOF.

Additionally, this mechanism proves advantageousraguires minimal linkages and cranks, simpiifyits construction
and reducing the total weight of the flying vehicléhe optimization of weight is consistently a dalconsideration in
practical flying vehicles [17-18]. Some of the natstudies providing future research prospectslmaissed as follows. In a
computational fluid dynamics study [19], the effeof incorporating winglets into flapping hydrof®iand their impact on
wave glider propulsive performance were investidateimulation results indicated the addition of glets reduced tip

vortices, improved propulsion efficiency, and enteththe thrust coefficient.

Another study [20] explored the discrete vortex glddVM) scheme through numerical simulations, éxing the
effectiveness of asymmetric flapping in generatifigFurthermore, it also examined the influendeving flexibility and the
addition of winglets, accentuating the importan€earying wing length during the upstroke for enbadh lift generation.
Additionally, a study involving a flapping wing mebwith two-jointed arms in a wind tunnel experirh2il] revealed the
influence of the flapping motion on vorticity comteation, vortex characteristics, and circulatidrwingtip vortices. These
vortices exhibited a wave-like trajectory and distive motion patterns, in contrast to fixed-wingrtices. Proper orthogonal
decomposition revealed the formation of vorticeotigh flapping motion and the contribution to theergy to suggest

potential applications in vortex control and draduction in aircraft wing design.

The justification for the current research is d&sad as follows. A typical phenomenon observedimal flight is the
presence of asymmetry angles in flapping strokég;wlead to an asymmetry in the forces needettamasatisfactory flight.
In this study, a 1-DOF flapping motion is deploy&hturing a 3:1 angular asymmetry between the uipgk stroke and the
lower half stroke. Natural flyers encounter mininshknges in wing aspect ratio during biologicaigiodue to sustaining
flight with minor changes in flapping frequency aasymmetric motion to retain high maneuverabilind aaerodynamic

efficiency.

Detailed study of flow features and their sendi§istd minor geometric and kinematic changes, albeita simplified
model, would enable one to better understand andaxlying animals when being compared with a manar natural flyer
species belonging to different age groups. Therabfiyers attest to the undisputable fact, i.ajpg the advantage of multiple
degrees of freedom flapping motion and possess wcarglex flexible wing planforms depending on thipet of species.
Therefore, they would fly much more effectively thany existing mechanical flyers through very éffit dynamic control

of their wings.

To the best of the authors knowledge, the condeptrglet in mechanical flapping motion has beetmdduced by Goli
et al. [9], while the flow phenomena around thédritapping wing without winglet as vortex filamexnion and fragmentation
has been proposed in Goli et al. [17, 22]. Thislgtextends this understanding by introducing ateelphenomenon, which
is termed “modified vortex filamentation and fragmegion.” This concept is developed by investiggtime impact of winglets

on the flapping motion of a rigid wing.

2. Experimental System

Currently, a 1-DOF flapping motion (Fig. 1(a)) witfour-bar mechanism configuration is deployed|, #ve dimensions
can be found in Goli et al. [11, 17]. The wingsigmsed of 1.5 mm thick Persffeacrylic, are manufactured in the form of

a flat plate. Fig. 1(b) schematically presents aghat. Table 1 presents the wing dimensions andadipeal characteristics.
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Fig. 1 Schematic view

Table 1 Wing specifications and operating cond&ion

Cast | Span (mm | Chord (mm | Thickness (mnr | AR | f (Hz) | Winglet attache (degree (degree
I-wW 4C 4C 1kt 1C| 1k yes 59.t -14.5

I 4C 4C 1kt 1C| 1k na 59.t -14.5
I-w 4C 4C 1t 1C| 2.C yes 59.t -14.5

I 4C 4C 1t 1C| 2.C na 59.t -14.5

In Fig. 2, the flapping mechanism was mounted tesastand and fully immersed in the water tankwhe free surface
of the water exposed to the atmosphere. The flaid witially maintained in a quiescent conditiolov field data along the
wingspan direction is collected through particleaga velocimetry (P1V) measurements by illuminating wing mid-chord.
The primary motivation for using water was to taldvantage of improved PIV imaging quality with arméilomogeneous

dispersion of seeding particles in water [17, 23].
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Fig. 2 Experimental setup [9, 22]

Furthermore, the experimental setup for the cuwasrk was designed to minimize interference from sidewalls of
the water tank or free surface sloshing effectshenflow around the flapping wing and its surroungd. Thus, the flapping

mechanism had to be fully immersed inside the wiatgs, which was equipped with the walls and fredages at sufficiently
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large distances to prevent perturbations from banngroximity effects (details are mentioned beloWhe incident and
reflected perturbations at the side walls and $xeace were analyzed over a large number of wapgpfng cycles using PIV

images and were found to be of negligible order.

The water was seeded with hollow glass particléls wimean diameter of 10 mm and a density of d @he percentage
of seeding particles was approximately (0 ml of water laden with particles mixed with6diters of clean water). The PIV
measurements were conducted after a continuousrditeruninterrupted wing flapping, enabling thexflto reach a periodic
state of unsteadiness, ensuring statisticallyastaty flow field data. Similar tests were reportedsoli et al. [17]. The tests
were carried out by illuminating the flow along thigan of the wing, with the laser sheet alignetthéomid-chord position of
the wing. Besides, the details were reported in &dall. [17]. At each discrete flapping anglé (three instantaneous velocity
vector fields were obtained, and the mean of tfiels was calculated to determine the phase-loekedage velocity vector

field. All flow field analysis was based on the eage velocity field.

The PIV system consisted of an Nd:YAG dual-pulseset with a maximum energy per pulse of 150 mJaeelength
of 1064 nm, a laser pulse rate of 14.5 Hz, anderlthickness of 1.5 mm. The double shutter CCDecarthat was used to
capture the images had a resolution of 1600 x pbéds at 32 fps. Meanwhile, TSI INSIGHT 36 software was employed
to process the captured images using a cross-atioretechnique with varying interrogation windoizes, 50% overlapping,

and time delays of 400 and 350 us between two fsdoreflapping frequencies of 1.5 and 2.0 Hz, resigely.

The Nyquist method was used for grid generatioriddig the input images into smaller spots for geging. A Gaussian
spot masking algorithm was deployed to conditiom $pots. fast Fourier transform (FFT)-based caicglZunctions and
Gaussian peak equations were employed for comelatiapping and peak identification, respectivelye Tollected velocity
vectors were interpolated into grids of approxirha82 x 3.2 mmto produce one vector. Concerning the processades)
they yielded 12,938 vectors in the view of the flfigld for a 1600 x 1192 pixel resolution. The emtstudy was based on a

24 x 24 interrogation window. The rationale behtinid window size is explicated in Goli et al. [17].

The experiments were carried out in a water tanth e free surface of the water exposed to theogpimere.
Insignificant wave motion was observed at the fnedace, and negligible effects on the side wdlkhe tank were recorded
through PIV measurements when the flapping mechawias in operation. Thus, boundary effects didsimptificantly impact
the flow features around the wing. It's noteworthgt the lateral Perspex walls were situated astamte of 22.5 times the
wing span, and the free surface of the water weastéal at a distance of 19.75 times the wing sphe.wlingtip peak-to-peak

displacement was measured at 108.54 mm, calcubaisetl on the achieved flapping amplitudes.

A similar ratio of peak-to-peak displacement wiik tvater tank was mentioned in Ozen and Rockw4]l [2ncertainties
related to the fabrication and the flapping mectimnivere referred to in Goli et al. [17]. In the Fiages, the laser light
reflection from the wing section, which affectea timtensity in its proximity, was suitably adjustedmatch the average
background intensity using a Gaussian Kernel filkdter processing the data, spurious vectors atteolfor less than 4% of
the data from the TSI Insight 3G software, andllogadians with a 3 x 3 neighborhood size were tseéplace them through

interpolation.

3. Results and Discussion

In Section 3.1, the examination of vortex structui@ Case I-W and Case | emphasizes significamindtions between
a wing with and without a winglet, at the frequerayl.5 Hz. Section 3.2 presents a thorough ingattin, providing
comprehensive details of flow field behavior at tdistinct frequencies (1.5 and 2.0 Hz). This exatiom focuses on the
comparison of velocity fields and vorticity with criterion to reveal the similarities and dissimiigs in the flow

characteristics.
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3.1. Comparison of vortex structures for wingwand without a winglet at f =1.5 HZase |-W and Casg |

The vorticity and LAMDAZ2 ( ) distribution for Case I-W (with a winglet) and €&al (without a winglet) at flapping
frequencyf = 1.5 Hz are depicted in Figs. 3 and 4, whileuvbaicity and criterion are superimposed to capture the vortex

structures.
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Fig. 3 Evolution of vortex structures during thenshstroke of the flapping cycle for Case I-
W andCase | af =1.5 Hz(vorticity- line contour anc  criterion- flood contour
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In the present section, the formation of wingtiptices, counter-signed vortices due to residual flBACW, FACCW), and
bound vortex has been observed. The comparisoheoving with a winglet and without a winglet hasebealiscussed to

understand the effect of a winglet attached toatimg.

A weak generation of wing-tip vortex (WTV1), chaterized by a CCW nature, is observed close to tinglet during
the initiation of the downstroke at= 58.50° (Fig. 3(a)). In the absence of wingletslistinct WTV1 is observed near the
wingtip. The bound vortices of both CCW and CW typan be observed on both the lower and uppercasfaf the wing in
both scenarios. The lower surface bound vortextatehnoticeably greater strength compared to theeugurface bound
vortex. A CW vortex is observed to the right of thimgtip, at approximately one unit span distarmetlie winglet case and
about two unit span distances for the case withnglets. This CW vortex has a lower magnitude tWanv1 in both cases.
Henceforth it is referred to as the “far away CWter (FACW).”

Subsequently, the orientation of the FACW is ne&dyizontal in the presence of winglets, while lire tabsence of
winglets, it is approximately 20° below the horitalinSimultaneously, vortices are also evidenhatwing root, whereas they
are not particularly strong. As the wing movesjramrease in size is observed in the WTV1, whilecardase in strength is
observed. The lower surface of the wing witneskesstretching out of the bound vortex towards timegwvtip, resulting in a
loss of strength, yet keeps feeding the WTV1. Lilsewthe FACW vortex located to the right of theagvtip experiences an

increase in size but a decrease in strength.

At =55.50°, =53.50° (Fig. 3(b)-(c)), merging of the CCW bowmattex with the WTV1 enables it to augment in
size and strength. For the winglet case, somegialTV1 is found to have crossed the winglet. Ferthore, it is visible
above the wing and close to the wingtip. Concertiirggcase without a winglet, the WTV1 is found &vé grown in size and
strength. CCW-bound vortex has moved towards timgtig for both cases. For the winglet case, ibisd to be distributed
from mid-span to tip, while for the without wingledse, it is found to be distributed fully from téo tip. FACW moves along

the vertical direction for both cases.

As the wing reaches = 47.50° (Fig. 3(d)), CCW bound vortex moves te tingtip and feeds WTV1 which grows in
size. For the winglet case, WTV1 is mostly outdltewing and located beside the winglet. It wasoked from the beginning
of the downstroke, that such phenomenon can bbuwt#d to two reasons, i.e., the winglet acts tenae, and only a limited
portion of WTV1 rolls over the tip of the winglai teach the upper surface of the wing. For witheinjglet case, WTV1 is
observed to be deviating from the wingtip and appaabe getting detached from the wing. Meanwliie, CW-bound vortex
above the wing is found to have grown in size aasltearly covered the full span of the wing in ketkes. FACW is found
to be moving in a nearly vertical direction for batases. Regarding the winglet case, it seem3nfiatl and FACW are

close to each other and have strong interactioueitleeless, FACW breaks into fragments in the gadeut a winglet.

From =47.50°to =41.50° (Figs. 3(d)-(f)), the WTV1 grows like allmon in both the cases. For the winglet case,
as observed from the beginning of the stroke, WiBMticated on the outer side of the winglet. With@winglet case, it rolls
over the upper side of the wing. In both cases, @@dhd vortex is observed only at the wingtip, whhe counterpart CW-
bound vortex is fully developed and covers the witgn root to tip. FACW for the winglet case is nélae WTV1. In the

case of an absent winglet, it fragments further.

When the wing reaches = 22.50°(Figs. 3(f)-(h)), WTV1 and CCW bound vortex struetsi grow in size. These
structures are nearly identical for both cases.drtg difference is that the FACW still exists metperiphery of the winglet.

Conversely, as observed from the beginning of twergtroke, it greatly deviates from the wingtip whke winglet is absent.

As the wing reaches = 01.50°(Fig. 3(i)), merely a negligible difference is obaed between the two cases in the
formation and appearance of vortex structures @xbepveak and small vortices formed in the faldfia the case of without

winglet. The WTV1 grows like a vortex sheet alohg tocus of the wingtip. In this phase angle ratigee dominant structures
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are this vortex sheet and CW bound vortex, ancethes features keep growinig. both cases, from = 01.50° to the end of
the stroke =-14.50° (Figs. 3(i)-(k)), the vortex sheet and/ Gound vortex keep growing in size, and it obsernat vortex
sheet tends to move out from the wing circumfereagéhe wing reaches the end of the stroke dueetintlination caused

by the wing sweeping to negativevalues.
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Fig. 4 Evolution of vortex structures during thestripke of a flapping cycle for Case I-W and

Case | at =1.5 Hz (vorticity- line contour and criterion- flood contourfcontinued)
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(i) Case I-W and Case | at= 46.50°

(j) Case I-W and Case | at=57.50°
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Fig. 4 Evolution of vortex structures during thestripke of a flapping cycle for Case I-W and
Case | af =1.5 Hz (vorticity- line contour and criterion- flood contourfcontinued)

Given the results from Fig. 4 at the beginning p$twoke =-13.50° (Fig. 4(a)), CW wingtip vortex WTV2 foation
is observed in both cases. A Bound vortex of CWiresis visible in both cases formed predominantiyte upper surface of
the wing covering approximately three-fourth of thimgspan. Residual CCW vortices (FACCW) emerge abeet in the
neighborhood of WTV2. The bound CCW vortex stastgtow on the upper surface of the wing near thegwbot. The
WTV2 for winglet case has higher strength in corgmar with without winglet case.

At =-04.50° (Fig. 4(b)), the WTV2 grows in size iotbh the cases. For winglet case, is bigger thanwithout the
winglet case. FACCW vortices are found to be mowvillogvn and away from the wing and oriented in a lgeamrizontal

direction. Bound vortex grows on the lower surfatéhe wing in either case.

When the wing reaches = 03.50° (Figs. 4(c)-(d)), the WTV2 grows in s is found to be losing its strength. FACCW
vortices of opposite signs are found beside it.tRewinglet case, WTV2 is found to be lying closethe wing. Bound vortex
grows in size for either case. As the wing move3\M& grows and spreads like a sheet in either cas FACCW vortices

still exist and interact with it. Bound vortex grsuo occupy the full span of the wing.
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At = 21.50° (Figs. 4(e)-(g)), WTV2 grows and breakt ismaller fragments due to a strong interactidth the
opposite signed residual vortices FACCW and thessgbent movement deviating from the wing for bbth ¢ases. For the
winglet case, WTV2 is more robust than withoutwheglet case. The bound vortex located on the lsueface of the wing

continues to gain strength.

As the wing moves to = 27.50° (Fig. 4(h)), fragmented vortices movetfar away from the wingrrom = 27.50° to
the end of the stoke = 59.50° (Figs. 4(h)-(k)), a major portion of WT\d&integrates and continues to move in the upward
direction. These fragmented vortices remain clogbé wingtip approximately at a distance of upars for the winglet case.
Without a winglet case, the scattered vortex stmast break further and continue to move upwarddiantider away from the
wingtip. They are visible nearly at a distancevad times the wingspan. It is noteworthy that theseices appear as FACW
in the subsequent downstroke. In both cases, thadwortex grows stronger and appears to be a dgornifow structure

surrounding the wing.

3.2. Comparison of flow field behavior

When comparing between Case I-W and Case II-W withdnglet [9] based on velocity field and vorticitvith
criterion, the flow features are found to be predwntly similar. The dissimilarities are observadhe added mass, effective
velocities, and vorticity magnitudes found to bghgr in higher frequency cases. When comparinghg with a winglet to a

wing without a winglet, the major dissimilaritiearcbe observed as follows.

(1) In the winglet cases, the formation of the wiipgortex is not evident at the beginning of trevastroke. However, a
stable shear layer is formed from the tip of thaglét. The evolution of the wingtip vortex durirfietdownstroke and

upstroke differs between the presence and absérceiaglet.

(2) The winglet case exhibits lesser added masgaced to the case without a winglet owing to entrant reduction carried
out by the shear layer originating from the tipteé winglet during the downstroke and from the wimgorner, thereby

impeding the growth of the added mass.

(3) In the winglet case, the formation of the residvortex structure (FACW) occurs near the wingéipa radial distance
approximately equal to the unit span level. In castt in the absence of the winglet, the residoetkex structure is located
at a radial distance twice the span, with an amgudigntation of approximately 20 degrees downwaedative to the

level of the wingtip.

(a) Case I-W and Case | at= 58.50°

Fig. 5 Comparison of the velocity field at the begng of the downstroke
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(b) Case II-W and Case Il at= 58.50°

Fig. 5 Comparison of the velocity field at the beding of the downstrokéontinued)

The comparison of the wing with a winglet and thiegwvithout a winglet at the beginning of the dowaoke and
upstroke is shown in Figs. 5 to 8. The velocitydfiis depicted in Figs. 5 and 6, while Figs. 7 8ytesent the vorticity with
the criterion. It is evident from the figures that twenglet functions as a fence or a one-sided spljitate. The flow field

in its immediate neighborhood is significantly irfhced by the winglet, and it also affects the @ah of the overall flow

field structures during wing flapping.

(a) Case I-W and Case | at=-13.50°

(b) Case II-W and Case Il at=-13.50°

Fig. 6 Comparison of the velocity field at the begng of the upstroke
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(a) Case I-W and Case | at= 58.50°

(b) Case II-W and Case Il at= 58.50°

Fig. 7 Comparison of vorticity with criterion at the beginning of the downstroke

(a) Case I-W and Case | at= -13.50°

(b) Case II-W and Case Il at=-13.50°

Fig. 8 Comparison of vorticity with criterion at the beginning of the upstroke
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To achieve brevity, the detailed figures correspogdo Cases II-W and Il are not included herdio.provide a generic
representation of the flow features during the detwake and upstroke, schematic diagrams are pestémt~igs. 9 and 10,

which illustrate the cases with a winglet and witha winglet, respectively.

(a) Downstroke (b) Upstroke

Fig. 9 Schematic of vortex structures during dowaist and upstroke in the flapping cycle:
wing with a winglet Case I-W and Case II-W

*Red and black color indicates clockwise and counteckwise directions, respectively.

(a) Downstroke (b) Upstroke

Fig. 10 Schematic of vortex structures during davake and upstroke in the flapping cycle:
wing without a winglet Case | and Case Il

*Red and black color indicates clockwise and counteckwise directions, respectively.

Vortex filamentation and fragmentation have beqroreed during the downstroke and upstroke, respagtibased on
the observed flow field features in Goli et al. [P2]. A “modified” vortex filamentation and fragmiation are observed

during the downstroke and upstroke, respectivalyhe winglet study conducted at two frequenciess@s I-W and 1I-W).
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The term “modified” is used to highlight the disdn formation of the wingtip vortex in the earlan of the strokes and the
presence of a strong shear layer originating fteentinglet or wingtip. The remaining flow featutbat define the phenomena

remain consistent when the winglet is present.

4. Conclusions

A corollary has been proposed as “modified” voffimentation and fragmentation phenomena duringrdiroke and
upstroke respectively for a rigid flapping wing lwié winglet based on the hypothesis reported in &dall. [17, 22] for the
study without a winglet. The wing formation andwth of added mass the suction side were found frdfieundly influenced
by the presence or absence of a winglet. The suigioreated by the movement of the wing, whilewfirgglet functions as a
fence or barrier for the nearby flow. Regardingwheglet, a strong wingtip flow is generated by theidual flow during the

downstroke, which energizes a shear layer formeidestip of the winglet.

This shear layer reduces entrainment and consdyguehibits the growth of the added mass. Conversébncerning
the absence of a winglet, the residual flow upassing the wingtip tends to move further away fiigrallowing significant
entrainment and growth of the added mass as itawixéh the neighboring flow along the wingtip’s patherefore, a strong
interaction of the residual flow reduces the adaeds in the winglet case, while a weak interactioimances the added mass
when the winglet is absent. Similar behavior isestasd during the upstroke, resulting in reducedttion of added mass in
the winglet case.

Practical applications can be derived from theltesi the current work with an expected generatiban upward force
through the proposed corollary. Consequently, theyss findings can be deployed in the design dfieles for missions that
primarily necessitate upward movement. The fut@search scope encompasses the assessment of pederthrough
force/moment measurements, power requirementsugamf comprehensive parametric investigatioms| tne conduct of
airborne tests. Moreover, with a specific emphasishe tracing of the evolutionary cycle of certaortex forms, valuable
insights may be gained from further investigatidrihee unsteady flow field surrounding a flappingngi performing CFD
simulations and POD techniques.
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