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From Oscillating Flat Plate to Maneuvering Bat Flighti Role of Kinematics,

Aerodynamics, and Inertia
Aevelina Rahman
ABSTRACT

With theaim to understand tteynergistic roles played lynematics, aerodynamicsnd inertia in flapping

wing maneuves, this thesidirst investigateshe plungingnotionof a simple flat plate as it is a fundamental
motion in the kinematics of manyying animals. A wide range of frequenc(and amplitude™Q is
investigated to account for a robust kinematic characterization in the form of plunge v&rityeading

Edge Vortices (LEVSs) are found to be responsible for producing thrust whils@rEdge Vortices (TEVS)
producedrag. The vortex dynamics becomes nonlinear Higher kh and three main vortexortex
interactions (VVI) are identified in the flofield. To estimate the sole effect of LEVs on thrust coefficient,
TEVs areeliminated by introducing a splitter plate. This resulted in reducedimearity in VVI and
facilitated a parametrization of aerodynamic thrust coefficient with key kinematic features, frequency

(k) and amplitude) [0 68Q8"Q 6 whereA andB areconstants].

This is followed byinvestigating thenore directproblem of bieinspired MAV research the interplay of
kinematics, aerodynamicand inertia on maneuvering bat flightst. first, an ascending right turn ofta

pratti bat isinvestigated to elucidate on the kinematic features and aerodynamic mechanisms used to
effectuate the maneuvddeceleration in flight speed, an increase in flapping frequency, shortening of the
upstroke, and thrust generation at the end of the upstrakesesved during this maneuver. The tign
initiated by the synergsytic implementation of roll and yaw rotation where the turning moments are
generated by drawing the inside wing closer to the body, by introducing phase lags in force generation
betweenlie two wings and by redirecting force production to the outer part of the wing outside of the turn.
Upon comparison with a similar maneuver liy.aarmigerbat, someommonalities as well as differences

were observedrhis analysis was followed bycmmparative study among different maneuvering flights (a
straight flight, two ascending right turrend a Uturn) in order to establisihe complete motion dynamics

of a maneuver in actiohe individual effects of aerodgmics and wing inertia for maneuvering flights

of aH. armigerandH. pratti areinvestigated. It is found th&br both translation and rotation the overall
trajectory trend is mostly driven by the aerodynafoices and momentahereas inertial effestdrive the
intricate intracycle fluctuations as well as the vertical velocity and altitude gain during ascent.
Additionally, inertial moments play a dominant role for effecting yaw rotations where the importance of
the Coriolis and centrifugal momentrease with increasing acuteness of the maneuver, with the largest

effect of centrifugal moments being evidenced in thieita.



From Oscillating Flat Plate to Maneuvering Bat Flighti Role of Kinematics,

Aerodynamics, and Inertia
Aevelina Rahman
GENERAL AUDIENCE ABSTRACT

The study of flapping wings of paramount interest in the field of small aerial and aquatic vehicle
propulsion.The intricate mechanisms acting behindapping wing maneuveran be explainedly the
synergistic roles played 8/main components; details of the wing motion orkimematics how the air
reacts to the wing motion or tlaerodynamics, anithe effort or force required to move thengs or wing
inertia. Thisdissertation systematically reports the contribution of these compdoeatitapping flight
maneuver. At firstthe plunging motion of a simple flat plaginvestigateds it is a fundaental motion

in the flapping flight ofmany flying animalsA wide range of frequency and amplitude is investigatedi

their effectis characterizethy a single parameter calleip | u n g e lviefbuodcthatithg tesultant
flow field becomedlisordely for higher plunge velocities which can be characterized by three different
types ofvortex interactionsTheobserved result&cilitated arobustparametrization of aerodynamic thrust

productionwith key kinematic features, frequenagd amplitude.

After this, the dissertation focuses on thie-inspiration aspect ofiapping flight by investigatingthe
interplay ofkinematics, aerodynamics, and inedfamaneuvering bat flightsAt first, an ascending right
turn of one species K. pratti) is investigated to elucidate on the kinematic features and aerodynamic
mechanisms used to effectuate the mane®ammne characteristic features observed dogvering offlight
speedincrease in flaping rate shortening otipstroks, and generatioaf a forward forcet the end of the
upstrokelt is observed, thahebat turns by usingynergisticbodyrotatiors in multiple directions which

are effectedby varioustechniques such asdrawing thewing inside the turncloser to the bodyand
changing the timing and location of the forces produced between the two Wpagscomparison with a
similar maneuver by &l. armigerbat, somecommonalities as well as differences were obsemétie
maneuver mechanismshis analysis was followed bycmparative study among different maneuvering
flights (a straight flight, two ascending right turns, and-aitt) to establish the complete motion dynamics
of a maneuvelThe individualcontributiors of aerodynamics and wing inertia for maneuvering flights of a
H. armigerand H. pratti are investigated. It is found that for both, translation and rotation the overall
trajectory is mostlyinfluencedby the aerodynamic forces and moments, whereas dhefffiectsare
responsibldor trajectoryfluctuationsduring a flapping cyclas wellcontributing toaltitude gain during

ascenfor theH. armigerbat.
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Chapter 1: Introduction

Unmanned vehicle research is rapidly gaining interest with its increasing prospect in pervasive air
and waterapplications like environmental monitoring, homeland security, military purposes,
seabed oil and gas explorations, scientific deep ocean surveys and ecological studies. Low
Reynolds numbefY Qs a prominent feature aficro-air vehicles MAV ) flight, which gives rise

to unfavorable aerodynamic conditions to support controlled flight. Fwied airfoll
performance deteriorates significantly as lower lift coefficient results in lower loading capability
while higher drag coefficient results in high powgsut. However, numerous flyers in nature like
small birds and insects overcome the deteriorating aerodynamic performance under steady flow
conditions at lowY ‘@nd retain efficient performance and maneuverability by employing unsteady
mechanisms via ff@ing and flexible wings.Therefore bio-inspiration is a fundaental
propulsion option for MA\ and a number of studies are foundhe literature featuring design

and construction of various bmimetic devices.

Most biological propulsorgbirds, bats, insects, fishes etc.) use the flapping motion to generate
both thrust and lift. Thugynderstanding the unsteady aerodynamic forces associated with this
motion is crucialWhile pitchingplunging airfoils have been studied extensively inliieeature

in an effort to unfold working mechanisms of flapping flight, there are relatively fewer studies on
pure plunging motiorPure acillation or plungingis one of the principal motions which comprise
the kinematics used by many flying and swimmimiganism for locomotionThe complex
phenomena of animal propulsion cargffectively expressebly oscillatory motion of a thin plate

or an airfoil like appendage. Thydunging bodies have been studied in the literature in relation
to low Reynolds numberRg flapping flight with a viewto shed light on the unsteady flow

phenomenaof flapping flight Researchers havexamined various kinematic parameters



influencing theunsteady aerodynamiesd identified reduced frequency§Eq. 1)and plunge

amplitude('MEq. 2)astwo of the mostmportant parameteffsr thrust generation.

ko) 10 1
v (1)
Q = (2

where,"Q  Frequency of oscillation@q, Y  Freestream velocity €), ¢  Amplitude

(Half-cycle) of oscillation¢ ) andd5  Chord length ).

A key factor in almost all previous researtdgarding plunging motion is thathe plunge
amplitude Q Eq. 2)studied wasn a significantly smaller working range which is apable for

insect like flyers but fails to cover bird, bat, or fish like propulsdossuccessfully analyze these
unexplored regions and aid in the development of associated instrumentation, a predictive guide is
extremely helpful to decide upan optimum kinematic combination i.evhat combination of
frequency and amplitude shall result in targeted force parameters like thrust coeffisigme.
literature is not very abundant on the effect of pure plunge motion of a flat plate at a very low
Reynolds numbe(less than 13), the initial aim ofthis researclis to unfold the aerodynamic

mechanisms behind thrust production and parameterize it withkkeematic variables of
plunging

After completion of the elemental project warying the kinematicsf a plunging flat plateand

its effect on th@erodynamicgheresearch switched gears to a more direct problem ehbpred

MAYV researchAs Micro Air Vehicles (MAVS) have the potential to revolutionize our capabilities

of sensing and collecting information, this technology is leading to smaller and more malleuvera
unmanned platforms expanding the envelope of operations into more challenging and complicated

environmentsThe second and finglartof thisthesiswill discussaresearch problemwith a view
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to unfoldsomefundamental techniques applicabbeefficient maneuver of MAVS. It is done by a
rigorous investigation of thkinematics,aerodynamicsand inertiaof a maneuvering bat flight.
Among the numerous flying species of nature, bats exhibit excalydity atmaneuvering. Their
elevatedagility can belinked to their highly articulated skeletal structures and pliant wing
membrane that provides flexibility and control over aerodynamic force genertieyare very
agile in air which isone of the mosimportantsurvival element formost flying speciesas itis
critical for capturing prey or avoiding predatosfferent species of bats adapt maneuverability
for differing motivations; either to prey on flying insects or to navigate through winding cave
passages or dense foredtsis natural maneverability allows bats to initiate a turma very short
period of time to execute a turn withintaght radius or to ralirect its trajectorypracticallywithin

a wing beatycle Although these flight traits are consequendiatl highly desirablento d &y 6
micro air vehicles (MAVs), the majority of the bioinspired MAV research has been stuaikdsg
and insects extensively. Equivalent studies for bat flights compared to insecsarcenainly
because of the challenges associated gafhturingthe complex wing articulation during flight.
However, with recent advances in motion capturing technolmatg provide a compelling model

for highly maneuverabI®AV designs.

The research in this thegisns toestablish robust explanations and highlight recurring techniques
that bats use to perform a certain maneu@embined kinematic and aerodynamic studies on
maneuvering bat flights are scarce in the literature and provide a much needed gateway for a deeper
characterization of the relationship between wing motions and the ensuing aerodylmamas.

of the previous studiesvith detailed aerodynamicgnay that be of a straight flight or a
maneuvering one, bats from a fixed species are usually used givigglasispecidogical

inference to the kinematic and aerodynamic reslitsearch of robust maneuvering techniques



indifferent to specieshest udy f ocuses on a right asdending
pratti) and compares the kinematic andoaignamic features with a previous stusfythe same
maneuvelby a different species of bat(armiger. Being individual living animals, bats might

exhibit certain individual flight traits to effect a certain maneuver. Comparing two similar
maneuvering fghts coming from two morphologically comparable but different speaxfiémts

allowsfor identifying theseindividual traits from theyeneral features.

After establishingan understanding of the maneuver mechanics of two diffdsatsépecies by
relating the wing kinematics to the resulting aerodynarthesesearch focuses developing the
complete motion dynamics of maneuvering bats by includingmMhg inertial effects.As bat

wings entailconsiderable mass 28-30% of the total) and undergo dramatic accelerations while
effectuating complex maneuvers, the inertial forces resulting from the wing deformations are
deemed to be substantial. Thtiege measured wing kinematissutilized along with the detailed
mass distribution to account for the inertial consequences in the complete motion dynamics.
Finally, the ultimate goal dhis researclecan be stated ato investigate thesynergisticeffects of

the wing kinematics,the resultingaerodynamicsand inertial consequences on the complete

motion dynamics active iflapping maneuvers

1. LIST OF PUBLICATIONS

The publications that came out from this research are listed below

1 Rahman, A., Tafti, DK. Therole of vortexvortex interactions in thrust production for a
plunging flat platePublished in thdournal of Fluids and Structurdsyl. 96, July 2020
1 Rahman, A., Tafti, DK. Characterization of heat transfer enhancement for an

oscillating flat platefin. Published in the International Journal of Heat and Mass



Transfer, Vol. 147, Feb. 2020 [Used for taking MS degree along the way, hence not
included in this report]

1 Rahman, A., Tafti, DK. Effect of Leading Edge Vortices (LEVSs) on Thrust Coefficient of
a Plunging Flat PlatePublished in théroceedings of the ASME 2020 Fluids
Engineering Division Summer Meeting, July-18, 2020

1 Rahman, A., Tafti, D. KTurningAscending Flight of a H. pratti BaManuscript
submitted to Royal Society Open Science, Nov. 2021.

1 Rahman, A., Tafti, D. KEffect of Wing Inertia and Aerodynamics on Maneuvering Bat

Flights. Manuscript awaiting journal submission

2. BRIEF DESCRIPTION OF FOLLOWING CHAPTERS

Thefollowing chapters ofhe thesisre organized as follows

Chapter 2studies the unsteady vortex dynamics quee plunge motioras itis a fundamental
component of the complex flapping phenomena observed in efficient biological flyers. Applying
the moton on a flat plate is beneficial in understanding the fundamental effects and explaining the
basic phenomena regarding the motion itseffis paper addresses the limitation of mpast
investigationswhich only studieda limited range of plunge velocieand plunge amplitudes.
Although a number of previous studigsentiored optimum frequency range faefficiency
maximization they did not relate the vortex dynamics with thrust generation. Thus, to have a
comprehensive and robust understanding of the factors governing thrust generation from a
plunging body, the current studyalyzes lunging flat plate at a low Reynolds nhar (Y G-

100). The study covers a broaange of reduced frequenciegs 210136 and plunge am



0. 0 3 1hD5 8 gve a plunge velocitiy range 6f. 2 kh OQ Zhe study investigates thrust
generation and its dependence on reduced frequefkyar{d plunge amplitude™ and
characterizethe dynamics of plunge induced vorticity by identifying three major mechanisms of
vortexvortex interactionslt is shown that, in generdEVs have a positive impact on thrust
production.Moreover,the detrimental dynamics of plunge induced vostertex interactions
involving TEVsat high amplitude and frequencyidentified.Finally, a detailed analysis of the

wake is providedh relationwith different plunge attributes.

Chapter 3addresses thgapin theliterature of studies focused on separating the effect of Trailing
Edge Vortices (TEVs) and Leading Edyertices (LEVS). Some previous studies identified
reduced frequencyk) to be the primary factor governing the vortex topology while others
mentioned a combined frequency amplitude parameter called plunge vekbgity be the main
driver. However, none of those studies explained the synergy between the two key parameters (
andh) and directly related the vortex dynamics with thdinis paperinvestigates taindividual

effect of LEVs and TEVs on thrust productiomthe sameange of reduced frequencies 26 O
016 and plunge ahpI8i tawd2eTahimstigat the wle éfect of LEVS

on thrust production, TEVs are eliminated through numerical experiments. It is shown that in the
absence of TEVshe vortexvortex interactions detrimental to thrust production diminishes. Thus,
thrust increases monotonicallgcilitating arepresentativgparametrization of thrust coefficient

with plunging frequencykj and amplitudeH). This alscestablisiesa novel mechanism for thrust

enhancement over a range of scales.



Chapter 4 investigates the kinematics and aerodynamics of a maneuvering bat with a view to
establish the generic and specific traits associated with a turning ascending flegbtlalvebeen

a number of bat flight researches that focused on different aspects of straight flight such as wing
and bone structure, flight efficiency and performance, complexity in wing kinematics
aerodynamics and so on. While these studies have pdovetfeendous insight into wing structure

and articulation, study of maneuvering flight requires additional focus on supplementary elements
in wing articulation and aerodynamic force generation during flight time. Thus, the inherent
challenges in studyinghé intricate features and techniqgues of maneuvering bat flight
predominantly includes capturing the flight kinematics and aerodynamics in detail and
interconnecting themrl he arrent study tackles the above mentioned challenge by using measured
wing kinematic data via a 3D motion capture system as input boundary conditions to run detailed
aerodynamic simulation&n elementary interest of this paper is to establish robust explanations
and highlight certain techniques that bats use to perform a certairuvean#t is done by
comparing two similar maneuvering flights coming from two morphologically comparable but
different species of bats afatusing on differentiating the traits that are general to bat flight and

the ones that are specific to the individbats.

Chapter 5 aims to investigate the complete motion dynamics encompassing both translation and
rotation associated with maneuvering bat flights by considering the kinematic, aerodynamic and
inertial consequence®f primary interest is to identify the indddal roles of inertial versus
aerodynamic forces and moments in effecting bat flight trajectories. This is done by analyzing
multiple bat flights featuring a straighdescending flight path, two ascending right turns or

sweeping turns, and a 180-turn. The flights performed by two different but morphologically



similar bats coming from two different species, nankelarmigerandH. pratti provides effective

ground for detailed comparisons on the individual effects of flight aerodynamics and wing inertia.

Chapter 6provides the main concluding remarks tbie researchconducted in this thesiand
indicates scopfor future work A detailed literature review is included in the introductions of each
individual chapters (R 5) presented in alreaghublished (chapter 2 and 3) or awaiting publication

(chapter 4 and 5) paper format.



Chapter 2: The Role of Vortex-Vortex Interactions in Thrust Production for a Plunging

Flat plate

Aevelina Rahman
Danesh Tafti
Department oMechanical Engineering, Virginia Tech, Blacksburg, VA 24061.

ABSTRACT

Oscillating plunging motion is one of the fundamental motions which comprise the kinematics

used by many flying and swimming organism for locomotion. It is characterized by the frequency

and amplitude of oscillation. Past studies have investigated this motion fovelglasmall

amplitudes. In this paper we investigate reduced frequefcie 5O106 and pl unge am
0.03mMD580to0 give plunge v &lOo &4i taite sRer=almgi.n g tf ri
unlike previous investigations for small plungepditndes, thrust does not increase monotonically

with kh but reaches a maximum and then decreases reverting back to drag fovaiges. It is

shown that Leading Edge Vortices (LEVS) are responsible for the production of thrust whereas
Trailing Edge Votices (TEVS) induce drag on the plate. In the regime of increasing thrust with

kh, the LEVs and TEVs are not strong eneough t
vortex interactions are minimal. Atincreases to higher values, LEVs and TEVs gasize and

strength such that vortex induced velocities dominate the flow resulting in strong-vortex

interactions. Three main mechanisms of voitexrex interactions are identified, which either

result in LEVs induced away from the plate or TE)ésng induced near the plafihe net effect

of these interactions result in reducing the residence time of the LEVs near the plate and decreasing

thrust production. Finally, a detailed analysis of the wake is provided for the plunging plate. The

! Corresponding author: 213E Goodwin Hall, 635 Prices Fork Road, Blacksburg, VA 24061; Tel: +19%4®) 231
email: dtafti@exchange.vt.edu



inter-vortex distance in the wake is found to correlate directly with plunge amplitude and inversely
with frequency. On the other handyrtex strengths found to be a strong function of reduced

frequency(k) where the functional relationship is near linear fiffedent plunge velocitiegkh).

Keywords: Plunging flat plate, low Reynolds number, lirust coefficient, vortex dynamics

Declarations of interest:none

1. INTRODUCTION

Oscillating or plunging bodies have been extensively studigldeihterature in relation to low
Reynolds numberRg flapping flight.Low Regives rise to unfavorable aerodynamic conditions
for conventional fixed wing flighfl]. The coefficient of lift is significantly reduced witian
increase indrag resulting in lower load carrying capacity and higher power input. However,
numerous flyers in nature likemall birds and insects overcome the deteriorating aerodynamic
performance under steady flow conditions at [dQand retain efficient performance and
maneuverability by employing unsteady mechanisms via flapping their tiy&jS hus, studying

the aerodynamic features of biological flyers has been a useful guide f&etight research.

For biological flyes, the flapping frequency ranges from 10 to 600 Hz, and the wing length varies
from 0.3 to 600 mm yielding a Reynolds number in the order bfall@ [3]. Most biological
propulsorgbirds, bats, insects, fishes etc.) use the flapping motion to generatbrstrand lift.

The complex phenomena of animal propulsion can be significantly depicted by oscillatory motion
of a thin plate or an airfoil like appendadéwus study of plunging or oscillatory motion has been

done to understand the unsteady aerodyné&mies associated with flapping motion.
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Theoretical analyses and experimental studies show that oscillating airfoils generate thrust at
certain combinations of oscillation frequency and amplitude. Thrust producing capabilities of an
oscillating airfoil was first described in the literature in the early twentieth century. Kridller

and Betz[5] independently stated that an effective angle of attack is produced by the plunging
motion which results in a component of the normal forcéha forward direction. The first
experimental observation of this effect was done by KatzijtdyTheoretical explanations and
simple calculations f or Ka t[7. lredey, GareEl8rpowded t s wa
theoreticalformulas for the propelling (thrust) or drag force experienced by a plunging and

pitching airfoil in an ideal fluid.

In an effort to shed light on the unsteady flow phenomena, researchers have extstsiiety

the wake structure of an oscillating foil, the dynamic stall phenomena associated with the motion,
and the application of this motion in various forms of flowtoolrand practical implementations.

Katz and Weihgq9] exhibited the rollup of the wake of an oscillating airfoil in heaving motion.
They examined the parameters influencing the rollup and the frequency ranges for which such
instabilities occuredandidentified reduced frequenci®Eq. 1) to be an importat parameter for

thrust generation.

. 1 "Q('B
(!;)Z
N = 2
Q = (2)

where,

"Q Frequency of oscillatiori@g
Y  Freestream velocity-)
& Amplitude (Half-cycle)of oscillation € )

11



65 Chord lengthd )

While pitchingplunging airfoils have been studied extensively in the literdfiiel 6] there are
relatively fewer studies on pure plunging motidfoung and Lai [17] numerically studied a
plunging airfoil to show the effect of reduced frequency on thrust and propulsive paraftetgrs.
characterized the wake structures responsible for producing the aerodynamic forces from a
plunging airfoil for a wide range of reduced frequencies. Heathcote €18jl.presented
experimental results showing an increasing trend for thrust coefficient while a decreasing one for
propulsive efficiency with increasing reduced frequend@lsaver et al[19] experimentally
studied the effect of geometry on small amplitude plunging motion and showed that as oscillation
frequency increased, drag decreased due to the leadg® vortices shedding and convecting
over the suction surface of the airf@@0]. Freymuth[21], Lai and Platzef22] and Jones et al.

[23] have shown that the wakes of plunging airfoils can be characterized aprodaging,
neutral, or thrusproducing depending on plunge frequency and amplitude. Gopalkrisimaan

Tafti [24] used the same computational software as the current study to investigate the effect of
varying reduced frequencies on thrust coefficient and propulsive efficariRg=20,000Visbal

[25] investigatedhe unsteady flow field encountered by an airfoil plunging with prescribed angle
of attacks at a relatively broad'@ange p 1to @up ). The numerical study of a heaving airfoil

by MartinAlcantara et al[26] showed that the maximum thrust efficiency is reached for an

optimum combination of plunge frequency and amplitude.

A key factoris thatin almost all previougsesearch the plunge amplitud® Eqg. 2) was in a
significantly smalleworkingrange which is applicable for insect like flyers but fails to cover bird,

bat, or fish like propulsor&revious studies on pure plunge motion are tabulated categorically in

12



Table 1. Studies containing a plunge velocity and amplitude value comparable to the current study
are highlighted in boldAs evident from Table 1, the literature is not very abundant on the effect

of pure plunge motion of a flat plate at a very low Reynaldsber(less than 13).

Table 1: Chronological summary of previous studies with pure plunging motion

Author, Year  Paper title Stud Geometry 4 m |
y
type
Katz, J. & Behavior of vortex Comp Thin invisci  8.52, 0.019, 0.16
Weihs, D[9], wakes from oscillating . airfolil d 2.15, 0.076, 2,
(1978) airfoils. 0.65 0.259 0.16
3,
0.16
8
Freymuth, Propulsive  Vortical Exp. NACA 5200 2.7 0.2 0.54
PJ21], 1988 Signature of Plunging 0015

and Pitching Airfoils.
Jones, K. D., Experimental anc Exp. NACA 50000 15 - 0.04 - 0.3
Dohring, C. M. Computational + 0012 13.05 0.12 1.18
& Platzer, M. Investigation of the Comp 8
F[23], (1998) Knoller-Betz Effect
Tuncer, |., Lai, A computational study Comp NACA 30000 0.375 0.0 0.00

J. & Platzer, of flow entrainment . 0012 -5 0.03 4-
M.[11], (1998) over a Tandem 0.15
staionary/flapping combinati
airfoil combination in on
tandem.
Lai, J. C. S. & Jet Characteristicof a Exp. NACA 21000 2.97 0.0125 0.09
Platzer, M. plunging airfoil 0012 130 -0.6 4.65
F[22], (1999)
Lai, J. C. S. & Characteristics of « Exp. NACA No 0- 0.025- O-
Platzer, M. Plunging Airfoil at 0012 Free 1525 025 0.78
F.[27] Zero Freestrean stream 5
(2001) Velocity
Lai, J. C. S., Control of backward Exp. NACA 12700 0.491 0.04 - 0.03
Yue, J. & facing step flow using 0012 - 0.494 O
a flapping foll 1.964 0.97
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Platzer, M. Backward

F.[10], (2002) facingstep
Lewin, G. C. & Modelling thrust Comp Airfoll 500 1-5 0.0871 041
Haj-Hariri, H. generation ofatwo . 0.75 0.75

[28], (2003) dimensional heaving
airfoil in a viscous

flow
Young, J. & S. Oscillation Frequency Comp NACA 20000 2-8 0.0063 0.0%
Lai, J. C[17], and Amplitude Effects . 0012 -0.075 0.3
(2004) on the Wake of ¢

Plunging Airfoll.

Heathcote, S. Effect of spanwise Exp. NACA 10000, 0-7 0.175 O

Wang, Z. & flexibility on flapping 0012 20000, 1.22
Gursul, 1[18], wing propulsion. 30000 5
(2008)
Visbal, M. High-fidelity Comp SD7003 1000 3.93 0.05 0.19
R[25], (2009) simulation of . airfoll 60000 10 0.005 7
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Rojas, H26], mean angles of attack
(2015)
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Pure plunge motion is a fundamental component of the complex flapping phenomena observed in
efficient biological flyers. Applying the motion on a flat plate is beneficialnderstanding the
fundamental effects and explaining the basic phenomena regarding the motion itself. Additionally,

as summarized in Table 1, in past investigations of plunging motion only a limited range of plunge
velocities and plunge amplitudes haverbe@esestigated in the literature. Accordinglyewin et

al. [28] explainedthe vortex dynamicat variouscombinations of frequency and amplituide a

plunging airfoil at Re= 500. Although they mention thefficiency being optimum for specific

frequency, they did not relate the vortex dynamics with thrust generitameover, their study

too was only validor a narrow frequency and amplitude range and identiftedbe the primary

factor governing the vortex topology wikim being the secondary factor. On the other hand, Lai

and Platze[22] found (X0 be thedefining parameten thrust generation for a similar frequency

range but broaderamplitude range than Lewin et dlhus,to have a comprehensive and robust
understanding of the factbgoverning thrust generation from a plungiragip, the currentstudy
concentrates on the plunging motion of a flat plate at a low Reynolds nuMiser{00) The

study covers a broader rangerefiuced frequencies. 2660136 and pl unge ampl it
OhO 8 to give plunge v ekh®c.iFheiswdy inveatigages thrgst f r o m
generation and its dependence on reduced frequetikyar{d plunge amplitude™q. We
characterizethe dynamics of pinge induced vorticityat the plateby identifying three major
mechanisms of vortexortex interactionsFinally, a detailed analysis of the wake is provided for

the plunging plate where wake characterigfieBned byinter-vortex distance andortex strength

is parameterized with different plungétributes.
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2. GOVERNING EQUATIONS AND METHODOLOGY

Space mass and momentuoonservation laws together make up the governing equations for an
unsteady incompressible viscous flow in a moving grid coordinate system. The governing
eqguations are solved inad-dimensional framework with the assumption of constant properties.
Non-dimensionalization is done using aitable reference length scale and velositale. The
conservative noimensional form of the governing equations are written as follows:

Space ©Gnservation Law (SCL):

T

)
— | 16
o o O T ®)
Mass Conservation Law:
T— 16 T 4
- 4)
Momentum Conservation Law:
T 1 o 66 Lo 1 p106
o0 T o1 To Yole )

where

I = cell volume

0 = Cartesian velocity vector
0 = Grid Cartesian velocitgnd
N = Pressure.

For nondimensionalizatiothe reference length and velocstyalearetaken to be the chord length

(68) and inflow velocity Y respectively Time is nordimensionalized byTZ and forces
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by”*"Y 3. In this paper, the entries with asterisKsdepict dimensional valueShe Reynolds

z z

number is given by Q —,

where

Y  Inflow velocity ini j O

65 = Chord length ii = Chord area for 2D
"*  Fluid density inE I

'*  Kinematic viscosity inl j O

For this studyRe= 100.

An in-housebodyitted multi-blockincompressible NavieBtokesArbitrary Lagrangian Eulerian

(ALE) solver, GenIDLEST[29,30] is used for the solution of EQN& - 5). The grid movement

is decoupled from the implementation of fluid conservation lavtise solution algorithmAt the

start of a time step the nodes on the boundaries that are to move get displaced according to the
prescribednotion and theelocityboundary conditions afermulatedbased on that displacement.

This is followed by aezoning phaseluring which thanovement of the boundary is transmitted

to the interior of the domain tobtainthe volume grid motionThe boundary motion idirst
transmitted to thblock cornerdy a series of springs attached to block boundary e@igesorner
displacement of each blocktlsenused to get the new nodal distribution in each block edge, face,
and volumegrespectivelyby using a modifiedransfinite interpolationT(FI) procedure. The SCL
condition (Eaqp. 3) is satisfied to get the negrid metrics and the flux due to grid movemériie

mass and momentum conservation laws given by {E%). are advanced itime by using a

fractionatstep methodo complete the time step.

To discretize the governing equations (Egqn$) & conservative fiite-volume discretization is

used on a nostaggered orthogonal gridBoth the convection and diffusion terms in the
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momentum equation are discretized using a seooter central difference schen\elocities

and pressure are calculated and stored aitmputationatell centewith fluxesstoredatthecell
faces.Two steps are used to carry out time integration, a predictor step and a corrector step. In
the predictor step an intermediate velocity field is calculated while in the corrector step the
intermediatevelocity field is updated byolving a pressure equation asdtisfying discrete
continuity to obtain the velocity at the new time stdjbe corrector step is advanced in time by
using an implicit CrardNicolson scheme for the diffusion termraad an explicit secordrder
AdamsBashforth scheme for the convection terfpre-conditioned BICGSTAB method is used

to solve for theresulting linear system®r momentum and pressur€onvergence is achieved

when the L residual normsre less thaf x 10,

3. COMPUTATIONAL GEOMETRY AND PARAMETRIC RANGE

The two dimensional (2D) computational domain extends up to 30 chord lengths upstream and
130 chord lengths downstream of i plate ofunit chord length. Bothhe topand bottom
boundaries arlwcated at 30 chord lengths distance fromfldeplate. In effect, the domain is 160
times larger than the flat plate length in the stream wise direction and 60 times larger in the normal
direction to ascertain that the boundaries do not have any effettte flow generated by the
plunging plate. Theplunging plate is initially located ab Tbetweernn tand 1. In theory, the

plate has zero thickness as the boundary conditions are directly applied to the plate lodation of

TL A total of 2,173,600 coputational cells are used to discretize the domain. Figure 1 shows the
variation of the grid spacing with relative position in the domain. Thehgigdniform spacingn

the stream wise direction from 2 plate lengths upstream to 5 plate lengths downstrétaen

normal direction the uniformly spaced region starts from 1.8 plate lengths below the initial position

18



of the plate and extends up to 1.8 plate lengths above the plate. Also, the grid is finest in the region
surrounding the plate to accurately fgsathe vortices created by the plunging motion. Beyond

this uniformly spaced region, the grid is coarsened gradually to balance computationgthisost.

fine region oscillates with the plats a mweing grid method is implementeshsuring that the
vortices created in the vicinity of the plate are resolved with high precision. In the fine grid region
near the plate, the grid spacing is such that there are approximately 150 cells in one boundary layer
thickness approximated by the Blasius solution atTid.

Figure 2 showsthexv or t i city (¥) of a flow field contai
structures Q  p €CQ 1 . As shown in Figure 2, the vortex structures are contained well
within the domain and resides significantly far away fromradlfour boundariesThisascertains

that the boundary conditions do not influence the evolution of these vortex structures near the
plate. Also, when zoomed in very close to the platéif®et of Figure 2), sufficient number of

grid cells are present gach vortex core.
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Figure 1: Grid spacingn both stream wise and normaly{) direction. Inset shows uniform grid

spacing along the plate bothstream wiseandnormal direction.

Theupstream boundary of the domaih o Tuis set at ainit non-dimensional inlet velocity.
Outflow zero gradient conditions— 1% O are applied at the downstream
boundary @ p o mBoundaryconditions{— TiP% OM QU T are applied at the top and

bottom ydirectional boundaries of the domaie o 1T8Theoscillating flat platdas treated as

ano-slip, nopenetratiowall ® @ [+ 1 where® is thevelocity of the plate dafed

by the first derivation of Eq. 6 (mentioned after Figure 2).
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Figure 2: Instantaneous vorticity field{z o r t i c i khy 4. (nse)s shovathe extent of the

vortices generated by the plate relative to the size of the domain and to thetsezgraf spacing

The flat plateoscillatesin a pure plung motion which is governed by a sinusoidal equation (Eq.
6). Initially the plate is located at = 0 and the plunging motion starts with the plateving
upwards.

W & GOEG QY (6)
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where
& = position of the plate at any tini¢m)
= Initial position of the plate = 0 (m)
3 = Plunge amplitude (m)
"Q = Plunge frequency (Hz)
o =time (s)
The full extent of the grid line o m @ p o 1fversusonlt w  p) is being oscillated

with the plate in ordeto maintainorthogonality of the griéhroughout thglunge cycle.

Table 2: Summary of calculations and timeaveraging

k h Cycles
considered in
time avaraging

0251.0, 2.0, A4 9-16

05 0.5,2.10.,0,4. 9-16

1 0. d55, 1.9, 9-16

2 0. 1255 5b.,0 2 971 16

4 0.0625, 971 16
0.125,0. 25,

8 0.0®2325, 0. 91 16

10 0. 5,1, 0. 2, ( 11-20

12 0.04167, 13-24
0.083,0.167

16 0.03125, 17-32
0.0625, 0. 12

Table 2 summarizes the different combinations of reduced frequleriEBgn. 1) and different
plunge amplitudeshEa/c) (Eq. 2) simulated in the present stutiire investigation islone fora
wide range of reducedequency 0.250k O  1)@nd Plunge amplitud®(©312 5 h @8.0). The
flat plateoscillateswith reduced frequencies 6125, 0.51, 2, 4, 8, 10, 12 and Hhdamplitudes

ranging from8 to 0.B125 for all the frequencigeghus produaeng a working range of plunge
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velocity betweer0.25 kO . Bhe computational time of the numerical simulation increases as
kh increases. However, the increase is more significant with increase in amplitude than with
frequency increase. It ranges from 2 rsoof wallclock time per oscillation cycle fadh=1 (k =

16,h = 0.0625) to 52 hours for the most compute intensive casé fort (k=1 andh =4) on 20

Haswell 2xE5 2.5 @z cores.

When traced back to dimensional valutbg currentstudy covers the frequency and amplitude
range of a varietyf biological flyers and propulsors. For example, a chord length of millimeter
scale corresponds to a broad frequency range of 400 to@@®0air and 30 to 500Ddgin water
capturingthe insect flying frequency rand81] and beat frequency of micarganisms like
ascidian larva¢32], [33]. The velocity attributed to this regime is 100 cm/s in air and 10 cm/s in
water which are analogous to the flying speed of Dretyoar Damselfly [34] and swimming
speed osmallcrustaceankke copepod or shrim{85]. AsFigure3 shows, centimeter range chord
lengthscales yieldrequencies and velocities of birds in air and fishesllddes Sturgeofi36] and

Herring[35] in water.
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respective animals

The majority of previous studies hawsrked with small nordimensional amplitudes ranging
from 0.005 to 0.6 which isepresentative ahsect flight. But if bird or bat flight is to be mimicked,

the functional nordimensional amplitude is generally greater than one. It is safe to say that the
larger the wingbeat frequency, the smaller the amplitude is for a biological flyer. Hemick
plunge amplitude™@ range, covering the flight range from insects to birds and swing range

of marine microorganisms to regular fislas studiedThe shaded area Bigure 3 encompasses

the applicable range of the current study.
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Of primary interest in this study is tineeanthrust coefficient defined as:

-
- (7)

"Y @

NIO

where “Yis the timeaveraged thrust forc&he timeaveraged thrust coefficient is calculated over
multiple cycles once the flow oscillations have reached a stationary state. Typiicady
averaging is performed over 8 cycles, but for highly energetic flows at higtefregiand/or high
amplituce oscllations, the timeaveraging is performed over more plunge cycleshasvnin Table

2.

4. RESULTS AND DISCUSSION

4.1 Grid Independency Study

Because of the strong ndinearity in the flow resulting from vortexortex interactions akh
increases, an extensive grid independency study has been con8icigid levels were tested
to establishgrid independencyTable 3 shows thdetails of thesix grids.Along with varying the
number of grid points, different grid distribution strategies were also investigated.

Table 3: Details of grid independencyests

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6
Number of grid 100 132 200 250 250 300
Points along the
platelength
Total number of 0.14 0.25 0.56 1.77 2.18 2.97
cells (millions)
Remark UGS UGS UGS UGS UGS UGS
UGS =Uniform 0<x<1 O<x<1 O<x<1 2<x<b 2<x<5 2<x<5
Grid Spacing -1.8y<1.8 -1.8<y<1.8
Remark GGC GGC GGC GGC No GGCin No GGCin

GGC = Gradual starting  starting starting starting the vicinity the vicinity
Grid Coarsening fromthe fromthe fromthe fromthe of the plate of the plate
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plateiny plateiny plateiny plateiny
direction direction direction direction

To test the grid independency, some representative cases from the three largest plungekhelocity (
=1, 2 and 4) were simulated using all six grids. These choices were motivated by cases which
exhibited regular kh = 1) as well as large chaotic fluctuations in the instantaneous thrust
coefficient kh =2 & 4). Thetime averaged (averaging period menéd in Table 2)yalue of

thrust coefficientis shown in Table 4for the three representative casé&sey show good
comparison among the three finer grids considering the factitine¢ are large positive and
negative fluctuations in instantanedus and the mean value is much smaller than the amplitude

of these fluctuationas seen ithe representative caselof 8,h = 0.125 inFigure 4.

Table 4: Comparison of results amongsix different grid resolutions.

Grid-1 Grid-2 Grid-3 Grid-4 Grid-5 Grid-6

k h 0 o} o} o} 0 0
kh=1 8 0.125 0.711 0.710 0.693 0.693 0.683 0.680
kh=2 12 0.167 1.46 0.837 0.776 0.659 0.517 0.515
kh=4 16 0.25 0.711 0.629 0.570 0.317 0.243 0.240
41 S
— Grid3

Cycle (11-16)
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Figure 4: Instantaneouthrust coefficient 6 for k= 8,h = 0.125with good comparison among
the three finer grids (grid 4, 5 and, 8emeand value is much sniler than the amplitude of

positive and negativituctuations

As evident from Table 4, theercentagelifference of mean thrust coefficiecdlculated on Grid
5 in comparison with the finest grid (G+&) is within 1.5% 6r mostcasesSincecomputational
cost increases de square othetotal number of grid cell<3rid-5 is chosen as the base grid on

which all results are presented

4.2 Validation with Literature

Asthecurrentstudy is inthelow Reynolds number regime, no previous experimental or numerical
study was found texactly match the conditions in this investigatidforeover, to include the
flying range of both insect and bird$e focus of this work was d&tigher plunge amplitudes
whereaghemajority of previous workwerein thelower rangeThusthe current work is validated

in Figure 5 againsta viscous calculation 'Y'Q cap 1 [17] and two sets ofexperimental

measurementsY Q p 1 [18,37]
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Figure 5: Comparison offirust coefficienfrom present study witpast studies in thigerature

Thepresenstudymostlyfollows the trend of increasing thrust coefficient withreasingeduced
frequency as observedtime literature. This work showsasonable comparison with Gursul et al
[37] wherethe plunge amplitudesicomparable. The discrepancgataller reduced frequency can
be attributed to thargedifference inRe the effect of which is more visible when the&cillating
flow is less energetic and tipdunge inducedelocities are comparatively smaller asthe case
with smaller reduced frequencies. A higher amplitude @&s2) of the current study shows better
comparisos with Young etal. [17] as the reduced frequencypproaches similar valae

Considering the fact that the present study was condwtt@dvery low Reynolds number
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compared toprevious studiesFigure5 shows reasonable agreemevibreover the studies of
Young, Heathcoteand Gursul were all conducted @NACA 0012 airfoil, whereas the current
study is based on a flat plageometry The difference irthe oscillatingsurface topologyvill also

influencethe thrust coefficient values
4.3 Variation of Mean Thrust Coefficient

The primary objective of this study is to relate the thrust coefficient to plunge frequency and
amplitude Lai and Platzef22] found that thrust coefficient increases with increasing gung
velocity (€X). Wheread ewin et al.[28] identified reduced frequenck)(to be the primary factor

in governing the vortex topology and hence efficiency \kitbeing the secondary factdut

their work concentrad on a relatively narrow band of small amplitud&sapnging from 0.0125

to 0.79. The current study however works with a larger range of ampliti@enging from
0.03125 to 8) and reveals that the thrust coefficient does not increase monotonically with
increasingk, hor kh. Rather it exhibits an increasing trend for increasing or kh until some
optimumk andh combination and then exhibits a gradual decreasing trend athigh i'CQ The
behavioral trend of thrust coefficient with increasifd@nd Qis shown inFigure6 in which the

thrust coefficient is plotted against plunge veloci§X) for constantk (6-a) and versusk for
constankh (6-b). As can be seen from Figuéea, for dl the frequenciesk] tested increases

until a certainh or kh value and then decreases. Irrespective of the plunge vel(&bjtylow
frequency oscillations &= 0.25 fail to produce any thrudominal thrust productionccursat

kh=0.5wherk( 4. Itisonly aftekh{ 1 that thrust production is prevalent; but as the amplitude

gets larger the increasing trenddn is reversed that could revert back to drag producfona
given frequency (e.gk = 1, 2, 4etc.), the amplitude associated wkh = 1 almost always

experiences the highest thrust coefficidrite variation ofd with h (or kh) for a constank and
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with k (or h) for a constankhis explained in detail in sectigd.4.1 and 4.4.2vith examples from

k=1,24and8
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Figure 6: Variation ofmeanthrust coefficient with (a) varying plunge velocitiéh) for constant
reduced frequencie&)( (b) with varying reduced frequencidg for constanplungevelocities

(Kh.

It is clearly evident from FiguréthatneitherCnork is not the sole parameter influencing thrust
production when working with a frequency and amplitude range as wide as in the current study.
These trends in thrust coefficient can be directly related to the vorticity dynamics at the oscillating

plate and iexplained in detail in the following sections.
4.4 Vorticity D ynamicsand Thrust Coefficient

The dfect of reduced frequencit) and plunge amplitudé&j onvortex structurés discussed first.
An upward motion of the plate creates a counterclockwise vortex at the leading edge and a

clockwise vortex at the trailing edgathebottomside of the platas shown in Figuré. Likewise,
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adownward motion creates a clockwise vortethatieading edge and a counterclockwise vortex
atthetrailing edgeon thetop side of the plate. The extent to which these vortices are attached to
the plateduringtheduration of theplunge cycladeterminesvhether anet thrust or a net drag will
realt. Unlike the production of instantaneous lift which is dominated by pressure differences
between the top and bottom sidies,the plate geometrhrustor dragis only dependent on shear
forces acting oiit. Thrust isobtained if thevortex induced velocitietend to push or pull the plate

in a direction opposinthe approach flovfor amajority of time in the cycle. Whereas, dragults

if the vortices forcehe plate in the same direction the inflow. An example of LEV induced
negative shear stressrresponding tahrust productioras well as TEV induced positive shear
stress corresponding to drag productgshown in Figur& on thebottomsurface of tke plate for

a representative caselof 1,h = 0.5. The LEV induces negative velocity near the plate surface
whereas the TEV induces positive velocity. The quantitative velocity profiles depicteddigdke

lines in Figures Bhow negative and positive velocity profiles peaking upuaitsin the vicinity

of the leading and trailing edg€he resulting negate shear from the LEV acts to push the plate
up stream. Thus, in general leading edge vortices (LEVSs) contribute towards thrust while trailing
edge vortices (TEVs) towards drag as surmised from Figunéhere LEVs and TEVs are

represented bg-vorticity (¥ ) cont our s.
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0.9) in the presence of LEV and TEV shown in terms-efar t i ci ty ( ¥) . LEVs
velocity gradients (depicted by black lines) adjacent to the plate (&.g.Gfland0.3) to produce
thrustwhile TEVs induce positiveelocity gradients (depicted by black lines) adjacent to the plate
(e.g. atx=0.5,0.7 and 0.9) to produce drathe scale marked by the dashed black line above the

contour denotes thewelocity () scale used in the figure.

The production of drag or thstalsomanifessin the wake characteristids.was shown by Jones
etal. [23] that the wake structures behind an airfoil plunging sinusoidally at relatively low plunge
velocities kh = 0.15) have clockwise rotating vortices in the upper row and counterclockwise

rotating \ortices in the lower row indicating a drag producing wake. On the other hand, they
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showed that when the plunging airfoil is oscillated at a sufficiently kigkr 0.6),the upper row

of vortices are counterclockwise rotating while the lower row of vatare clockwise rotating
indicating a thrust producing wake. It is also evident from their work that if the counterclockwise
and clockwise vortices are arranged alternatively in the same row, the resultant force would be

neither drag nor thrust but neutral

4.4.1 Comparison of Vorticity Dynamics at Constant k, Varying h and Its Relation to

Thrust Production

The work of Lewin et al.28] described the vortex dynamics at various combinations of frequency
and amplitude for a plunging airfoil, but did not relate that with thrust generation. In an effort to
do o, wefirst analyze a case of reduced frequelty p for whichfour plunge amplitude('Q

™ P AT & for' 0 m& rdiphA T dareinvestigated in Figur&. By definition (Eq.

1) the reduced frequency is a measure of the ratio ofdheective time scale of the approach
flow to travel the length of the plate to the time taken for the plate to traverse half a’cycle (
radians).lt is noted that the physical significance of the reduced frequency diminishes as vortex
induced velocities start influencing the convection of vortices over the plate which does happen as
h increases or as the plunge velocit¢Q increasesFor thetwo smalle amplitude ('Q

@ VA 1 #®) LEVs thatform onthe plateareconvecteddownstream by the approach flamd

shed as TEV&to the wakeThis is evident irFigure 8-a and8-b whereh = 0.25 andch = 0.5
respectivelyln both these caseg, the start of the dowrstroke a negative clockwise LEV starts
forming on the top surface of the platich grows during the downstroke and convéotthe

trailing edge at the end of the downstroke. On the upstfakeortex convestfurtherinto the

wake and finally sheds into the wake at the end of the upstroke. A similar cycle is evident for the

LEV that starts forming at the bottom surface athleginning of the upstroke which finally sheds
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into the wake at the end of the downstrokdthough Figures 8-a and8-b showbothLEVs to be

in close proximity to the platas they convect downstreaat low amplitudess inthese casss,

the LEVs do nobuild up enough strength to induce a negative flow in thentarylayerof the

plate. That is whyow amplitude and low reduced frequencies usuaksultin netdrag. Thusat

all instances during the cycle, the flow on tF
8-aand8-b. Comparingthe vortex structures betwebrr 0.25andh = 0.5 the LEVs associated

with h = 0.5 are stronger compared to the oneshfer0.25. This is reflected in the lower drag
value for h = 0.5 as the stronger LEVs, although not strong enough to endettbrust, decrease

the contribution towards dra@he regular shedding of two vorteper plunge cyclés captured

in the drag producing[23] von Karman wake characteristics with alternating positive
counterclockwisevortices in the lower rovand negativelockwise vorticesn the upper rown

Figure 9-a. Counterclockwise and clockwise vortices arranged alternatively almost in the same

row in Figure9-b indicates small magnitude of drag.

Figure8-c shows the time evation of voricesat a higher plunge amplitude bf= 1. While the

size of the vortices increase, the basic shedding cycle observed @5 still persists. However,
asymmetries between the upstroke and down stroke begin to appear in the force profile during
which the latter half of the down stroke and first half of the upstroke generate Burisg this

timeit can be observed that th&V formed on the top surface dominates the flow near the plate
and induces negative velocitiasthe platdo generate thrust. In contrast the LEV that forms on

the bottom surface during the upstroke is much smaller in size while the Ta&tyasandn closer
proximity to the platehan during the thrust producing intervalhich together result in drag.

Accordingly, we get a wake structure consisting of counter clockwise vortices in the upper row
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and clockwise vortices in the lower row (Fig@e). This structurgeailts in a momentum surfeit

and isathrust producingvakg23].

As the plunge amglide increases further to= 2, the vortex interactions get more complex.
Whereasin the low amplitude cases, only LEVs form and convect along the ptakegleer
amplitudes both LEVs and TEVs form during the down stroke and upstXukteonly do the
vortices increase in sizéut their induced velocities become larger than the approach velocity.
Thus a pair of vortices (LEV+TEV) are shed upstream of thie @iathe end of the down stroke
and another pair is shed at the end of the upstroke into the wake. The vortices shed upstream are
eventuallyredirected downstream by the main flolhis phenomenonan be inferred in the first
snapshot and the secetudlast and last snapshot in the selfegure8-d). As a consequence of
the strong vortexortex interactions, the transient thrust coefficient enters a chaotic regfme.
generation of TEVs negates any thrust production tendency of LEMsiaridund that the mean
thrust coefficient regresses back to drag at this skaggto the highly nonlinear vortex dynamics,
the wakes also irregular andannot easily be characterized as either drag or thrust prodtrcing
Figure9-d, aweaktrend of clockwise vortices in the upper row and counter clockwise vortices in

the lower rowarevisible, thus indicating a net drag of small magnitude.
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As the reduced frequenaycreaseso k = 2, the time scalefdhe oscillation decreases in relation
to vortex convection, hence increasing the residence time of the vortex on thénatatehen

oscillating atk = 1. The vorticity dynamics are shown in Figur@e-d and the corresponding wake
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in Figurella-d. At thesmalle amplitudes (h=0.125and 0.2%, the vortex dynamics is very similar

to that observed in Figu@a, b (k=1 andh = 0.25 and0.5). LEVs of opposite signs form and

shed into the wake during each half of the cycle. The small amplitude of oscillation does not allow
them to gain sufficient strength before they are shed into the waleaeaslt, the vortex induced
velocity of the LEV & not high enough to induce thrust producing velocities at the plate resulting
in a drag producing von Karman wake struc(iigure 11-a, b) Ashincreases to 0.5, both a LEV

and TEV of opposite sign form at the start of dogvn stroke Howeverthe much smaller TEV is
quickly subsumed by the LEV from the upstroke which has convected to the trailing edge of the
plate. This dynamic occurs for batie upstroke and downstroke. The LEV which forms at the
beginning of the stroke grows and gathers strength during the stroke while remaining near the plate
surface as it convects towards the trailing edge of the plate. The strength and proximity &f the LE
to the plate induces negative velocities at the plate throughout the oscillation cycle. Thus in this
case, thrust is produced throughout the cyElgure 10c), which is also reflected in the wake

structure in Figurdl-c.

As the amplitude increasegtioer toh = 1, the strength of the vortices increase as bothddid
TEVs form during each of the strokes. However, the vorticity dynarmsicsvn in Figure 14
igure 10d is somewhat different frok = 1 andh = 2 in Figure 8-d. At the beginning of the
downstroke, the remnant of th&V which has formed during the upstroke andltE®/ formed
during the downstroke combine to shgustream of the plat&Similarly, at the beginning of the
upstroke, the newly formetfEV combines wit theTEV formed during the downstroke to shed
in the wake Contrary to the equivalent case with the same plunge vel&cityi( h = 2) which
produces net drag, the present ckseZ, h = 1) results in net thrust production during the cycle

albeit lower thark = 2, h=0.5.The increase in thrust ovke 1, h=2,is due to two reasons, one
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of them being the longer residence time of LEVSs relative to the oscillation frequency and the other
is that the TEVs have a shortesi@dence time nedhe plate thathe LEVs.At the same time, the
thrust is lower thalk = 2, h=0.5because ahestronger interaction between vorticgsich result

in shorter residence timed LEVs in the vicinity of the plateThe instantaneous wake shown in

Figurell-dis quite complex and cannot be characterized easily.
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From the analysis &= 1 and2, the following main phenomenological observations can be made
regarding the individual effects &fandh. Increasingk, increases theelativeconvection time of

LEVs across the plate and offers greater potential for the LEVs to induce a thrust producing
velocity field at the plateéThese effects dominate at ldwover a wide range dfas long akh <

1. Increasingh, increases the strength aside of LEVs offering a larger potential for thrust
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production, however at the same time, it also increases the strength and size of TEVs which counter
the thrust producing effect of LEVs on the plate surf&eviously, Young edl. [17], Visbal et

al. [25], and Martin egl. [26]. explored the effect of plunge parameters on thrust production, but
like most other previous studies, they only explored a very narrow regime of smpétldes and
provided explanations of thrust producing phenomena for an amplitude range of roughly 0.005 to
0.259. In this regime, whekh <1 andh is small, the TEV is convected into the wake during
formation and its effect on the plate is minimal whielmostly impacted by the convecting LEV.

In this low amplitude regime, thrust increases with the plunge velétits observed by Lai et

al. [22] even for a comparativelyider range okh (0.09 4.65)thrust coefficient displays a direct

and increasing relationship witth as long as the considerédvalues are on the smaller side.
Although Lai etal. [22] worked with plunge velocities ranging from 0-0%5, their plunge
amplitude vaed only from 0.0125 to 8.which is approximately one order of magnitude smaller
than the amplitude range of the present stiithe. present study however indicates that TEVs of
consequential streng#re created at moderatelarge amplitude plungingonferringasignificant
effectonthe flowfield, irrespective of théh value. The formation of these TEVs interfevédth
themonotonic increase dlfirust coefficient wittkh reported in previous studies due to Himear

interactions between the TEVBALEVswhich are elaborated on in section 4.4.3.

4.4.2 Comparison ofVorticity Dynamics at Constantkh and Relation to Thrust Production

To accentuate the observationghe previous sectigirigure 2 compares the vorticity dynamics

at differentk andh values at the same plunge velodity Forkh = 0.5 andk = 1 we make the
observation that the LEV that starts forming during the up stroke or downstroke sheds from the
trailing edge at the end of thespective stroke or soon after and is only resident on the plate for

half the oscillation cycle. Contrary to this, the LEV that forms for the plate oscillatikeegat
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resident on the plate for the full cycle. We also note that there is no TEV forratkieri, but a
TEV is formed ak = 4, which however does not directly interact with the LEV but is shed into

the wake every half stroke.

Forkh=1, k=1, the vortex dynamics on the plate is quite similékhiie 0.5, k= 1, except that

the size and strength of the vortices increasé (asreases). As1 thekh = 0.5 cases, there is no
separate formation of a TEV; the LEV that forms during one half of the stroke convects to the
trailing edge and manifests as a TEV for tileer half of the stroke. At=4 andkh =1, similar

tokh= 0.5, a separate TEV forms during each half of the stroke and the vorticity dynamics is very
similar, except that sinde has increased, the strength and sizeooficesare larger. It is note

that for bothkh = 0.5 and 1 ak = 4, in spite of the formation of TEVs, there is very little to no

interaction between the TEV and LEV.

Forkh=2, k= 1,hincreases furtheand the vortices generated by the plate gain in size and strength

for each half stroke. Now, because of the higher plunge velkdgityothk = 1 andk = 4, generate

TEVs. The LEV and TEVs because of their induced velocity fields start interacting whtloteer

and as a result have a detrimental effect on thrust production. The degree of interaction decreases
ask increases fronk = 1 tok = 4 or ash decreases frorh = 2 toh = 0.5. Due to these nonlinear
LEV-TEV interactions, the LEVs have a shortesidence time on the plate compared tokine

1 casesesulting in smallethrust value thakh = 1. The vortex dynamics &h= 2, k=4 is very

similar to that okh= 2, k=2 shown in Figur&0-d, thus the thrust coefficient values of these two

cases are of comparable magnitude.
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Ashincreases or deh gets larger, the increasing strength and size of the LEV during eaeh half
stroke besides having a favorable effect on thrust production, will also by virtue of its induced
velocity field draw the TEV on to the plate, thusvinga detrimental effect orntust production.

For kh > 1, the interplay between LEVs and TEVs becsrttee defining factor for thrust
production which now entersragime in which LEVTEYV interactions dominaté\s khincrease

to valuesmuch greater than unity, the interactions get more complex andimesr effects

dominate the flow anthe mechanics dhrust production

The detailed discussion on vorticity dynamitsections 4.4.1 and 4.4cgarlyshowsthat neither

"COnork can be attributed as a sole parameter influencing thrust production when working with a
frequency and amplitude range as wide as in the current study. Thus the observations made by Lai
el al.[22] and Lewin et al[28] are limited to their respective working rangedingsfrom this

study arenot only robust and applicable to a wider parameter range, but also closely tie the
irregular trend in thrust generationttee strong nonlinear vortex dynamicebservedThe details

of the nonlinear vortex dynamicsharacterization are presented in the following section.
4.4.3 Vortex Interactions at Large kh

Three predominant vortexvortex interaction mechanisms which influence thrust production for
largeh andkh are identified all of whichreduce the residence time\afrticesnearthe plate. The

first mechanisn{Mechanisml) is whenan incipient vortex mges with an existing vortex from

the previous cycle or stroke and is convected away from the plate, thus reducing the time it resides
near the plate to sufficientlgfluence the shear stress at the plate surfabdst this phenomenon

is favorable forlirust productionvhen TEVswhich induce drag on the platgt convected away,

it is not favorable for thrugiroductionwhen LE vortices merge and convaetay from the plate.

For LEVs, this shedding usually occurs upstream and for TEVs downstream of theTpiate.
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mechanisms present for LEVs in all thieh= 2 cases, shown in Figur8 tutin none of thekh =

1 cases (previously shown in Fige, 10-c and P-c, d. This explains the reason behind the
comparativey higher values ob for kh= 1 compared t&kh = 2 as seen in Figu&b. Similarly,
athough this mechanism is not prevalent fobEVsat'Q ¢AT B p (Figure B-a), it is
present in the subsequent case<bf THQ 1@ (Figure B-b) andQ (HQ m& uFigure
13-c). Because the presence of TEVs induce gditagjr faster convection results &m increment

of thrust coefficienat higherk and lowerh casesdr a constankh.
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Figure 13: Distribution of vortices at discrete time instances for a representative plunge cycle at
™ ¢ hwith differentk andh combinations®@ ciQ p (a), Q@ THQ T (b) andQ

YiQ & u(c). Entire cycleis discretized m nine time intervals for vortigit plots; vertical
position of eaclinsetrepresents instantaneous position of plate in plunge @rctay on the first

inset points to the plate; all vorticity plots use the same scale shown afeu(d).s c Doi ,Jdtdés O
andlé 6i ndi cat e rcesasdrag, thtust,roreneutrad exppenenced by the plate. Black,

violet and cyan coloannotationsespectively correspond toedhanisms 1, 2, and 3.

Another mechanism (Mechanis®) of vortexvortex interaction is themergingof a TEVwith the

LEV of the next strokéhat reduceghe residence time of the LEV. This is seen in large amplitude
casedn whichthe LEV induced velocity becomes large enoughitaw the TEVto the leading

edge of the plate, thus introducing a detrimental effe¢harst productionThis phenomenon is

anal ogoweaegativeoeit heofMcement bet ween[l3.Mechanieme s o by
2 is present in higher amplitude case&lof 2 as seen at the gtaf downstroke ok=2;h=1

(Figure B-a) and at the middle of egtroke ofk = 4; h = 0.5 (Figure B-b). Mechanism2,
TEVYLEV merges are not presentcasds@Ek=8ba0Rar at i v
andk =16;h=0.125) This is because the size of LEV vortices reduderaduces anthe induced

veloaty of the smaller vortices are nstrongenough todraw TEVs to the leading edge of the

plate. This ighe reason that = 8; h = 0.25 does not have the detrimental effect& V Y L E V
mergesand exhibits a higher thrust value than the higher amplitude cases of th&lsér2g.

However, as the phge amplitudeh) decreases further (elg= 10,h=0.2;k=12,h=0.167 and
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k=16,h=0.125), the smaller LEV vortices cease to have as large an effect on thrust production
as at higher plunge amplitudes. This is afethe mechanismshat dictates the optimal

combination ok andh that result in maximum thrust production.

Another predominant mechanism (Mechanis3)h of vortexvortex interaction involves
interaction betweenaortexshed several cycles or strokes befamd an existing LEVAs can be
seen from Figurd3a-c, all the differentk, hcombinations okh = 2 experienc¢he shedding of a
vortex pair upstream of the plate that eventually cosveatk to the plate to interact witin
incipientLEV forming at the leading edg&he difference between mechanidnand-3 is in the

fact that forMechanisml, the incipient LEV interacts with an LEV that was shed from the
immediateprecedingstroke. The result dflechanisml is often a pair of LEVSs afppositesigrs
resulting from two consequent strol@sone cycleonvecting away from the plate togethEhis

is shown by the blue box annotation in FiguBeclWhereas itMechanisre3, the shed LEV pair
(can bea result oMechanisrml) that was shed multiple strokes or cycles before, retanmseract

with an incipient LEV Mechanism3 is depicted in Figuredlwhere the mechanism takes place
overa duration ob consecutivestrokes, 3 dowrand 2 updenoted as D1, U1, D2, U2 and D3
Figure 14a. Figure 14a shows the interaction of a LEV pair that has shed multiple strokes (four
strokes for this particular case) ago with an incipient LEV. The previously shed LEV pair is circled
in red in order to show its patim their path to come back to the plate, ¢betex pair of opposing
signs mighseparatéas can be seen in D2 afjbre 14a)to finally interact with an incipient LEV

as a single vortex (negative in sign &irthe instances shown in Figure) 1#he interactiorcaused

by Mechanisr3 too reduces e residence time of the LEV and reduces thidgichanism3

interaction is mor@revalentat low frequencie¢e.g.k=2;h =1 ork=4;h= 0.5 than at higher

frequenciesAsk  — becomes largethe time scale on which LEVs are shed becomes smaller
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than the time scale associated with the-fgeam that convects the shed vortices back to the plate.

In effect it takes a relatively longer time for the shed vortices to return to the plate arattinter
with the incipient LEV. During this time, their (shed vortices) strength decays and hence they
have a weaker interaction with the incipient LEV and subsequently have less of a detrimental effect
on thrust compared to lowkrThisdecaying effecbf mechanisn8 is shown in Figure4-b where

the strength of the returning vortices kor 2, 4 and 8 is roughly half, orfeurth, and oneighth

of the strength of the incipient vortex.

But similar toMechanism2, for constanplunge vebcity (kh) when the frequency is much higher
(e.g.k=10, 12 or 16) the amplitudkecreaseg.g.h = 0.2, 0.167 or 0.19%nd consequentiso
doesthe size of vorticesHence the thrust coefficient again decreases beyond the optimum

combination ok=8;h = 0.25.
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Figure 14: Mechanism3. (@) The dynamics of the mechanism taking place in 5 consecutive
strokes, 3 down and 2 up denoted as D1, Ul, D2adPD3 plate is highlighted in green line;
dynamics of the interaction of a LEV pair shed multiple strokes ago with an incipient LEV is
circled in red and pinkthe vortex pair in red circleost adhesion irD2, henceforth circledby

pink andinteracedwith theincipient LEV as a singleegativevortexin D3; within these 5 strokes,
another vortex pair circled in green dots consegstream near the end of D2 and starts to come
back on the way towards the plate at the end af @8en circld LEV interacts with a later
incipient LEV which has not been showib) Comparison of strength eéturningandincipient

vortices forkh =2 k=2;h =1, k=4; h =0.5andk = 8; h = 0.25from left to right arrows
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indicate pair ofreturning and incipient vortices which interagtturn tme of vortices increase

from left to right,reducing relative strengthf vortices as indicated

4.5 Wake Characterization

As stated earlietthrust or dragporoduction by the oscillating plate is reflected in streicture of

the wake. Negative or clockwise rotating vortices in the upper row and positive or counter
clockwise rotating vortices in the lower row indicate a drag producing wake. On the otheat hand,
thrust producing wake is characterized by negative vortices in the upper row and positive vorticity
in the lower row giving rise to a momentum surfedicative of energy added to the floRigure

15 summarizes the wake behavior for differphtnge vebcities kh). Forkh = 0.25, the presence

of clockwise vortices in the upper row and counterclockwise vortices in the lower row result in a
drag producing velocity deficit in the wakerespective of the individua andh combinationsin
contrast, akh = 1, the wake structureseclearly thrust producingHowever,at even highekh =

2 or 4the associated floMields become more energetic leadity complex vortexvortex
interactions. Hence, the wake structures corresponding tkhiggdues are chaotic in nature and
cannot be characterized easily.

A common characteristic of all the wakes is that they become narrower as the ampljtude (
decreases. In Figuréslat the saméh, this effect manifests whehnincreases. As the reduced
frequency increases and amplitude decreases for fiX®@lues, not only does the wake narrow,
but the strength and spacing between same sign vortices in the wake also change.

We defineD to be the distance between two vorticdssame sign (i.e. a pair of consecutive
positive or negative vortices as marked in Figir@)l Figure 6-a shows the relationship between

D andh for differentk. The distance between two same sigikevortices is directly proportional

57



to h and can bepproximated by a linear dependence witiSimilarly, Figure B-b shows the
relationship betweed® andk for differenth. The distancd® is inversely proportional t& and
decreases as Kl/Considering the trends observed in Figlgalb it can be sathat the distance

(D) between two same sign vortices in the wake is a strong functioarafh and follows Eq. 8.
Figure B-c shows thaD varies a#! — and the data points are in good agreement with the power

law fitted function with a squared correlation coefficigRt,= 0.89. It should be noted that the
chaotic wake structures pertaining to hidghvalues (= 2 and 4 e.g. shown in Figufecland f)
were not considered in Figuréhnd Eq. 8 as getting a definite and meaningful value tdr

thesecases is challenging.
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Similar tointer-vortexdistancg(D), strength of vorticityS) can also be parametrized uskgnd
h. One representative positive vortex is chosen consistently at anstaecewhen it is about to
shed for each of the 39 test cases. The stréByth measured at the vortex core. Figurestiows
that the vortex strength(S) is a strong function of reduced frequen@gy and the functional
relationshipis near lineafor different plunge velocitiegkh) with increasing slope aincreases.
The squared correlation coefficie®?) for the different linear fits for differerkh valuesvaries

between 0.89 to 0.99.
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Figure 17: Variation ofvorticity strengthwith varying reduced frequencies for constant plunge

velocities

5 SUMMARY AND CONCLUSIONS
The canonical case of a plunging flat plate atR@0 is investigated over a wide rangeeifuced
frequendes0.250k Q16 and plungemplitudes 0.031250h O8 to giveplunge velocities ranging
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from 0.250kh O4. It is found that akh = 0.25, the plunging motion does not result in any thrust
productionfor anycombinationof k andh. Askhincreases to 0.5, the wake transitions from drag
producing to thrust producing and some nominal thrust is produced asdined frequency
increass. Atkh O , fbr k> 0.5andh < 2, all combinations ok andh produce thrust. However,
thrust does not increase monotonically wii but reaches a maximum kh = 1 for most
combinations ok andh and reduces thereafter. The ratewhich thrust production drops is
dependent o i decreasing rapidly at large plunge amplitudes when the reduced frequency is
small so much so that at lolwand highkh theforce produced reverts bactk drag.

It is shownthat LEVs contribute to thrust production by inducing counter flow velocities near the
plate, whereas TEVs do the opposite. At kink 1, the LEVs do ndbavethe strength to induce

a counteiflow at the plate even though they conveotvn the plate tohe trailing edge and the
TEVsare shed directly into the wake. Risincreases, the LE&increase in size arfthveenough
strength to induce a countbow near the plate abheyconvect over the plate. At tleame time,

the induced velocitiesf both LEVs and TE\s are not high enough for the TESAto become
consequential by convecting upstreamd influence the flow at the plat€hrust production is
maximum in this regime. Akhincreases further, particularly h$ncreases, the strength andesiz

of LEVs and TEVs increase enough to counter the mainstream flow and enter into ainegime
which vortexvortex interactions dominateThree main mechanisms of such vort@xtex
interactions are identifiedhé net effect ofvhich is to decrease the résince time of LEVs near

the plate and reduce thrust.

This analysis is followed by a detailed parameterization of some wake characteristics with the
different plunge attributes. The inteortex distance in the wake is found to correlate directly with

plunge amplitude and inversely with frequency. On the other hamtéx strengths found to be
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a strong function of reduced frequeny where the functional relationship is near linear for

different plunge velocitiegkh) with increasing slope dincreases.

The arrentstudyestablishes thairfdings from previousnvestigationghatthrust coefficienand
vortex dynamics is predomintly governed bylunge velocity €X) [22] or reduced frequency)
[28] is valid only for ther respectiverelatively rarrow band of small amplitudeAs this study
coversarelativelylarger range of amplitude¥Xanging from 0.8125 to8), it is shownthatthe
thrust coefficient does not increasenotonically withkh, which eventuallyhinders the possibility
of parameterizing a simple relationship between frequency, amplandehrust productiorAn
additional conclusion that can lbeached is that if the formation of TEVs can be prevehted
flow control, only LEV formation and sheddingill result in a monotonic increase in thrust

coefficient withkh as indicated by thedentifiedmechanisms of vortexortex interactions.
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Chapter 3: Effect of Leading-Edge Vortices (LEVs) on Thrust Coefficient of a Plunging

Flat Plate

Aevelina Rahman
Danesh Taffi

Department of Mechanical Engineering, Virginia Tech, Blacksburg, VA 24061.

ABSTRACT

Plunging motion, characterized by frequency and amplitude is a key component in the kinematics
of many flying and swimming organisms. We studied plunging of a flat plate with a broad range
of reduced frequencies 0.Z5k O 16 and plunge amplitudes 0.03126h O 8 giving plunge
velocities of 0.2%kh &4 atRe= 100. This study observed that, unlike previous investigations for
small plunge amplitudes, thrust does not increase monotonicallkktht reaches a maximum

and then decreases. It is shown that Leading Edge Vortices (LEVs) are responsible for thrust
production whereas Trailing Edge Vortices (TEVS) induce drag on the plate. At kighartex
induced velocities dominate the flow with strong nonlinear vevtaxex interactions (VVI).
Predominant forms of VVI include TEV interactions that reduce thelease time of LEVs on

the plate and adversely affect thrust production. Thus, in order to estimate the sole effect of LEVs
on thrust coefficient, TEVs are eliminated by introducing a splitter plate in the wake of the primary
plate. With only the LEVs prese in the flow field, the thrust coefficientd () increases

monotonically. A parametrization of thrust coefficient is then done with frequegand

2 Corresponding author: 213E Goodwin Hall, 635 Prices Fork Road, Blacksburg, VA 24061; Tel: +19%A%) 231
email: dtafti@exchange.vt.edu
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amplitude b) [0 08Q%Q 6 whereA andB are constants, with = 0.96 for the proposed

equaion].

Keywords: Plunging flat plate, low Reynolds number, thrust coefficient, vortex dynamics,
LEV effect, parameterization

Declarations of interest:none
1. INTRODUCTION

This studyinvestigates the separate effects of vortices generated on the leading edge and trailing
edge of a plunging flat plat&he study covers a broad range of reduced frequedcieg 16O 1G5

and plunge amphO t8udes gd.vee3 pdaun@e vEkhiOao &het i es
individual effect ofLeading Edge Vorticed EVS) andTrailing Edge VorticesTEVS) on thrust
production is identified and it is shown that LEVs have a positive impact on thrust production. At
high amplitude and frequency, the detrimental dynamics of plunge induced -vortex
interactions involving TEVs is identified. To investigate the sole effect of LEVs on thrust
production, TEVs are eliminated through numerical experiments. It is shawvmtthe absence

of TEVSs, thrust increases monotonically with plunge frequency and amplitude.

The literature review, governing equations, methodology, computational geometry and parametric

range remains the same as chapter 1 and is not repeated.
2. RESULTS AND DISCUSSION

The grid independency study and the validation with literature is presented in the previous chapter.
Following sections emphasis results that separate the individual effect of Leadingdttiges
(LEVs) and Trailing Edge Vortices (TEVs) on thrust production and leads to a representative

parameterization of thrust with varying plunging attributes.
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2.1.Variation of Mean Thrust Coefficient

The primary objective of this paper is to categorizedffects of leading edge and trailing edge
vortices on thrust coefficientai and Platzef21] found that thrust coefficient increases with
increasing plunge velocity(k). Wheread ewin et al.[28] identified reduced frequenci)(to be

the primary factor in governing the vortex topology and hence efficiency khitheing the
secondary factoBut their work concentrated on a relatively narrow band of small ampliti@des (
ranging from 0.0125 to 0.75). Moreover, these works did not identify or isolate the individual
effects of LEVs and TEVs on thrust production. The current study however works with a larger
range of amplitudes(ranging from 0.03125 to 8) and reveals it thrust coefficient does not
increase monotonically with increasimkg h or kh. Rather it exhibits an increasing trend for
increasingk, h or kh until some optimumk and h combination and then exhibits a gradual
decreasing trend at hig@ " i'(X2 The behavioral trend of thrust coefficient with increasidg
andQis shown inFigure 5 in which the thrust coefficient is plotted against plunge velo€y (

for constank (3-a) and versuk for constankh (3-b). As can be seen from Figurea3for dl the
frequenciesk) testedp increases until a certaimor khvalue and then decreases. Irrespective of
the plunge velocityldh), low frequency oscillations &t= 0.25 fail to produce any thrust. Nominal
thrust production occurs &h= 0.5 wherk O 4 . | t khOs lontlhyatafttherust p.
prevalent; but as the amplitude gets larger the increasing tréndisreversed that could revert
back todrag productionkor a given frequency (e.g= 1, 2, 4etc.), the amplitude associated with

kh= 1 almost always experiences the highest thrust coefficient.
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Figure 3: Variation of thrust coefficient with (a) varying plunge velocitiés)(for constant
reduced frequencie&)( (b) with varying reduced frequencidg for constanplunge velocities

(kh).

It is clearly evident from Figure 3 that neith€0nor k is the sle parameter influencing thrust
production when working with a frequency and amplitude range as wide as in the current study.
These trends in thrust coefficient can be directly related to the vorticity dynamics at the oscillating
plate and is explained ietail in the following sections. The following sections explain that the
irregularity in the trends shown in Figure 3 can be directly attributed to trailing edge vortices
(TEVs) and can be avoided by considering the effects of only leading edge dEvs3 on the

flow field.
2.2.Vorticity Dynamics and Thrust Coefficient
The effect of vortex dynamics on thrust production is discussed first. An upward motion of the

plate creates a counterclockwise vortex at the leading edge and a clockwise vortexadintpe tr
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edge on the bottom side of the plate. Likewise, a downward motion creates a clockwise vortex at
the leading edge and a counterclockwise vortex at the trailing edge on the top side of the plate. The
extent to which these vortices are attached toptate during the duration of the plunge cycle
determines whether a net thrust or a net drag will result. Unlike the production of instantaneous
lift which is dominated by pressure differences between the top and bottom sides, for the plate
geometry thrusbr drag is only dependent on shear forces acting on it. Thrust is obtained if the
vortex induced velocities tend to push or pull the plate in a direction opposing the approach flow
for a majority of time in the cycle. Whereas, drag results if the voffices the plate in the same
direction as the inflow. An example of LEV induced negative shear stress and net instantaneous
thrust production is shown in Figure 4 on the top surface of the plate for a representativek case of
= 1,h = 0.5. The LEV induces negative velocity near the plate surface. The resulting negative
shear from the LEV acts to push the plate up stream. Thus, in general leading edge vortices (LEVS)
contribute towards thrust while trailing edge vortices (TEVS) towahthg as surmised from

Figure 4 where LEVs and TEVs are representegtbyo r t i ci ty (¥) contour s.
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Figure 4: Instantaneous-velocity profiles at different chord positions%£ 0.1, 0.3, 0.5, 0.7 and
0.9) in the presence of LEV and TEV shown intermgwefor t i ci ty ( ¥) . LEVs i
velocity gradients (depicted by black lines) adjacent to the plate (xg= at1, 0.3 and 0.5) to
produce thrust. The scale marked above the contour denoteviiecity () scale used in the

figure.

The work of Lavin et al.[28] described the vortex dynamics at various combinations of frequency
and amplitude for a plunging airfoil, but did not relate that with thruseggion. In an effort to

do so,we analyzed plunging plates of increasing amplitt@eo¢ plunge velocity (X2 for all the
reduced frequenciesQ. The main phenomenological observations made in those analyses

regarding the individual effects &fandh are discussed below.
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Increasingk, increases the relative convection time of LEVs across the plate and offers greater
potential for the LEVs to indie a thrust producing velocity field at the plate. Increasing
increases the strength and size of LEVs offering a larger potential for thrust production, however
at the same time, it also increases the strength and size of TEVs which counter theoithuasigp

effect of LEVs on the plate surface. These effects dominate dtdoner a wide range dfas long

askh < 1 Previously, Young et a[10], Visbal et al[26], and Martin et al[12]. explored the

effect of plunge parameters on thrust production, but like most other previous studies, they only
explored a very narrow regime of small amplitudes and provided explanations of thrust producing
phenomena for an amplitude randgeaughly 0.005 to 0.259. In this regime, whdn<landhis

small, the TEV is convected into the wake during formation and its effect on the plate is minimal
which is mostly impacted by the convecting LEV. In this low amplitude regime, thrust increases
with the plunge velocitykh. As observed by Lai et gR1] even for a comparatively wider range

of kh (0.09 4.65)thrust coefficient displays a direct and increasing relationshipkhiéis long as

the consideredh values are on the smaller side. Although Lai efzl] worked with plunge
velocities ranging from 0.09.65, their plunge amplitude varied only from 0.0125 to 0.6 which is

approximately one order of magnitude smaller than the amplitude range of the present study.

As h increases and thud gets larger, the increiag strength and size of the LEV during each
half-stroke, besides having a favorable effect on thrust production, will also by virtue of its induced
velocity field draw the TEV on to the plate, thus having a detrimental effect on thrust production.
For kh > 1, the interplay between LEVs and TEVs becomes the defining factor for thrust
production which now enters a regime in which L-EEV interactions dominate. Adincreases

to values much greater than unity, the interactions get more complex anmhesoreffects

dominate the flow and the mechanics of thrust production.
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The discussion on vorticity dynamicgearly shows that neithel(XOnor k can be attributed as a

sole parameter influencing thrust production when working with a frequency and amplitude range
as wide as in the current study. Thus the observations made by L§2#&] ahd Lewin et al[28]

are limited to their respective working range. Findings from current study are not only robust and
applicable to a wider parameter range, but also closely tie the irregular trend in thrust generation
to thestrong noHdinear vortex dynamics observed. The details of thelmmar vortex dynamics

characterization are presented in the following section.
2.3.Vortex-Vortex Interactions at Large kh

At largeh andkh, predominant vortexvortex interaction mechanisms influence thrust production

by reducing the residence time of Leading edge vortices (LEVS) near the plate. The first form of
interaction occurs whesmn incipient vortex merges with an existing vortex fitbwa previous cycle

or stroke and is convected away from the plate. This reduces the time it resides near the plate to
sufficiently influence the shear stress at the plate surface. This phenomenon is favorable for thrust
production when involving TEVs, dkey get convected away and thus can induce limited drag.
However, the phenomenon is not favorable for thrust production when Leading edge vortices
merge and convect away from the plate. For LEVs, this shedding usually occurs upstream and for
TEVs downstram of the plate. This mechanissrpresent for LEVs in all thieh= 2 cases, shown

in Figure 5.However, although this mechanism is not prevalent for TEV@ atc AT & p

(Figure 5a), it is present in the subsequent cases®f THQ 1@ (Figure5-b) andQ

YiQ m& u(Figure 5c). Because the presence of TEVs induce drag, their faster convection

results in an increment of thrust coefficient at highand lowerh cases for a constaki.
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Figure 5: Distribution of vortices at discrete time instances for a representative plunge cycle at

™ ¢ hwith differentk andh combinations®@ ¢AQ p (@), Q@ THQ ™™ (b) andQ

YiQ m& vu(c). Entire cycle is discretized in nine time intervals for vorticity plots; vertical
position of each inset represents instantaneous position of plate in plunge cycle; arrow on the first
inset points to the plate; all vorticity plots usesha me s cal e s hownDé&,TFétéer ( c
and#lé i ndicate instantaneous forces as drag, t

and violet color annotations respectively correspond to interaction forms one and two.

Another form ofvortex-vortex interaction entails the merging of a TEV with the LEV of the next
stroke. This also reduces the residence time of the LEV on the plate. This is seen in large amplitude
cases in which the LEV induced velocity becomes large enoudfavo the TEVto the leading

edge of the plate, thus introducing a detrimental effect on thrust produlttisrphenomenon is
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anal ogous to the fAnegative reinf|d6].Thshoenotf bet w
LEV-TEV merging occurs in higher amplitude casektof 2 as seen at the start of downstroke

of k=2;h=1 (Figure 5a) and at the middle of ugtroke ok=4;h=0.5(Figure® ) . TEVYLEV
merges are not present fmymparatively smaller amplitude cases (kg.8;h=0.25 anck = 16;

h = 0.125). This happens because the size of LEV vortices reddceedsces and the induced

velocity of the smaller vortices are not strong enougtirtav TEVS to the leading edge thie

plate. This is the reasonthat 8;h= 0. 25 does not have the detri
merges and exhibits a higher thrust value than the higher amplitude cases of tlk &2)e

However, as the plunge amplitudg fecreases further (elg= 10,h=0.2;k=12,h=0.167 and
k=16,h=0.125), the smaller LEV vortices cease to have as large an effect on thrust production

as at higher plunge amplitudes. This is a major phenomenon that dictates the optimal combination

of k andh resultingin maximum thrust production.

2.4.Isolating the Effects of LEVs by Himinating TEVs

As stated earlier, the primary objective of this study is to individualize the effect of leading edge
and trailing edge vortices on thrust coefficient. Along the wayctineent study also aims to find

a relationship between thrust coefficient and a representative parameterization of plunging
frequency K) and amplitudeh). However, the nonlinear interactions between LEVs and TEVs
described in the previous section resmlain irregular trend of thrust coefficient with increasing
frequency and amplitude as shown in Figure 3. The vortex dynamics presented in the previous
sections established that thrust production is positively influenced by Leading Edge Vortices only.
Thus in order to estimate the sole effect of LEV strength on thrust coefficient, TEVs are eliminated

by introducing a splitter plate which extends far downstream of the primary plate of interest.
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The role of the splitter plate is to make sure that the T far downstream of the primary

plate and do not influence the vorticity dynamics on the primary plate which is only influenced by
the LEVs shed at the leading edge of the plate. To ensure an optimum and effective length for the
splitter plate, three diérent lengths were tried; 50c, 60c and 70c for a representative c@se of
¢andQ t@®. The length of 60c was found to be adequate as the percentage difference between
the thrust coefficients between a splitter plate of length 60c and 70c is signifikamtl{rhe

validation of an adequate splitter plate length is showahle 5.

Table 5: Thrust coefficient (g for different splitter plate lengths

50c 60c (base length) 70c
0 % diff. 0 % diff. 0 % diff.
10.6 8.6 11.2 3.4 11.6 0

In the calculations with the splitter plate, a coarser grid is used to balance the computational cost.
The resolution of the coarser grid was adequate to ascertain that the thrust producing vortices
(LEVS) are well resolved. Similar to the actual chordesawith varying reduce frequency and
amplitude are simulated with the splitter plate in place. All the characteristic parameters are kept
the same as the p plate case, naf¥ely p 1,Mased on inflow velocity and length of the actual
chord. All thesplitter plate cases were run for a significant number of cycles with an initial period

of development before time averaging was initiated as mentioned in Table 2. As the force
calculation was done only on the first chord length from the leading edgeherdffect of LEVs

was captured in the calculated thrust coefficient. Figure 6 shows the calculated thrust coefficient

after being scaled appropriately.
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Figure 6: Behavioral trend of thrust coefficient with varying plunge velocity for the

splitter plae cases

Thrust coefficient exhibits a regular increasing trend with increasing amplitider(all the

different frequenciesk] tested.

For all the amplitudes tested, the thrust increment is always in a factor more than two (depicted by
Ratio R)) for doubled frequency as shown Trable 6. The rate of thrust increment decreases
slightly at larger frequencies which is depicted by decreasing values ofRafior (@ constant

amplitude. RatioR) depicts the ratio oEt between increasing (with a factdrtevo) frequencies

Table 6: Trend of thrust coefficient increase for increasing reduced frequency at different
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h k E] Ratio

(R)

0.125 4 0.11

8 0.29 2.64

16 0.74 2.55
025 2 0.08

4 0.23 2.88

8 0.61 2.65

16 1.59 2.60
0.5 1 0.06

2 0.17 2.83

4 0.44 2.59

8 1.13 2.56
1 1 0.11

2 0.31 2.82

4 0.85 2.74
2 1 0.21

2 0.55 2.62

This indicates that the dependence of thrust coefficient is not entirely linear with both frequency
andamplitude. However, it is found that thrust coefficient varies linearly with plunge amplitude

(h) and as a power of 1.4 with reduced frequery (

With the regular increasing trend of thrust coefficienthe flow field with only LEVs a direct
parameterization is now achievable between thrust coeffico t#&nd the nomdimensional
parameters of reduced frequen& ( and plunge amplitude ( ). The
in Eq. 9.As seen in fjure 7, the different data points of obserd for variousQand Qin the

presence of LEVs only shows very good agreement with the correlation given by Eq. 9.

Here,A andB are constants, with &= 0.96 for the proposed equation.

6 0CBQ 6 €)
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Upon consideration of the vortex field in the presence of the splitter plate, similar observations are
made as without the splitter plafEhe upstream convection of LEVs is still present for high
amplitude casesdowever, with only LEVs present in the Wdfield, the primary contribution of

TEVs towards drag is eliminated. Moreover, with no TEVs to negatively interact with LEVs and
reduce their residence time on the plate, the net result is a significant amount of thrust even for

higher amplitude cases ki >1.

This result indicates the potential of only having leading edge vortices in the flow field. If this is
achievable by removing trailing edge vortices via flow control, then a regular increasing trend will

be observed for thrust coefficient over adwmt range of plunge frequency and amplitude.
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3. SUMMARY AND CONCLUSIONS

The canonical case of a plunging flat plate at Re =100 is investigated over a wide range of reduced
frequenckOds G.nd5 pOunge &@plBi todgs vesRibgp §eOv e
from @O2% .01t is found that t hr ukhbutmeaclesa not i
maximum atkh = 1 for most combinations &fandh and reduces thereafter. The rate at which

thrust production drops is dependenttoih decreasing rapidly at large plunge amplitudes when

the reduced frequency is small, so much so that aklamnd highkh the force produced reverts

back to drag.

It is shown that LEVs contribute to thrust production by inducing counter flow velocities near the

plate, whereas TEVs do the opposite. At kink 1, the LEVs do not have the strength to induce

a counteiflow at the plate even though they convect down the patee trailing edge and the

TEVs are shed directly into the wake. ®sincreases, the LEVs increase in size and have enough
strength to induce a countbow near the plate as they convect over the plate. At the same time,

the induced velocities of bothEVs and TEVs are not high enough for the TEVs to become
consequential by convecting upstream and influence the flow at the plate. Thrust production is
maximum in this regime. Akhincreases further, particularly hsncreases, the strength and size

of LEVs and TEVs increase enough to counter the mainstream flow and enter into a regime in
which vortexvortex interactions dominate. Some predominant forms of such wootéxx

interactions are identified, the net effect of which is to decrease the resiteacd# LEVSs near

the plate and reduce thrust.

In order to estimate the sole effect of LEV strength on thrust coefficient, TEVs are eliminated by

introducing a splitter plate in the wake of the primary plate. This splitter plate is nothing but
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numericd experimentation to eliminate the immediate effect of TEVs on the plate. With only
LEVs present in the flow field, the thrust coefficieat ) increases monotonically with for all

the tested frequencies. With this regular trend, a parametrizatibinust coefficient is possible
with frequency K) and amplitude H). Observedvalues of 6 closely follow the proposed

parametric equation with an excelléntvalue.

The current study identifies separate and opposite effects of leading edge and trailing edge vortices
in thrust production and thus relates vortex dynamics with thrust production in rigorous detail
compared to previous studies. Finally, this study suaagssfaims that, if the formation of TEVs

can be prevented by flow control, only LEV formation and shedding results in a monotonic
increase in thrust coefficient wikth and thus allows for a predictive parameterization ofvith

frequency K) andamplitude £).
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ABSTRACT
Bats exhibit a high degree agility and provide an excellent model system for bioinspired flight.
The current study investigatas ascending right turn @& H. pratti bat and elucidates on the
kinematic features and aerodynamic mechanisms used to effectuate the maneungate and
sustain the turn, the bat utilizesll and yaw rotations of the bodio different extents
synergistically togenerate theentripetal foce for a stableturn. The turning moments are
generated by drawing the wing inside the turn closer to the bodytroglucing phase lags in
force generation between the wings and redirecting force productibaaater part of theving
outside of the ttn. Deceleration in flight speed, an increase in flapping frequency, shortening of
the upstroke, and thrust generation at the end of the upstroke was observed during the ascending
maneuver The bat consumes about 0.67 W power to execute the turning ascending maneuver
which is approximately two times the power consumed by similar bats during level flight. Upon
comparison with a similar maneuver bidaarmigerbat (Windes et al[1]), somecommonalities

as well as differences were observed in the detailed wing kiresaatd aerodynamics.

Keywords: Flapping flight, Aerodynamics, Maneuveringbat flight, Ascending and turning bat flight,

Maneuvering techniques

3 Currentaddress Eastman Chemical Compatgingsport, TN 37660
4 Corresponding author: 213E Goodwin Hall, 635 Prices Fork Road, Blacksburg, VA 24061; Tel: +19%A®) 231
email: dtafti@exchange.vt.edu

88



Declarations of interest:none

1. INTRODUCTION

Bats exhibit excellence at maneuvering due to their highly articulated skeletal structures and pliant
wing membrane that provides flexibility and control over aerodynamic force gend@jtiohey

show agility in air which is an important element for survival for most flying spesigssecritical

for capturing prey, avoiding predators, or naviggithrough cluttered habitatEhe naturahgility
andmaneuverabilityallow bats to rapidly initiate a turn, to execute a turn within a tight radius or
toredi rect it 0s awingagae These flight traits ardrdormrsequential in bioinspired
micro air vehicle (MAV) design, and to this purpobeds and insects have been studied
extensivelyin attempts to emulatdesirable flight capabilities like speed, efficiency, quietness,
endurance, durability, gust tolerance, light wejgiantrol mechanisms argility [3i 16]. Studies
regarding bat fights have received leasientionin theliterature compared to inse¢813,15,17]
mainly due to the challenges associated with measuring the complex wing articulation during
flight. However, with recent advances in motion capturing techndd8y.9], quite a fewbat

flight studies have been carried out providing a compelling model for higbile and

maneuverabl® AV designs.

A significant portion of prior bat flight aerodynamics research has primarily focused on different
aspects of straight flight such as wing and bone strudig® 23], flight efficiency and
performancd24i 30], complexity in wing kinematicf31i 33] and aerodynamid84i 42]. These
studies have provided tremendous insight into wing structure and articulation during flight and its
effect on aerodynamic force generation. Maneuvering flight on the other hand, brings in elements
in wing articulation and aedynamics not present in straight flight which are very worthy of

investigation in spite of the challenges associated with capturing the wing kinematics during such
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flight and its aerodynamic interpretati¢43i 47]. Norberg et al]43] studied two bat species
performing a 180roll maneuver and a sideslip wighsingle camera. Although, theremgno 3D
kinematic data generated, a common mechanism was observed for both maneuvers with pronation
of one wing and supination of the other. Multiple cameras were used by Aldridgd4at] ab

record the flight of six different species in a flight tunnel. 3D reconstructionsdeaeefor several

of them which resulted in correlations between turning radius and various morphological
parameters. Iriart® E & a z [45¢investighted 90turns of fruit bats in an4shaped tunnel with

3D motion capture and were able to reconstruct detailed kinematic data. They observed that the
right turn maneuver wasffected by a combined bank and yaw rotation of the body. They also
reported various kinematic parameters throughout the duration of the turn which shed light on the
details of the turn. Henningsetal [46] investigated side maneuvers of a brown leaged bats

using particle image velocitrg (PIV) and 3D motion capturevhich enabled for a coupled
analysis of kinematics and the resulting flow field. They observed mas¢uvers to be initiated
during the upstroke thaturing the downstroke with the most common use of asymmetries in
drag or thrust. They also reported the time histories of wing amplitude, lift, thrust, wing length,
angle of attack, and body orientatiar several maneuverBoerma et al[48] investigated the
recovery maneuver from disruptive forces like aerial stumbles for fruit bats and reported that the
bats primarily respondeby adjusting extension of wiAg@ints, and recovered pudisturbance

body orientation and symmetrical wing motions very fast, over the course of just one wingbeat
cycle. They also used a simplified dynamical model that showed that the inertial torques generated
during recovery drives thabserved body reorientation. The same group also investigated landing
maneuvers and linked roosting ecology with landing biomechd#afjs These studies while

providing important insights into maneuvering flight, also highlight some of the inherent
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chall enges. To start with, data collection on

ability to performmaneuverswith significart heading change. For example, the shallow turn
investigated by Henningsat al [46] resulted in a heading change of only 4°. Although the static
L-shaped flight tunnel used by IriasfleE & a z[45atlowedlcamplex maneuvers with a heading
angle change of as large 45°, it could not allow for the use of PIV flow measurements for
aerodynamic analysis.

Using measured wing kinematic data as input boundary conditions to run detailed aerodynamic
simulations provides a powerful option for establishing the causal relationship between wing
motion and force generation to effect the maneuver. Thus, the cutreht ®llows a
computational approach to deconstruct the detailed kinemetadynamic nuances of a
maneuvering bat flight. This approach has been used in the literature mostly for level flight
[32,36,40]and recently for maneuvering flight by Windes efBb0]. Using measured kinemasic

and aerodynamic simulations, Windes e{Hl.investigated a right ascemdj sweeping turn of a
large insectivorous baH{pposideros armiggrand foundsimultaneous and synergistic banking
and yawing to be thiindamental turning mechanism. Later, an analysis oftartJof the same

bat revealed that active control of the velocity along with the body rotations allows the bat to

achieve the centripetal force for the i@€greaurn [50].

The current study is motivated by the desire to investigate a specific maneuver in a different bat
species than done in previous wotlksthis paper we investigateHapposideros Pratt{H. pratti)

or Prattés Roundl eaf bat while executing an
and aerodynamic studies on bat maneuvers are rare in the literature and provide a much needed
gatevay for a deeper characterization of the relationship between wing motions and the ensuing

aerodynamics, which is the dominant force producing mechanism over the course of the maneuver.
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The primary focus is to elucidate on the following: mechanism usesh&rate force asymmetries;
dominance ofift, thrust or drag asymmetrigdifference in mechanisivetween the initiatioand
rest of the turn role of body rotations; contribution of banking and yawing; the relative
contributionof upstroke anddown stroles; and thenergy cost ahchieving the maneuver. These
are investigatedy a combined effort okinematic measurements and detaitemputational
analysis of the aerodynamic foragsnerated during the turithekinematic data is collected in a
flight tunnelusinga 3D optical motion capturgystem29,36,44]Jwhile the numerical simulations
are run using the wing kinematic dataaasinput boundary conditioto calculate the flow and
pressurefield around themaneuveringb at 6 s, giwingnagcess to accuratgpatially and
temporally resolved force data on theng surface throughout thentirety of themaneuver.
Aerodynamic forces and rotational moments are analyzsbimain referace framesthe global
coordinate systemard a body fixed local coordinate systemThis framework allows for

investigaing the inderlying mechanisms causibgdy rotations and turning forge

A secondary aim of this paper is to compare the current fliggmiacteristics to that d/indes et

al. [1] in which aH. armigerbat performs a similar maneuver. This is done with several caveats:

to have a living creature perform the exact same maneuver in all its attributes is highly unlikely;
even within the same species different bats will exhibit different individual traitsvih influence

their kinematics; and the same bat may have variations in how it performs the same maneuver.
One way to eliminate these variations would be to take the mean of several flight experiments
performing the same maneuver by measuring onlywakaracteristic data points on the body and
wings. While this method will give macifbight kinematic parameters, it will not yield the detailed

wing kinematics needed to elucidate on the aerodynamic forces produced by the wing articulation

to effect themaneuver. In spite of these caveats, because there are only a handful of investigations
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in the literature on aerodynamic characterization of maneuvering bats, any insights into similarities
and differences between flights, however limited, will contribittea more comprehensive

understanding of bat flight.

2. METHODS

2.1.Experimental Setup and Motion Capture

The bat used for current study is an adult fenRlleat t 6 s r élippogideresapfat)i b a t (
weighing 55g. The animal was kept with a group obnspecifics in a controlled indoor
environment designed to allow natural movement given its typical flight behdsibical
procedures according to Virginia Techoés I nsti
number 15067) were followed. Kinemigc data wereollected using an optical 3D motion capture

system put together insidel&® mx1.2 mx5 nopenended flight tunnel. The system comprised of

21 synchronized video cameras arranged in 3 rings located about 40 cm apart. The details of the
cameraspecification and their arrangement is given in a prior @88k After being releasedhe

batflew without interruptiorthrough the tunnel and the camera arrays recorddlighefeaturing

different maneuvers at 120 frames per second and inxI9BD pixel resolution. The camera

array was calibrated using the Svoboda redinera seftalibration metho@51].

The recorded flight patH53 ("Maneuvering_flight_trajectory.mpy] consists of 3 full wingbeat
cycles and an extra hatf/cle at the end, i.e., 3.5 wingbeat cycles, captured over 55 video frames
during which the bat executes an ascending right turn with deceleration in the flight direction
similar toWindes et al[1]. Each cycle is defined to start with an upstroke and end with a-down
stroke. The last half cycle (upstroke) is included in spite of the second half of the cycle (down

stroke) being incomplete as the bat continues to ascend outside the rangmofidheapture
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system. After the last upstroke that was analyzed in the current paper, the bat completes two full

flaps before perching on the ceiling of the tunnel.

In order to track the wing motion, about 1&f@all white circular markers made of medical tape

wer e set to the bat ds wi-tangpesral kinematcdgaturesrofehe tvinge d et
as it effectuates the maneuver. Stereo triangulation was performed for the 55 frames of the current
flight using a custom MATLAB code to achieve a total ofQpints)x (55 frames) ~ 8250 points

in 3D spaceln the event of spatial or temporal occlusions among those points, a temporal spline
curve and a spatial implicit surface reconstructid@] was used to fill in the missing data.
Afterwards a 3D reconstruction was done using a MATLAB code where aasgomated

technique was used to define point correspondences between frames, the details of which are
described inprevious workg1,32,36,53("Raw data for an ascendimght turn of Hipposiderous

Pratti")]
2.2.Reference Frames

For kinematic and aerodynamic analysis, two reference frames are defined ifitiallylobal or
ground reference frameéy(w [ ) is a fixed, inertial coordinate system withdirected along the
longitudinal tunnel axisy directed upward gposing gravity, and> directed normal to botto

anda .
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Figure 1: Definition of the global, bodixed and velocitybased coordinate system with bat

body orientation at an arbitrary point during flight.

The local or bodyfixed reference fram (w, w, ¢ ) is defined based on the instantaneous
orientation of the bat 6s -ibetid podydixed referdneefrgnes wi t
moves with the bat as it flies algnone such instance is shown in Figure 1. The origin is ded at t

center of masso(U ) of the bat body. The +ve vector points laterally toward the left wing

while the +vew points along the axis of the bat body with perpendicularity enforced between the
basis vectorso andw . Lastly, thed upward minting vector is found by taking a righeinded
crossproduct betwee andw . Detailed definition and description of the three basis vectors in

the bodyfixed coordinate system is presented in Windes efljl. The stroke plane, local

aerodynamic forces and moments are all calculated using the instantanecfigdzbdgordinate

system.
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Another local coordinate system, aligned with the velocity vectals defined, as the long axis

of the body might not always be aligned with the velocity vector of a maneuvering trajectory. For
example, in the current flight, the long axis of the body mostly lies inside the trajectory of the turn.
The velocitybased redrence framed§, w, &) is defined based on the instantaneous velocity
vector which changes with time. Figure 1 shows such an instantaneous velocity vector in cyan
which is also the direction of the +dée vector. The +vead vector again pointkaterally towards

the left wing with orthogonality enforced with the direction.The +ved vector points upwards

and is found by taking a rigitanded crosproduct betwee andw .

Figure 1 also defines the span (blue) as the line connelgraioulder to the wingtip. The wingtip

loci for the right and left wings are shown for a wingbeat cycle with two regression lines (pink)
fitted through them. These regression lines along with a fixed root at the two sides of the wing
make up the respeee stroke planes shown in pale pink. Euler rotations about the body fixed

o ho anda axes are defined respectively as roll, pitch, and yaw with-rightleft-yaw and
pitch-down as positive. The rotations apply in an orderly manner with yaty firen pitch and

then roll. The negative of the pitch angle is presented later in the paper as the elevation angle to

denote pitckhup by a positive value.
2.3. Aerodynamic Analysis

Following the kinematic data collection and qm@cessing, the thouse incompressible Navier
Stokes solver, GenIDLESb2] was used to simulate the aerodynamic flow around the bat during
the maneuvering flight. The Immersed Boundary Method (IBM) is used to resolve the wing motion
which is represented by a triangulated surface mesh immersed in a volumetrid@ heelsication

and spatial orientation of the surface mesh is advanced in time based on thenemngtics[53
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("ctr_pts.ucd", " surfgrid.s001", " splines.dat", " ibm_movement_bat.{90p slip boundary conditions

are enforced on the wing surface.

The inhouse Navieii Stokes solverhas been utilized and validated for a diverse field of
applications like bidocomotion [54], bio-fluid mechanics[55], multiphase fluigparticulate
system[56], turbemachinerny[57][58], heat transfer augmentatifg®] etc. The IBM formulation
specificallyhas been validated and applied to many different geometries and flow conditions, e.g.
[60i 62]. For further details about the computational setsgd for the current papgrease refer

to prior work on bat flight aerodynamifs,36,40,50] The computdonal domain extends from 8
chord lengths upstream to 24 chord lengths downstream o tieection with a crossection of

16 x 16 chord lengths in t® and & directions, respectively, representing the tunnel eross
section. In order to redutiee computational complexity of having to resolve the flying bat which
would require a very fine mesh throughout the computational domain, a moving reference frame
is used to limit the movement of the bat in the computational domain. The moving refeseree

follows the mean velocity of flight, 2.48 71 in the w -direction, 0.364 %i in the w -direction,
and 0.54a 71 in theq -direction.Perturbations on the mean flight velocities are reflected in the

kinematics of the bat wingslhe perturbedwing motion is shown in an animation in the
supplementary documens3 ("animationl.avi"). After the completion of the simulations, the
results are pogtrocessed by adding back the moving reference frame velocity. Figure 2 shows the

background and surface grid distribution.
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Figure 2: Schematic afomputationabrid (a) front viewof background grid38.2 million cells)

(b) side view of background grahd(c) batsurface grid (42,000 surface elements).
2.4.Validation

In order tocharacterize the accuracy of the kinematic data from the motion capture methodology,
the resulting lengths of two relatively rigid arm bones (bone 1: shoulder to elbow and bone 2:
elbow to wrist) are compared at different time instances within the tiighising the derived

spatial locations of shoulder, elbow and wrist markers. This is done for both the left and the right
wing bones. The comparisons are done at the most outstretched frames of each downstroke. Figure
3 shows that the derived bone lendtiasn both wings are within 5% of each other over different
cycles validating the motion capture methodology and the extracted kinematic data from the raw
measurements. Considering that the diameter of each white marker used was 3 mm and the bone
lengths neasured are ~50 mm (shoulder to elbow) and ~90 mm (elbow to wrist), the observed

difference could very likely be due to the uncertainty associated with identifying the center of each
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marker location. As will be shown later, the ability of the simulateddy@ramic forces to
reproduce the experimental flight trajectory of the bat further validates the accuracy of the

extracted kinematic data which is used as input to the aerodynamic simulations.
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Figure 3: Comparison of right and left wing bone lengttbratetime instances during

downstrokes of the wing beat cycles.

To validate the aerodynamic analysis, four different grid sizes are tested for their ability to predict
the timedependent forces generated by the bat during the recorded flight. Thesemarized

in Table 1. The coarsest background grid resolves the bat with 20 cells per wing chord length,
whereas the finest grid uses up to 50 cells per chord length, with approximately 42,000 triangular
surface element®0.022 chord) defining the wing $ace. The temporal evolution of generated
forces in thew -, -, anda - directions are presented in Figure 4&Ja Some difference at force

peaks and valleys where the temporal gradients are high for the two coarsest grids of 20 and 30
cells perchord length are evident. These differences are mitigated considerably as the grid is
refined further to 40 cells per chord length. Figure 4 (d) shows the percentage difference of the

integrated net fluid force exerted over the full recorded flight coetptr the finest grid of 50
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cells per chord length. For the two coarsest grids the force varies by about 4% and 1% percent,
respectively, while the difference is negligible when using the third (1/40 chord length grid
spacing) grid. Based on this studysuklts from the 40 cells per chord length are presented in this

paper.

Table 1: Summary of different background grids evaluated.

Cells per chord lengthgs Background grid size Processorssed
20/ 0.05 4.98 million 32
30/0.033 13.8 million 64

40 (Base grid) 0.025 38.2 million 128
50/0.020 64.6 million 256

Streamwise Fluid Forces on Bat Wings

Lateral Fluid Forces on Bat Wings
———20 cells/chord length

——30 cells/chord length —20 cells/chord length
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Vertical Fluid Forces on Bat Wings 5 Percent diff. of total force from finest grid
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Figure 4Fluid forcesin the global coordinate systewn the bat wing on background grids of

different resolution along with percentage difference of net force from the finest grid

To supplement the validation of the digitization of 2D motion capture video frames to 3D spatio
temporal data, and the grid eyendency study of the aerodynamic solver, additional validation is
done by treating the bat as a simple lumped mass system and using the calculated aerodynamic
forces[53 ("ibm_force_all.dat")}to predict its trajectory in comparison to the measured trajectory

in the global reference frame. Note that this validation requires both, the accurate representation

of the actual wing kinematics as well as the accurate reproductiorces driving the flight. The

lumped mass dynamics analysis is based owtdlen 6 s s e 8 n €8 Theabat ,mass is

approximated as a point mass at the center of mass (COM) whapiprieximated by the body

location and wing postur3]. The net timedependent forces are obtained from the numerical
simulations. The velocity and position of @®M is then predicted by integrating the acceleration

once and twice with respect to ti me. The com
obtained from the aerodynamic simulation with the measured path of the bat body marker point is

presented inigureb5.
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Figure5: Comparison between the observed and predicted flight trajectory of the bat body in the
global coordinate system; (a) position of the bat bodly(ah velocity of the bat bodgimulated
velocities and positions are calculated froregrating thesimulated force; graynaded regions
denote upstrokes while white denotes deivokesred, green and blighaded regions enveloping

the predicted trajectory and velocigpresents p v Fof the computedalues from aerodynamic

force, withing which the oberved position and velocity from kinematics lie

Good comparison is obtained between the predicted and observed values of the body position and
velocity in thew andd  directions. Thaunder prediction of the velocity and consequently

the positionm thew  direction indicates the under predictioncof directional force by the
simulation model. As pointed out by Windes et[4].and expressed in Figure 5 by the shaded
regions, even a small discrepancy in the predicted force will accumulate in time while calculating
the velocity and position as they are calculatedengporal integration of acceleration. The shaded
regions enveloping the predicted trajectory and velocity are representativeobkéreed values
varying within p v Pof thepredictedvalues Another discrepancy, also observed by Windes et

al. [1], is the relative isensitivity of the model to variations within a single wingbeat cycle. This
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trait is particularly characteristic of variations in the and @  directions and could be
attributed to the simplicity of the lumped mass model, the much smaller aerodyfwaogs
produced in these directions compared tocthe direction, and to inertial forces which are not
included in the model. In spite of these differences, it is established that the overall trajectory over
the recorded flight is reproduced with gaarturacy, giving confidence in the fidelity of kinematic

measurements and aerodynamic simulations.

3. RESULTS & DISCUSSION

Of primary interest is relating the dynamics of the turning ascending maneuver with the relevant
wing kinematics First weintroducerelevant morphological parameters of the bat and the flight
trajectory followed by the aerodynamic analysis of the related wing kinemaftiesever relevant

we also compare and contrast the kinematic and aerodynamioftrdieflight of theH. armiger

by Windes et al[1].

3.1.Morphological Parameters

The measured morphologicalrpeeters of thél. prattiin flight over the recorded 3.5 wing beat
cycles are presented in Table 2 along with equivalent data from Windefléfal.aH. armiger
bat for comparison.

Definitions of the different parameters are as follows:

1 Wing area: The wing area is the maximum total surface area duringavastroke (when
the wing is fully stretched), averaged over several wingbeat cy€les. value in
parenthesis indicate tlaveraged area over the entire up and downstrokes.

1 Planform area: The planform area is thmean wingareaduring downstroke and upeke

projected onto the local bodixedw w plane,averaged over several wingbeat cycles
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1 Span: The span is measured as the maximum wingtip to wingtip distance averaged over
the wingbeat cycles.

1 Mean Chord: The mean chord of the bat wing is caltethby dividing themaximum
planform areavithin a cycleby the span distan@daveraged over theeveralwingbeat
cycles.

1 Aspect Ratio: Aspect ratio (AR) is spasquared over planform area

1 Wing Loading: Wing loading is weight over planform area.

Thecurrent bat exhibits a much largaass and wingspahan somedrior work on maneuvering
bat flightin theliteratureby Iriarte Diaz et al. (mass 33 g)[45], and Henningssoet al. (mass of
~10 g)[46]. However, the morphotpcal parameters dahecurrent study aren the same range as
that of Windes et al[1][50] in spite of the bat being frora different species. The mass (1%
heavier) and span (3% largergalmost identicabut theH. pratti bat in the current study has a
wing aredarger by20%, and thusa 15%larger planform areaThis leads to a larger mean chord
(14%), smaller aspect ratio (6%) and smaller wing loading (11%) comparedoat fhetre study
of Windes et al[1].

Table 2. Morphological parameters

Mass Span Wing Area Planform chord AR  Wing loading
(D GO GE ) area4) ) (r0 dio )
Current Flight 55 53 522 (mean = 398 459 8.91 6.12 11.98
Windes et al[1] 54.5 51 434 398 7.8 6.5 13.4

3.2.General Flight Description

In order toprovide context for the presented results, this section describes the measured flight

trajectory. Figure 6 shows the wing position atttavnstroke of 7 consecutive wingbeat cycles
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in the flight trajectory Among them, 3 downstrokes (shown enclosed engtreen box) and 4
upstrokes which constitute the riglarn maneuver is studied in the current paper. Two wingbeat
cycles later it performs an upsidewn 180 somersault to perch on the ceiling of the tunnel.
While the bat is still climbing, the preparat for the perch is expected to influence the flight

during the latter stages of the recorded flight.

Perch here

Down-
stroke 3

Down-
stroke 2

Down-
stroke 1

Figure 6: Flight trajectory (shown in red) with wing placement on 6 consecutive downstrokes.
Current paper studies the three downstrokes (along with 4 upstrokes in between) shown in the
green box. The bat perches on the ceiling of the flight tunnel dhitdeupstroke after downstroke

3.

The analyzedflight consiss of 3.5 wingbeat cycles spadover 450 ms of flight timeFigure 7
providesplanar top and sideiews of the flight trajectorydentifying the upstrokes and down

strokes and the velocity magnitude along the flight trajectory. Among other things, ${@i(@
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section 2.4) showthe details othe flight trajectory observefdom the kinematic dat@enoted by

open circle symbal)). Taking the starting position dke origin, the bat firstveers to the left
(maximum of 4cm left from origin at 158 msjs indicated by the lateral -displacement. It then
makes asustained right turn (maximum of £ right from originat450 ms o at the end ofhe
recordedlight). The entire flight is associated with a cumulative 46.4 degree change in bearing in
thew -w plane. The maneuver is tightestabouB35 ms wha the radius of curvature of the turn

is smallest (= 61.5 cmpuring the course of the 110 cm recorded flighe, -directionalvelocity

of the batdecreases frord.95 m/s to 2.15 m/§ he initial mostly level flight (slight loss in altitude

up to 150ms), is followed by a gradual increase in elevation, becoming steeper at around 250 ms.
During the recorded ascent, the bat gains an elevation of 1¥r@rmaximum ascent angle is

26.9 degreeduring the last half cycléne interesting trait to note isat the dominant maneuvers

in the lateral and vertical direction start at the same time (~ 150 ms) as shown in Figure 5 (a). This
trait was also present in the maneuvering flight of Windes dijaindicating that perhaps, a
change in altitude is often accompanied by a turning maneuver evearisa. Figure 7(c) shows

the forwad velocity of the bat in the local velocity basedardinate system (as opposed to the
global ceordinate system used for Figure 5(b)) in order to provide a clearer understanding of the
effective velocities contributing to the current flight. It is sdat,tduring the climb and turn, the

bat loses some of its forward momentum and decelerates from ~2.5 m/s to ~1.8 m/s.
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Figure 7: Flight trajectory ¢a) Top and side views, green and blue dots depict individual frames

of the video recording; (c) Fevard velocity in the local velocity based coordinate system

The quantitativdlight parametergre noted in Tabl8 along with equivalent data from Windes et
al.[1] for aH. armigerbat The bat is flyingnuchfaster(about 45%)n thecurrentflight and also
decelerating moralong its curved patiwhen compared to the maneuvering flight studied
Windes et al[1]. The2.64m/s mean turning flight velocity in the present stiglglightly higher
but in the same range @ 2.0 m/s mean velocity observed by IrBi@z et al[45] and thewind

tunnel velocity of 2.5 m/s used by Henningsson €#éal.
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Table 3. Comparison offlight parametersbetween current and a similar previous

maneuver
Flight Total # of Mean Mean Wingbeat
duration (s)  full velocity acceleration frequency
wingbeat  (m/s) (m/<) (Hz)
cycles
Current Flight 0.450 3.5 2.64 -1.78 9.08
Windes et al[1] 0.558 5.0 1.81 -0.86 9.7

Theaveragavingbeat frequency does raiffer much between the twitights, although it is about

6% lower for the currentflight. Analyzing the angle of ascent and flight path curvature in Figure

8 provides more perspective on the term,Astror
respectivelyln general, both the angle of ascent and curvature show an increasing trend during
downstrokes and a decreasing or neutral trend during upstrokes, indicatitigetmaijority of
kinematic features fueling both the upward and lateral masndake place during downstrokes.
There is alearsynergy between theerticalascent angle ardteralcurvatureTheangle of ascent

has the steepest gradietdiring downstroke followed by a levellingoff in the rate during
upstroke. Accordingly, the radius of curvature follows the same trend as the ascent angle,
increasing and decreasing in synch with the rate of astleaturvature reachesmaximum at

near midthird downstroke indicating the tightgsrt of theturn in the lateral directioand dops

off precipitously after that indicating that the bat has straightened out of the turn. During this time,
the bat keeps climbing but at a slower rdtee last part of the flight kinematics could be in

response to the bat sensing the tunnel walls egyhping for the ceiling perch.
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Figure 8: Angle of ascent and curvatuozer flight time; curvature is irerse of the radius of

curvature (ROG, the tghtest turn occurs when the R@Csmallest, or curvature is largest

3.3. Flight Aerodynamics

The integrated aerodynamic forces for the turning flight are first presentind bodyfixed
coordinate system in Figure 9(a) supplemented with the gravitational force componentsraethe
directions During straight,level, constant speeftight the aerodynamic forces supplemented with
gravitational forceshouldbalance out to be zemn a cycle averaged basldowever, for a
turning, ascending and decelerating flight as the cuoeet significant forces are expected as
shown by Figure 9(a)The w -direction of the body frame is aligned with the direction of the

l ongi tudi nal axi s of t he-cdnapdanegntsof theofatce is a khajan ¢ e ,

contributor to net thrushile the negative component to net drag. Positive peakl iimeaning
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instantaneous thrust is more ttadnag) are observed during the downstrokes. During the first two

upstrokes minimal net drag or a neutral value is observeddBing themajor turningclimbing

maneuver which starts at the second downstrske|l thrust peaks appear during 8nd 4"

upstrokes to supplement the thrust generated during the downskoieisusly Johansson et al.

[41] also reported thrust generatianthe end of the upstrelandrelated it toeffective pitch and

yaw control.This feature was also observed\igwanath et al[64] during ascending flight of a

fruit bat.

Theda -compmnent of the force is the major contributor to the lift force and is substantially larger

than the other two components in order to support the weight of the bat and to perform the climb.

The body coordinaté-directional force is maximum during th&%2lownstroke to facilitate the

steep climb in the subsequent cycles. The force generated during upssrokeg small in

magnitude, positive in the first two downstrokes and negative in the last two. The lateral force
"0y, in the body fixed coordinate system remains near zero during the fDghtomparing

"0y, and"0; with Windes et al[1], the magnitude o, is comparatively smaller in the current

flight while that of'G; is comparatively larger. This could be because the rate of ascent of the

current flight is highethan thabf theH. armigerin Windes et al[1]. Upon consideration of the

gravitational force components, all the three directional Hodyd forces decrease or exhibit

larger negative values.

At first glance, the overall positive force in the direction seems counterintuitive to the overall
deceleration observed in the current flight. However, as the direction of the long axis af the b
body is often differentrom the direction of the velocity vector, the force components calculated

in the velocity based coordinate system can provide a clearer relation with the observed bat motion.

The velocity coordinate system is constructed byguiie direction of the velocity vector as the
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w -direction, followed by defining thé» andd coordinate directions as outlined in section 2.2
for the bodyfixed coordinate system. Forces in the velebiiged coordinate system are plotted

in Figure 9(b).
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Figure 9 Forces in th€a) body and (b) velocitycoordinate system with gravity componen@.

denotes aerodynamic forces a@denotes gravitational force components.

The biggest difference in the bofiyed versusvelocity based forces evidentin the forward
direction. While the né0;; force in the body frame is mosthpsitive theforward component in
the direction of velocity is mostlgragforce. This isconsistent with the observeadlotion of the
bat slowing downThemanifestation of aetdrag forcéG; in thevelocity framein spite of a net
thrust force, Oy, , in the baly frame is explainebly the relative orientation of the force components
in the two coorihate systems shown in Figure (). "O; hby far the largest force in the body
frame, has a large positive contribution'@ in the velocity frame, but dhe same time has a
significant negative contribution t@; to overwhelm the component of positi@; 8rhe small
thrust peaks observed on both apd downstrokes from the '3 cycle onwardsesult from the

larger positiveé Oy, force. Figure 1(b) also shows thaQ; contributesa negative componett

thevelocity framelateral forcéG; , increasing its magnitude.

(a) (b)
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Figure 10: Contributions of forces in baélyed coordinate system to forces in the velotigsed

coordinate system; two different views (a and b) complement each other to show the contributions

in the three different directions.

The inward pointindateral force 'G; "Oj alongthe bat trajectory plays an instrumental role

in a stable turn by balancing the centrifugal acceleration felt by the bat as it traverses the turn.

From Figure 11, the net lateral or radial forceimiyithe turn from 158 ms to 450 ms is calculated

to be ~0.21 Nshown by the green dashed lin€he centrifugal force generated is calculated from

the mass, velocity, and radius of turn in Egn. 1 and found to be 0.24 N. This balance between the

forces adhg on the turn radius assures a stable turn.

. .. avo I WQC] X .
O - ;
aw | 0B @ T T

where,

a = total bat mass

& = centrfugal acceleration

0 = approximate flight velocity magnitude averaged over the flight time

| = approximate radius of curvature averaged over the flight time
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Figure 11: HaHcycle averaged tangential and radial force

It is to note that, the radial force shown in Figure %fly) 11results from the simulation whereas

the centrifugal force is obtained from the kinematic data; the close agreement between the two is
yet another validation of the overall methodoloByscrepancies between the estimated (from
kinematic data) and calculated (from aerodynamic simulations) valuesstdnfromthe fact that

the bat is not in a steady state, constant radius, constant velocity turn and is also gaining elevation.
3.4. Orientation of Bat Body

Another aspect of the turning mechanism comes from the orientation angles of the bat body and
velocity. The direction of the net force vector is the most significant driver that allows the bat to
follow a curved trajectory. This direction is predominatiyitrolled by the rotational orientation

of the bat in space. The relative orientation of the Hodyd frame to the ground frame represents

the angular rotation of the bat, described by the three Euler angléseasoll, pitch, and yaw as

introduced irsection 2.2. When the bat changes its angular orientation, it changes the direction of
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the flight path through yaw and redirects the force so that a radial acceleration is achieved through

roll.

As the direction of a flight does not always follow the bodgntation, we define three additional
angles based on the velocity coordinate system. Equivalent to the roll angle in thiexéddy
coordinate, a bank angle is defined as the absolute angle bebwaeis and the horizontal. Also
defined is a climtangle which is the inclination of thie -axis with the horizontal and a bearing

angle as the angle between the initial and current flight direction projected on the hodizontal

w plane.
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The Euler angles of the bat body rotatigaw, pitch, androll) are shown in Figure 1@ong with

the orientation of the velocity vectdrdaring, climb, antdank). The bank angle, although closely
related to the roll angle, is nat &uler angle. As Euler rotations are applied sequentially, the roll
angle is usually affected by the pitch and yaw anddesvever, the bank angle is free from any
such effect andan simply be calculated as the absolutgebetween the instantaneabsaxis

and the horizontal. At small pitch angles, the roll and bank angles do not differ much as the effect
of pitch on roll is minimal. This is evident at the start of the flighere pitch angles are smaller.
However, towards the end of the flighfter the 2 cycle, the bat undergoes a steep climb, thus
obtaining a significant pitch which in tumdfects the roll angle. Therefore, there is significant
difference between the blaand roll angles towards the end of the fligtigure 12also shows the
elevation angle which idefined as aegative pitch anglér conveniencePositive values of th
elevation angleepresent ampward inclination of the bat body. The velocity ctarpart of the
elevationangle is the climb angle whidias beerdefined above. The last angle describing the
flight velocity in Figure 12is the bearing angle, which solely based on the flight direction,
whereas the yaw angle is based on the lmrthntationonly. The distinction between the body

and velocity angles plays a fundamental role in explaining the maneuver mechanics below.

The body rotations allow the bat to redirect the net force vector so that a turning maneuver can be
achieved. Themost direct way to incline the force vector laterally to activate a turn is through
rolling of the body and banking\ positive roll angle of around 7 degrees from the start of the
flight indicates that the bat is preparing for a right turn. During tgétflihe roll angle increases
gradually upto around20 degreesuntil the third cycle after which it grows rapidly to 37 degrees
towards the end. This is consistent with the curvature plot shokigune 8which indicates that

the tightest portion of theeirn starts at around the third cycle. Although roll is the most direct way
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to incline the net force vector in favor of a lateral tuancombined yawoll action is more
effective Yaw allows the center of the turn radius to be shifted lzaxkthus prodicesa tighter
turn. In absence of yaw, only roll can result in a gradual turn, but not a tighter one. Similarly, only
yaw without roll is not optimal for a tighter tuasthe lift force remains vertical and does not
impart any component towards the tufhus only the significantlysmaller thrust force imparts a
radial component if there is noll and only yaw The current maneuver was achieved by a
synergisticeffect ofroll and yaw.A negative yaw and a positive roll drives the bat to turn right as
is seen for the current flight in Figure & yaw facilitates a rotated axis for subsequent roll to
be performed around, it & crucial componenb initiate the turnTherefore, the yaw angle in
Figure 12 shows a gradual increment in the first 2 cycles, when the lateral turn is ntightery
But when the third cycle starts, there istaep increase in the yaw angle facilitating the tighter
turn despite the bearing angfet following suit. The comparatively gradual behavior of the
bearing angle towards the end, is consistentthébverhead flight trajectorgf Figure 7 showing

that the bat bearing change is comparatively gradual throughout the entirérfligtEven after

the collaborative effect of roll and yaw initiates the steep turn around the third tbgcleearing
angledoes not alignwith the heading This indicates thathe bodyaxis of the bais always

positionednsidethe trajectoryof the tun for the currentlight.

The bat body pitches up during downstroke and pitches down during upstroke. As seen in Figure
12, the increase in elevation during downstroke is larger than the decrease during upstroke
allowing the batd gain altitude with thetsepest gain occurring during thé &roke. At the start

there is a ~37difference between the elevation and climb angle but during the maneuver the
velocity is nearly aligned with body axis. bontrast,Windes et al[l1] reported a somewhat

consistent difference of 20 degrees between the body elevation anghe aradocity inclination
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anglefor boththe maneuveias well asstraight flightfor theH. armiger, implying that the noted
difference between how a bat positions its body with respect to its trajectory could possibly be an

individual trait of the bat.

3.5. Rotational Moments

Thus far, we have established that the bat turns by generating a lateral force which provides the
needed centripetal acceleration. This lateral force is produced when the net force veetor is re
orientated by the combined effect of body yagvand banking. The moments created on the three
axes of the body frame is yet another important aspect to explain the turning mechanism. The net
rotational mo me nt based on the batoés COM is
aerodynamic forcen the wing surface. Figure 13 shows the roll, negative pitch or elevation and
yaw moment created in the body fixed@alinate system both in a transient (a) as well as half

cycle averaged (b) time axis. According to a Hghhded system, a negative yamd positive roll

moment is necessary to make a right turn while a negative pitch (or positive elevation) moment

takes the bat upwards as shown in Figure 13.
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The yaw and roll moments are the main drivers for the latemal The cycle averaged plot shows

that the yaw moment experiences a gradual increment in the first two wingbeat cycles and then a
significant increase starting from th& 8ycle. This is consistent with the increasing trend of the
body yaw rotation seen Figurel2. The highest roll moment elsorecordedowards the end of

the flight where the tightestrn occurs.Towards the very endf the recorded flight, in the®™
upstrokeand the subsequedbwnstrokea correctioncan be seem the form of anegative roll
momentn the instantaneous platichis surmised to be preparation for the perch in the following
cycles The positive cycle averaged elevation moment fuels the overall upward motion of the bat.
Within each wingbeat cycle, duririge downgroke the predominantlgositiveelevation moment
fuelst he batdés wupward pitch. Towards the end of
which persists to a steady and gradietreasef the elevation moment during upstrokébe

highest rate afhe elevation moment increment is seen between downstrokes 0 and 2 with the peak
magnitude achieved just before the steepest tibegims It is notedthat the bulk othe moments

that effectuate the maneuvare generateduring the downstroke when theradynamic forces

are at their highestyhereas the upstroke plays a minor role.
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Theseaerodynamianoments give rise to angular acceleration or changes in angular velocities
which is presented in Figure I®bm the experimental kinematic datéth a halfcycle averaged

time axis for easier visualizatioAngular acceleration or the change in angular velocity can be
caused by aerodynamic moments, inertial moments, or a caiobired the two.The yaw or
headingangularvelocity is always net negative meanihgt the bahose is moving inwardf the

turn. In accordance with the yaw mometite yawor heading angular velocity increases to a
maximum of 500deg/sof yaw rotationduring the initiation of the tightest turn (at around tfe 3
cycle). The angular bank velocity changes fromt positive toslightly netnegativetowards the

end of the flight in accordance with the corrective negative roll moment observed in preparation

for the perch. Thelevationangularvelocity is overall positiveand increases with the upward
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motion, peaking up to 400 dégof pitch rotationnearing the end of the flight. This is consistent

with the steep ascent observed towards the ettteotirrent flight.

3.6. Spatial Distribution of Aerodynamic Forces and their Effect on Rotational

Moments and Turning Mechanism

The body rotations and moments are created when the wing kinematics cause asymmetries
between the forces generated by the left and right wings as well as between different regions of
the wing surface (inner and outer). The different regions of the windnmh the force distribution

and thus moment generation is analyzed are specified in Figure 15.

Right
wrist

Left

2\ Right
7 tip

Tail

Figure 15: Spatial segmentation of the wing.

To better understand thedfect of thespatial distributiorof forces on moment generatidorces

on inner and outewrings in the bodyfixed localco-ordinate system are presented.
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Figure 16Oy component of aerodynamic force broken down by different wing sections; pink

circled regions encompass thgmsnetries observed between the left and right wing.

Figure 16 showsthe body-coordinate xdirectional force acting odifferentregiors of thewing.
Imbalance in the thrust generated by the left and right wing is a major contributor to the yaw
moment and body rotation. Starting from tRéddbwnstroke, three types of asymmetries are noted

in the force distributions. The first is a phase lag betwdeand right wing, the second is the left
wing producing a larger positive force than the right wing, and the third is the left outer wing
consistently producing more force than its right counterpligse trends are persistent during the

29 and 3 strakes and are marked Ipnk circled regions The asymmetries contribute to a large
extent to the negative yaw moment (rotates the nose into thehatrgllows the subsequent roll

to be acted on an already rotated longitudinal axis. Similar observateveswade by Windes et

al. [1].
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Figurel7 showsthe bodycoordinated-directional force acting odifferentregiors of thewings.

An imbalance in the force generated by the left and right wing contributes to the roll moment in
the body frame’G;, has aslightly larger contribution from the right wing during dowimokes 1

and 2 and from the left wing during dowstroke 3 and 4. Otlneise, thecontribution of the left

right and the outeinner wings show relative symmetry in the force generated in the- body
coordinate systerand cannot be clearly and consistently related to the generation of roll moments
presented in Figure 13. In thiase the bat effectuates the required roll moment by positioning the
two wings differently and changing the moment arm between the left and right wing during the
right-turn maneuver. This is reflected in the roll moments generated by the individuakivovgs

in Figure 18. It will be shown in section 3.8 that during the right turn, the right wing moves closer
to the body thus reducing the moment arm on which the aerodynamics forces act, thus effectuating

a right roll.
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Figure 18. Roll moment generateg Wwings
3.7.Wing Kinematic Traits

In this section we investigate different kinematic traits of the flght. We also focus on
comparingthese traits to the riglatscending turn studied by Windes e{#]. In the full spectrum

of maneuvers that a living bat could possibly undertake, the maneuver studied in this paper and
that by Windes et al. are quite similar. In both cases the bats, which morphologically are also quite
similar, start out at near leveight and initiate an ascending right turn maneuver in a similar, if
not exactly the same flight tunnel environment. During the 450 ms duration of the recorded flight,
the bat ascends about 20 cm, while travelling a distance of 110 cm along the lehgttuahel

and moves 17 cm laterally to the right. In contrast, the Ha{ imavels 87 cm along the length of

the tunnel, ascending 18 cm with a lateral displacement of 32 cm during the recorded flight of 550
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ms. While the rate of lateral movement between the two bats is approximately the same, the current
bat is more aggressivia the rate of ascent and travels faster in forward flight. Given these
similarities and differences we seek to identify any general traits in their kinematic signatures
notingthat in the current study the bat perches on the ceiling two flaps past thitle@decorded

flight and this action is bound to impact the kinematics towards the end of the recorded sequence.

Figure 19a) shows the flapping frequencies for different wingbeat cydtas notable that the
frequency increases at the initiationasfd during the maneuver. This occurs at the start of the
second cycle in the current flight during which the bat starts ascening, an increase in
flapping frequency can be categorizzzione of the mechanisms bats use to increase the power
needed to effectuate the maneuver but may not be singular to this particular maneuver. A similar
observation was made MWindes et al[l]. There lies an aerodynamic limit to the maximum
amount of lift that can be generated in a single stroke. Thus, to get additional litéat asat
needs to execute more downstrokes per unit time (i.e. increase flapping freqiibigcig.done

by increasing the downstroke velocity and by shortening the duration of the upBimke.19

(b) shows that the tip velocity of the current batt hoth wingsncreasespeakingatthe 39 cycle
when themaximum frequency is observed (Figure d®(Additionally, the bat also spendeds

time on upstrokes (again lowest the 3¢ cycle) as shown in Figurg9 (c) by increasing the
upstroke wing veloity more than the corresponding increase in downstroke veldtiiy.allows

the downstrokes to be longer to accommodatexicess lift generation needed for the ascent.
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Figurel9: (a) Temporal trend in wing beat fjaency shown at each haljcle (b) Tip velocity
for the leftand right wing; (¥ Time spent in upstrokes and downstrokesonsequetivevingbeat

cycles The fourth upstroke was not analyzed in the current study.

The wing kinematics define the shape and orientation of the bat wings over the duration of flight.
The mechanisms by whidiats generate lift to stay aloft and thrust to propel forward, as well as
the forces and moments to maneuver are controlled by the wing kinematics. In order to provide a

holistic view of the kinematic data and identify specific maneuvering traits, seagaheters
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which characterize important aspects of wing motion are pieg@&efore goingnto the detailed
kinematicmarkersit is worth mentioning tha consistentifference observeldetween the current

flight and that ofWindes et al[1], was the positionin@f the body with respect to the velocity
vector. Figure 12 shows that the bearing angle has a larger negative value than the heading angle,
implying that the body long axis is oriented inside the trajectory of the turn. In the previous
sweeping turn, dung initiation the body was positioned outside the turn but quickly aligned with

the velocity vector during the rest of the sweepttmgn. This basic difference could instigate

differing kinematic mechanisms to effectuate a similar maneuver.
3.8. Orientation of Stroke Planes and Associated Angles

Stroke plane iglefinedin section 2.2 (schematic in Figureal) the plane formed hilgeregression
line through theving-tip loci of a complete wingbeat cycle and the root of the wiivgp separate
stroke plans arecalculated for the right and left wing& new stroke planés calculated at each
half wingbeat cyclefor e.g. a stroke plane at wingbeat cycle 1 is calculated usingsthe 1
upstroke+1 downstroke, cycle 1.5 is calculated usirfydbwnstrole+2'® upstroke, and so on.
Figure 20 shows thdifferent stroke planes calculated for tiéahd 3¢ wingbeat cycles for the

left and right wings.
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(b)

Figure 20 Stroke planes forsi(magenta) and'8(cyan) wingbeat cycles for the left and right
wings; WC = wingbeat cycle; The dashed lines show the regression line of the wingtip loci for
respective cycles. (a) and (b) shows different views of the stroke planes fopbetfactive of

the vertical§) and h a)rstrokeplarte angles( 2

In spite of the fact that bat wings are not rigid planar surfaces but highly deformable membrane
wings, theorientations of these planase used to identify macro adjustments that the bat makes
during maneuves. The orientation of the stroke plane is described by the horizontahr{d
vertical (  stroke plane angle3he horizontalstroke plane angle is obtained by projecting

the wingtip lod regression line onto the bodixed w ® plane. The angle between the
projected regression line and the axis is taken as #éhhorizontal stroke plane angle which
representshein-out or lateramovemenof the wingtipin relation to the bodylhe projection of
theregression line onto the bodixed vertical @ & planedefines the vertical stroke plane
angler asthe angle between thojectedine and thew axis. It can varyfrom 0 to 90 degrees

with higher angledacilitating more thrust and lower angles more liftsignifies the foward

backward movement of the wingtiBymmetry between the left and rigéiroke plane angles
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expected duringtraight flight, while asymmetriemmitiate the imbalancen forceusually seen in

maneuvering flights
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Figure 2. The vertical Qy) and horizontalJp) stroke plane angles for the right and left wings

The horizontahnd verticaktroke plane angles for the current maneuvering flight are presented
Figure 2. The horizontal angl€,.exhibits near symmetry between right and left wings with a
nominal value of 70during the first flap cycle, which is close to the value observatinges et

al. [36] during straight descending flight. However, in turning flight they observed a large
asymmetry between the two wings, with the wing inside the turn (right) exhibiting a much lower
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value T tJr ¢ 1 Jindicating more lateral movement of the wing tip, accanmgd by a
nominal increase to about Bfor the left wing. The asymmetry was largest at the initiation of the
maneuver but was reconciled gradually oveitap cycles as the bat settled into the turning
ascending maneuver. In the current flight, as thiarbigates the maneuver in the second cycle,
asymmetry develops between the two wings which keeps increasing during the rest of the recorded
fight. During this two flap duration, ., tends tow v dnd o vfdr the left and right wings,
respectively. It means that the left wing flaps in a plane whioltisard tilted from the long axis

of the body (@ whereas the right wing flaps much closer to the bddhs, the nature of the
asymmetry observed by Winslet al[1] and IriarteDiaz et al[45], that during initiation and into

the turn, the wing on the inside of the turn exhibits smaller horizant&lesplane angles than the

wing on the outside of the turn is confirmed irststudyaswell. This identifies a general trait that

the wing inside of a turn flapsloser to the body in the bodhorizontal plane when the bat
maneuvers a turn. This particular action reduces the moment arm of the right wing and could be a

key factor in generating the roll moment.

Figure 2L also shows the progression of the vertstabke plane angles during the maneuvering
flight. The current bat flies with progressively increasing vertical anglgsfér both wings
whereas the previous sweeping t{tthhad somewhat stable values for most of the flight time.
The magnitude df , measured in previous studies\Wndes et al[36] [1] and Sekhar et g40]

for similar sized batand by IriarteDiaz et al[45] for a much smaller bat, in straight asliras
maneuvering flight, has ranged between d40d 60. Whereas, the current bat shows a clear
asymmetry between the right and left wings, wita left wing angle increasing from 5® 74~
and the right wing angle from 3% 67. During the entire fght, the current bat has a smaller

vertical stroke plane angle for the right wing indicating that the wing outside the turn (left wing)
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consistently flaps in a plane which is steeper with respect to theHwsthpntal plane. The
difference of ~20betwea the left and right wing at the start of the recorded flight reduces to
about ~7 towards the end. Considering that the right turn ascending maneuver is iratidted

2" stroke of the current flight, the observed asymmetry between the two wings is a common
phenomenon between the current and previous sweepind fuBuringthe initiation of the right

turn maneuver of &. armiger at the beginning of the flight, Windes et al. also observed an
asymmetry between the vertical stroke plane angles of theitwgs. However, in that sweeping
turn, the right wing exhibited a higher vertical stroke plane angle than the left wing (by
approximately 10 as opposed to the current fligiitius,it is not possible to draw an unequivocal
conclusion on the general rotd the vertical stroke plane angle in effectuating the turning
ascending maneuver except noting that a higher value is more favorable towards thrust production
and as a consequence, the left wing produces [&g€Figure 16) and contributes to gerarg

a yaw moment.

Additional kinematic markers are shown in Figure 2@(arhe stroke plane deviation angle is
defined as the angle between the actual4iparand its projection onto the stroke plane. Positive
values indicate that the wingtip is iroht of the stroke plane, while negative values indicate that

it is behind the stroke plan€heflap angle is a measure of tiapping amplitude irthe stroke
plane. The haltspan represents the instantaneous distance between the wing tiprasgd¢ictve
shoulder jointWhile there are drastic differences between the left and the right wing starting at
the 39 downstroke, the observed traits are more likely related to the bat positioning itself for the
impending perch on the tunnel ceiling. Ttz angle of the right wing excursésamatically down

to -80J, about 20 more than the left wingyith its half span dropping below 10 cm, with a much

larger than normal stroke plane deviation angle26f. During this time, the left wing remains
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extended out and does not retract towards the body as it normally does at the end of the downstroke.
Closer observationfahe curvature and ascesgle in Figure 8 reveals thalthough the &t is

still climbing, it seems to have straightened its trajedtogyreparatiorior the perch which would

require it to execute a 18@omersaultThis is why duringthe 3 downstroke, there is a steep
increase in thescentanglebut the curvaturaeachesa maximumbefore reducing to minimal

values as the bat rapidly straightens its trajectdiyese kinematic traits have a distinct force
signature as well both™O and’O forces exhibit a secondary peak into ti&dwnstroke.
Interestingly, in spite of the large difference in the kinematic traits between the two wings, both
wings contibute to the secondary peaks as observed in Figures 16 and 17 with the left outer wing

having a noticeably larger contribution to the secondary pe&k in
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Figure 2: Kinematic features of left and right wings @&tyokeplane deviation anglg)
flapping angle and amplitude (c) half spanstdpkes aredesignated by the shaded regpn

Circled regions indicate kinematic traits associated with the maneuver and impending perch.

In contrast to the relatively benign differ&scobserved during most of the turnerending
maneuve Windes et al. (Fig. 4 ifiL]) found significant consistent differences in Hhearmiger.

They observed that the right wing exhibited higher positive and negative stroke plane deviation
angles at mieupstroke and at endf-downstroke, respectively, in almost all of thepfleycles

during the turningascending maneuver. They also observed that the right wing had a larger
flapping amplitude moving further down in the stroke plane to end the downstroke than the left
wing, followed by the observation that the right wing tippalensistently pulled closer to the body

than the left wing tip at midipstroke.

3.9.Energy and Power Analysis

While flying, the bat generates power to stay alofercome dragand to maneuver through air.

For a straight level flight at constant velocity, the basic power required covers two aspects:
producing lift to balance its weight and overcoming drag during forward motion. For maneuvering
flight however, additional power iExcess of the bapower is needed to turn, climb, or accelerate.

In this section, we present a total energy analysis to study the power expenditure of the ascending
right turn. Figure 3-a presents the change in potential energy (PE) and kinetic eRé&gring

the flight. The climbing decelerating bat gains PE (energy gain) and loses KE (energy loss). Since
the loss in KE is larger than the gain in PE, the bat experiences a net energy expenditure during
the maneuver. Figure3zb presents the power expditure budget for the current maneuvering

flight. The first element considered is the aerodynamic power which represents the rate of work
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done on the air by the wing. The aerodynamic power is obtained from the flow simulation using

0 "®@abon the diffeential elements of the wing followed by a full surface integration. In addition

to the aerodynamic power, the rate of change of kinetic energy (KE) and potential energy (PE)

also need to be considered as both the altitude and velocity of the bat chahgesaneuvering

flight. In case of descent or deceleration, less aerodynamic power is needed whereas ascent or

acceleration increases the power load on theHoure B shows the evolution of PE and KE and

the net power required for the current manewvieich is the aerodynamic power plus or minus

the rate of change of PE and KE.
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Figure 3B: (a) Kinetic and potential energy loss and gain; (b) total power expenditure for the

maneuvering flight.

In the current maneuver, the batascendingincreased power expenditure), turning (increased
power expenditure) and decelerating (decreased power expenditure or effective pow&hgain).
ascent is steady from an early stage of the flight with a steep ascent at the third cycle. The turn
starts arond midflight and becomes tightest at the third cycle, while the deceleration is not so
prominent until the second cycle and peaks around the third cycle. At the beginning of the flight,
when the bat is only preparing for the maneuver but has not enterddrthyet, the rate of
conversion of potential energy into flight energy is lower thanghim resulting from the
decceleration.Thus, the total power expendituieless than the calculated aerodynamic power
expenditure. However, during the maneuvedit@ahal power is required on top of the base power
expenditure as a cost of turning and climbing. With the bat slowing down, the resulting gain in

kinetic energy decreasthe power load. However, the energy required to make the ascent and turn
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is more tlan the gain from the deceleration and a net increase of power load results. Thus, when
the bat performs the maneuver, the total power expenditure is elevated beyond the aerodynamic
power. The average total power expenditure for the current flight is 0.4%igt is comparable
to the power observed during the maneuvering flight of Windes §t]alvhich shows a 94%

increase compared to a straight flight.

4. SUMMARY AND CONCLUSION S

We have investigated the kinematics and dynamicsHbff@atti performing a turning ascending
maneuver. Special attention has been given to the mechanics of executing the maneuver and to
identify commonalities with the previous investigation of Windes.diLhln which aH. armiger
performed a similar maneuver under comparable conditions. Both bats utilized roll and yaw
rotations of the bogdsynergistically to redirect the force vector inward to provide the required
centripetal force to control the turn. While both yaw and roll rotations can be clearly identified and
related to the force moments generated by the wing kinematics, the timdinglative importance

of one versus the other varies between the two flights and in general is expected to depend on the
initial state of flight entering the turn, the extent of the turn, velocity, etc. For example, the roll
moment and roll angle utilizealy theH. prattiin the current study are larger than that observed in

H. armiger, in spite of a similar rate of turn. In generating the roll and yaw moments, the bats
utilize force as well as momeatm asymmetries between the two wings. There is evelén

both flights that the wing inside the turn is drawn closer to the body while executing the turn to
reduce the moment arm and accentuate force asymmetries. Force asymmetries are created by
introducing phase lags in force generation between the wimtbalso redirecting force production

to different parts of the wing. For example, there is evidence in both flights that the yaw moment

is produced by thrust asymmetries on the outer part of the wing.
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A common trait noted in both flights was that durthg initiation of the maneuver, there was a
marked increase in the flapping frequeraoyd a shortening of the upstroke compared to the
downstroke Most probably this trait is to power the ascent since a turn can be achieved by
introducing force or momefarm asymmetries which may not require artaire power over and

above what is expended by the bat during straight flight. The ascent is characterized by an increase
in the lift force in the body coordinate system. Another observation in both flights was th
generation of a small thrust force in the upstroke during the maneuver, which is absent in level
flight. The thrust peak appeared consistently through the maneuvetbfahmigerand appeared

during the latter half of the flight of thé. pratti. A similar peak was also observed by Viswanath

et al.[64] in a climbing flight of a fruit bat with no lateral maneuvEhis indicates that the smaller
thrust peaks observed during upstrokes are mostly associated with the elevation gain and
compensate for the negative component of lift force in the body frame which acts against forward

motion on the inclined climbing trageory of the bat.

The power expended by the pratti in the current study for the turning and ascending maneuver
is quite similar to that calculated for thle armigerin Windes et al[1]. In both cases, the average
power during the maneuver is about 0.67 W and 0.66 W, which is approximately twice (~1.91

1.94) the power neededrflevel flight (0.34 W inWindes et al[1]).

Bat flight provides a compelling model for bioinspired MAV desigfa agile flight. Thusit is
important to extract the kinematic and aerodynamic features which bats use to effectuate a certain
maneuver. This is one of few studies which directly relate kinematics to aerodynamic force
generation, which is a critical component for identifyimgeknatic traits used across different bat
species and individuals for a specifitaneuver.The current study hademonstraté many

common traits and featurédsr one maneuverbut has also identifie®tinematic features with
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markedly different trends; winginematic markers such as stroke plane angle, stroke plane
deviation angle, flapping amplitude, half span showed many differences between the two flights.
Differences were also observed in the relative body orientation with respect to the resipgative
trajectories. Further methodical investigation of different maneuvers across species and
individuals will significantly add to a more comprehensive understanding of kinematic
asymmetries, aerodynamic forces, and power loadings and thelépendence wit bat wing

morphology.
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Chapter 5: Role of Wing Inertia on Maneuvering Bat Flights

Aevelina Rahman

Danesh Taffi

Department of Mechanical Engineering, Virginia Tech, Blacksburg, VA 24061

ABSTRACT

Theindividual effectsof aerodynamics and wing inertia the motion dynamider maneuveringdlight of

H. armigerandH. pratti bats have been investigated. Comparative studies among a straight flight, two
ascending right turngnd a Uturn reveal that inertial forces play an esseriadl sometimes cruciable

in effectingthe maneuversThe maneuvering trajectory of theat is mostly driven by the aerodynamic
forces generated by the wings along the flight path, whereas inertial for¢les most pardrive the intra

cycle fluctuationsinertial forces were also found to contribute 1tgvially to the ascending motiomwf the

H. armiger Similar to translation, while aerodynamic moments account for the general rotationalrirends
roll, pitch and yavanglesexhibited by the bat bodynertial moments influence int@ycle fluctuations. In
addition, inertial moments play a dominamtd crucialrole for effecting yaw rotation during maneuvers
for the sweeping turns as well as theiugn. The moment resulting from the Coriolis forcedeemed
essential in accurate yaw prediction for lateral maneuvers. Finally, as the maneuver gets more complex or
extreme such as inE80 U-turn, the importance of the Coriolis and centrifugal moments increase, with

the largest effect of centrifugal montervidenced in the 4tlrn.

Keywords: Inertia, distributed wing -mass, aerodynamics, dynamic equation of motion, rotation
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1. INTRODUCTION

Natural flyers i.e. insects, birds and bats have been a consistent inspiration for designing
biomimetic micreair vehicled1] and thus stuéid indepth.During flying, theseanimals flap their

wings to produce aerodynamic fosdbat keep them aloft as well as propel them to the desired
maneuver. As the wings themselves have some mass, the animals need to exert some portion of
their total enagy expenditure to articulate el wings into the complex kinematiceequiredfor

the desired maneuver. The forexpendedo accelerate or decelerate the wings through air is
termed as the inertial force. Thus, the total force active in animal flighidiashe aerodynamic

and the inertial aunterparts associated with its motion dynarf¢s

Among the wide range of flying animals, insect flights have been extensively studied in the
literature to understanddtversatile effects of wing flapping kinematics ameitt diverse response

in flight aerodynamicf31 10]. Considerable progress in the area@fodynamic force mechanisms

of insect flapping wings, has encouraged researchers to study the dynamics in detail. Early
comparative studies on the stability of gliding and flapping flights concluded that, flapping can
potentially enhance the static stdpicompared to gliding fligrgat certain speed41,12] While
studying insect flight dynamics, a common assumption m&de ignore the inertial forces
associated with wing masgichis generallyless tharb% of the body mag4.3][14]. However,

Sun et alshowed that, although the effects of the wings on an insect body are small, there could
still exist a per flagcycle change in the body orientation due to the inertial coupling of the wings
that can influence the motion dynamj&$]. Another common simplification is done by treating

theinsectwingas@r i gi d bodyo so that the dsisappligablet heor
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[13,16] Some studietreated the body artie two wingsseparatelas tree rigid bodiesnstead
of just one rigid body15,17] But, their modelstill falls short in portrayindghe flight of an animal
when the wings undeyo considerable deformation while flyingrhus, rone of the above
mentionedsimplifications are valid for a flying system where the wing massa significant
percentage of the whole body méks in birds or batsand the wing shape deforms significantly

as opposed to being fAirigidod during flapping.

Studies investigating larger flyers has accumulated the knowledge of flapping flight by high
lighting additional features exhilei by virtue of their larger wing strtieres. As bird wings have
some degree of flexibility, a rigid body assumption is often modified to account for their wing
flexion [18i 21]. Hedrick et al. showed thtte reconfigurability ofbird wings allovedfor inertial

and aerodynamic modes of reorientatibath of which played important rol@s the low speed

turning flight of the rosédoreasted cockatd@2,23]

When it comes to flight maneuverability, agility and efficiency, the flights of bats has obtained
special attention mainly due to thhighly articulated bone structures and pliant wing membranes
that provide flexibility and control over aerodynamic foezel moment generatid@24i 26]. A
number of studies have been done in literature to understand the intricate nmesluding flight,

most of which primarily focused on different aspects of straight flight such as wing and bone
structure[24,27 30], flight efficiency and performand81i 37], complexity in wing kinematics
[26,38,39]and aerodynamici25,40'47]. Maneuvering bat flight on the other hand, brings in
additionalelements which are very worthy of investigation. Hence, althowuglas intensively

studiedas straight flight, different maneuvers of bats have also been researched in an effort to

150



identify common turning mechanisms such as pronation and supination of wings, asymmetries in
drag or thrust, establish correlations between-radius and morphological parameters, identify
individual roles of upstrokes and dowstrokes in initiating maneuvers, understand the effect of
instantaneous body orientation attempted maneuvers and s¢18i 19]. The inertial courdrpart

of bat flight, has however received less attention.

Aldridge et al. recommended that the instantaneous acceleration experienced by a bat during flight
has three componentaerodynamic, gravitational and inerti@8ut their work concentrated on
identi fying the efdwerns aolfo uipns ttriorkiestotg etheer at i o
inertid contributionby body acceleration to better estimate the wing kinematics of different bat
specieg53]. Iriarte et al. considered the effect of the distributed mass on inertia. By modelling the
mass distribution of a lesser dog faced fruit bat, they estinthéscenter of mas (COM) and

tracked the change of its position through time. Upon comparing it with the measured COM via
accelerometers set on specific points on the body, they concluded that inertial forces significantly
affect the movement of CONb4]. Later, Riskin et al. used a more accurate mass distribution
obtained from actual measurements of a bat carcass to investigate the inertial cost of wing flexion
[55] and suggested that it could be substantial in comparison to the cost of moving the wings
through the airDongfu et al. also used a computational mass model to investigate the individual
effects of different bones and membrane of the bat wing on inertial doctc@ower generation

[56]. Although these studies shed light on the interplay between vloolg kinematics and the
coupled inertial consequences, they lacked consideration of one key component, the flight
aerodynamics. Bergou et al. presented a detailed study of bats performiptexcamarial

maneuvers by primarily manipulatimgng inertia. They showed through a comparative stbdy
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bat maneuves did not rely on aerodynamic forcdsut a fruit fly, with nearly massless wings,
would have to rely on aerodynamic forces to facilitateilar turns[49]. Boerma et alalso
investigated the recovery maneuver from dismgotierial stumbles for fruit bats and reported that

the bats primarily responded by adjusting extension of yamjs and recovered prdisturbance

body orientation and symmetrical wing motions very fagt using inertial momens [57].
However, these studiesversimplified the aerodynamics with a quatgady drag model
considering a generalized coefficient and only the mean chord*span as wing area and thus fail to
capture the intricate coupled dynamics of inertial and aerodynamic forces. Although Fan et al.
incorporated both aerodynamic and inertial forces in the motion dynamics of anlessddog

faced fruit bat, the use of a lower order technique such as the blade element momentum theory
(BEMT) to model the aerodynamics impairs the accufagy. BEMT has been previously used

for modeling the aerodynamics of ins¢t2] or bird[22] flights where the wing deformation is

either norexistent or marginal as compared to bats.

One unique feature of bat flight is the highly stretchable wing membrane thade:foaim itself to

allow for optimum capture angklease of air to maximize aerodynamic force generatdrile

deriving the noflinear dynamics for flapping wing micro air vehicles, Orlowski et al. showed that

the various aerodynamic modeling choices significantly impact the motion dyrna®iicsower

order approximations cannot resolve these intricate features thus bat flight aerodynamics needs to
be fully resolved bysolving the Naviesstrokes flow equations. Although some previous studies
have used computational fluid dynamics, they have used rigid wing kinematics of insect flight as
the boundary condition influencing the aerodynaniiés16] Thus far, there is no research done

where the total wing kinematics have been used as the boundary condition to fully resolve the
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aerodyamic forces so that it can be included in detailed motion dynamics. Motivated by this, the
current investigation follows computational approach to deconstruct the detailed kinematic
aerodynamic nuances of a maneuvering bat flight. This approach hagé&eensly used for both

level flight [39,42,45] and various maneuvering fligh{®0i 62]. By using measured wing
kinematic data as input boundary conditions to run detailed aerodynamic simuylgdteosrrent

study strongly establishes the causal relationship between wing motion and force generation to
effect the manerer. The measured wing kinematics along with a detailed mass distribution are
then utilized to account for the inertial consequermfethe complete motion dynamic$he
primary objective ido investigate theomparative/ individuatole of aerodynamic ahinertial
forcesand momenti effectuating the complete maneuver encompassing both translational and

rotational aspects.

2. METHODOLOGY

To investigate the role of inertial versus aerodynamic forces in effecting bat flight trajectories,
multiple bat flights have been experimentally recorded and analyzed. These feature a straight
descending flight patf61], two ascending right turns or sweeping tui$®,61], and a 180 U-

turn [62]. The flights were performed by two different but morphologically similar bats coming
from two different species, namely. armiger and H. pratti. Table 1 lists the morphological

parameters of the two individuals used in the current study.

Table 1.Morphological parametersof the bats used

Species Performed Mass Span Wing Area Planform chord AR Wing loading
maneuvers dH &0 dB) aeadsn ) @D dio)
Hipposideros Sweeping turn 55 53 522 459 891 6.12 11.98
pratti
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Hipposideros Straight flight, 545 51 434 398 7.8 6.5 13.4
armiger Sweeping turn, Hurn

Definitions of the different parametgrsesented in Table dre as follows:

1 Wing area: The wing area iglefined asthe maximum total surface area during the
downstroke (when the wing is fully stretched), averaged over several wingbeat cycles.

1 Planform area: The planform area idefined aghe mean wing area during downstroke
and upstroke projected onto the local bdihed @ « plane, averaged over several
wingbeat cycles.

1 Span:The span islefinedas the maximum wingtip to wingtip distance averaged over the
wingbeat cycles.

1 Mean Chord: The mean chord idefinedby dividing the maximum planform area within
a cyck by therespectivespan distance and averaged over several wingbeat cycles.

1 Aspect Ratio: Aspect ratio (AR) iglefined aspan squared over planform area

1 Wing Loading: Wing loading isdefined as the bateightdivided by theplanform area.

The mass ansbanof the two individualsre almost identicalarying just 1% an8%respectively.
Thewing areaof theH. pratti bathowever is larger, leading to a larger mean chemthller aspect

ratio and smaller wing loadingpmpared to thél. armigerbat.

The straight flightonsisted of 2.5 wingbeat cycles (42 video frarspsg¢ad oveB42ms of flight
time. During this flight, the bat accelerated to travel ~65 cm in the flight direction. There was no
lateral maneuver whatsoever, but the bat descenddubloy A1 cm. While the primary interest of

current work is to investigate thaterplay between inertial and aerodynamic forces and moments
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on maneuvering flight, the straight flight is analyzed to establish #irmsase for nominal flight
behavior. Beig individual living animals, bats always show some irregularities in the-wing
motion from flap to flap. Comparing the complex maneuvering flights to a straight flight facilitates
identifying significantly distinctive features made to effectuate the manewdele igroring the

small irregularitiesThe two sweeping flightstudiedwere ascending right turns consisting of 3.5

and 5 wingbeat cycles (55 and 68 video frames) spread over 456&ms$ of flight timefor the

H. prattiandH. armigerbats, respdively. Both bats decelerated in theurse of travelling 110

cm (H. pratti) and 80 cm K. armiger)to accommodate the maneuvBoth of themtraversed
slightly tovardstheleft and then took a big turn towartteright achieving 1¢m (H. Pratti) and

32 cm(H. armige)) of lateral displacementith a cumulative 46 and S53grees bearing change

in the horizontaplane respectivelyDuring these flights, the bats gainetieightof 19 cm .

Pratti) and 18 cm K. armige). The Uturn consisted of &vingbeat cycles90 video frames)
spread ove690ms of flight timeand was segmented into 4 sections. While approaching-the U
turn, the bat decelerated to execute a gradual right turn and started to climb which lasted for the
first two cycles. During the initiation of the-turn, the bat tightened the turn radius rapidly and
continued to climb and decelerate, lasting for the next two cycles. The apex of the turn occurred
at the 3' cycle with rapid change of bearing angle acpanied by maximum height gain (36 cm),
minimum turn radius, and minimum flight velocity. Finally, the bat egressed uenUvith an
acceleration and nominal descent (3 cm down from apex at completion of cycle 6). The three
flights performed by théd. armger bat were segregated from one continuous flight recording
during which the bat did the sweeping turn first, followed by theiid and the straight flight.

Table 2summarizes the general flight parameters for the four different flights analyzed while

Figure 1 provideshe planar top and side views of ithieajectories.
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Table 2. Detailed parametersfor all the flights analyzed

Maneuver Flight Total # of Mean Mean Wingbeat
duration (s)  full velocity acceleration frequency

wingbeat  (m/s) (m/s?) (Hz2)
cycles

Straight Flight 0.342 2.5 2.02 0.76 9.4

Sweeping turn {H. pratti) 0.450 3.5 2.64 -1.78 9.08

Sweeping turn {H. armigen 0.558 5.0 1.81 -0.86 9.7

U-turn 0.690 6.0 1.18 -1.72 8.7

The mean flight velocities vafrom 2.64 m/s to 1.18 m/s and lie in the same range as that reported
by IriateDiaz et al.[50] and Henningsson et gdb1] for their respective maneuvering flights.
While thewing inertia stuéed byFan et alwas fora highervelocity flight of a bat[58], Hedrick

et al. covered a wide range of velocities (including those for current studyds[23,63] There

are some consistent trendsibleamong the maneuvering flights investigated in the current study

In effectuating the sweeping turn and théuth, the bats combine these maneuvers with ascension
and a gain in heighEor the sweeping turndye right turn and ascent stattabout the same time
(cycle 2 for sweeping turn 1 and cycle 3 for sweeping turn 2) while fodthen the apex and
maximum ascent was gained simultaneously during trey8le as shown ifigure ib, c, d) It

is postulated here that the change nmection is the primary maneuver. Ascension accompanying

a change in flight direction is only used to decelerate against gravity and to reduce the flight
velocity quickly to limit the centrifugal forces that arise during the turning maneuver. The tighter
(smaller radius) the maneuver, the larger is the needed reduction in velocity. Interestingly, in all

three maneuvers, the calculated centrifugal forces are in the same rang6.26\N260i 62]
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Figure 1 Planar top and side views of the flight trajectories; (a) Straight fliggharmiger, (b)
Sweeping turfH. Pratti); (c) Sweeping turrfH. armige; (d) U-turn,H. armiger. Green and blue

dots depict individual framen upstrokes and downstrokekthe video recording

2.1. Experimental Setup and Motion Capture

The bats used fdhe current study were kept with a group of conspecifics in a controlled indoor
environment designed to allow natural movement. Ethical codes were followed according to
Virginia Techos I nstitutional Ani mal-06GQ.ar e ar
Kinematic data were collected using an optical 3D motion capture system assembled inside an
openended flight tunnel (1.2 mx1.2 mx5 m). The motion capture system had 21 synchronized
video cameras, the details of which are given in a prior itk For each flight, the bats flew

without interruption through the tunnel after being released allowing the camera array to record at

120 frames per second and in 192080 pixel resaltion.

In order to track the wing motiosmall white circular markers made of medical tagze set to

the batsodé wings t o -teanpgpat kinenatic fehtwes geefdrnaed tueng thes p at i
maneuvers. Stereo triangulation was performed for the recorded frames using a custom MATLAB
code to achieve a digital representation of the bat wings in 3D space over the flight time. In the
event of occluens, a temporal spline curve and a spatial implicit surface reconstr{%ijowas

used to fill in the missing data. Afterwards a 3D reconstruction was done usingausemated

MATLAB code in order to defie point correspondences between frames. The details of these

processes are described in previous wftlk3d?2,36,53.

158



2.2.Mass Distribution

Thetwo batssed for current study wer e Hiaposiderasul t f e
pratti) and an adult male great roundleaf Hdipposideros armiggrweighing 55 g and 54.5 g
respectively. During data collection, small white circular markers made of mégjealvere set

to the batso wings +empomlkipematic featutet perfodned darindtlked s p
maneuvers. 150 marker points were set tdthgratti wing whereas 240 to the¢. armigerwing.

A spatial fidelity studywas done testablisitherelationship between the density of wing surface

points and several aerodynamic metf@8]. Their results indicated that the number of marker

points set on the bats of current study was enough to retba@\v@erodynamic parameters with

adequate accuracy amadpture the aerodynamic behavior observed durinig tdoenplex wing

kinematics. Figure 2 shows the white marker points and their digital reconstruction for a

representative wing.

g(a) (b)

Figure 2 (a) Marker points set on a wing surface for flight recording experiments; (b) Green

numeric depict the digitally reconstructed marker points

In order to study the effect of wing inertia, detailed mass distribution of the bat wegs
measured.After one of the batsH. armigel) used for flight experiments died of natural caise

itds mass was nasured using a mass scale actar@ 1/1¢' of a microgram. Between the time of
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living (during flight experiments) and aftdeath mass nasurenents, the bat carcass lost some
mass which was factored in in all the messnents taken. Afterwards, the bat wsesquentally
dissected to different parts so that the massirae®ents of the had, body, legail section, two
separate wings, each wibgne and the wing membrane could be recorded individl@agyre 3

shows the dissected portions of the bat carcass along with the breakdown ofuitesl rmess.

_full wing
(1 side

. Leghm'ﬁtion—)

=(a)

Body parts Mass (g)
head 970
body 27.87
wing bones | Humerus (0.71 x 2) 142 thumb
radius-ulna (1.71 x 2) 3.42 6(,
thumb + digit-2 (0.16 x 2) 0.32 )
digit-3 (0.44 x 2) 0.88 .
digit-4 (0.31x 2) 0.62 | | /'ﬁﬁgil—i’.
digit-5 (0.22 x 2) 0.44 K&ﬁ /,,,/-—-cﬂgit-ﬂr
femur + tibia-fibula + claws (0.82 x 2) | 1.64 \ ibiafibula L g
wing membrane (3.78 x 2) 756 "’ﬁ}ﬁ'daws digit-5
Tail 0.63
Total 54.5
(b)

Figure 3:(a) Dissected @rtions of the bat carcass; (b) Breakdown oswed mass along with

wing-bone schematic

The head and body accounted for the majority of the massthe wingscontributing~31% of
the entire mass. Within the wings, the membrane accounted for 48%winthenass. After the

masses of the individual bones and membrane sections were re¢bsdathss was uniformly
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distrubuted to the marker points on the patie bone joints got contributions from multiple bones
making them the taiest points among thaistributed mass arrayWhile distributing the mass, it
was assumed that the left and right wings had the same Altgsugh the mesrements were
taken on théd. armigerbat, a similar distribution was assumed to be true foHthgratti bat. The
fact that both bathad nearly the same maagled this assumption. Howevehe difference
between theving planform areas of the two bgtd. pratti waslarger bya factor of~1.2thanH.
armigen is factored in by redistributing the wing to body mass ratio forHheratti, finally
resultingin moremass assigned to tlng of theH. pratti as compared to thd. armiger bat
Despite thisjt is acknowledgd that theranight besomelevel of uncertainty associated with the
mass distributiorfor the H. pratti bat. As getting dissected bogyart measurements from an
animal is challenging and involves ethical concerns, a similar approach was previously used wher
the mass measurements from one species was imparted to the inertial anapstweotpecies

[55]. Figure 4 showshe final mass distribution used in the current studyHeH. pratti bat

Figure 4 Distribution of masassigned to marker points theH. pratti batbody and wingBone

mass is distributed over more marker points on digits 2 to 5.

161



2.3.Reference Frames

For kinematic, aerodynamand inertial analysis, two reference frames are defifieel global or
ground reference framed(fwo [ ) is a fixed, inertial coordinate system withdirected along the
longitudinal tunnel axisy directed upward opposing gravity, atddirected normal to botto
andd . The localor bodyreference framed§ , w , & ) is fixed on the bat body andkfined based
on itstime dependerihstantaneous orientatiohhroughout this paper, suffi@and®are used to
refer to the variables in the global and bdiked reference framesespectivelyThe noninertial
body-fixed reference frame moves with the bat as it flies along; one such instance is shown in
Figure 5(a). With the origin set at écenterof mass(COM) of the bat, the +ved vector points
laterally toward the left wing and +w@ along the body axis with perpendicularity enforced
between the basis vectaks andw . Lastly, the upward pointing vector is found by taking a
right-handed crosproduct betweed andw . Figure §b) shows how the orientation of the ron
inertial reference frame progresses with time along representativiight trajectory. Detailed
definition and description of the three basis vectors in thidy-bred coordinate system is
presented in Windes et §.1]. The local arodynamic forces, inertial contributions and moments

are all calculated using the instantaneous Hoaid coordinate system.
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Figure 5 (a) Definition of the inertial (global) and namertial (bodyfixed) coordinate system

with bat body orientation at an arbitrary point during flight, span (blue line) is defined as the line
connecting the shoulder to the wingtip, wingtip loci for tlggatiand left wings are shown for a
representative wingbeat cyc(e) Flight path oH. prattiand body coordinate system along

flight path.

: B ; : . .
The center of mass of the bat@culatel by » i , Wherep; is the distance of point

massa  from the global origin and is the total bat mas$o testthe accuracy of thealculated
COM, we made use of the fact tl&td »y rtwhere »; is the distance of point mads in

the body framdrom the @lculated COMThe sum igividedby the mass of the bat and the span
distance to normalizbetween different flights As similarresults were obtaineir all the four
flights, only the straight flight result is shown in FigurevBich shows thaB & » has a
mean value of 0.095 for the straight flight which is sufficiently close to Eemher, asensitivity
analysis was done by shiftingeCOM by +2% andt10% of span distandg all threecoordinate
directions. None of the combinations yielded a smallér », residue as shown in Figuée

validatingthatthe calculatedCOM is accurate.
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Figure 6: Accuracy of the centermfass; black line shaB & »; for the COM usedh the

study, colored lines represent test cases where the COM was shifted to different locations.

The Euler rotations about the body fix@édwo andd axes are definedspectively as the roll,
pitch, and yaw angles. Positive yaw, pitch and roll are directed towards left, @odvright The
negative of the definition of pitch angle is presented later in the paper as the pitch angle to denote

upward motion by a positivealue.
2.4. Aerodynamic Analysis

Using the detailed kinematics of the bat wings along the flight trajectotiyme-dependent
aerodynamic analysis t®nductedo obtain a detailed distribution of the external forcesigan

the bat wings. An Hhouse incomressible NaviéiStokes solver, GenlDLES[B5] is used to
simulate the aerodynamic flow around the bat during all the flights. This solver has been utilized
and validated for a diverse field of applications like-loicomotion[66], bio-fluid mechanic$67],
multiphase fluidparticulate systerf68], turbemachineryf69,70], heat transfer augmentatipfi]

etc. The Immersed Boundary Method (IBMis used to resolve the wing mn which is

represented by a triangulated surface mesh immersedackygroundvolumetric mesh. The
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spatial orientation of the surface mesh is advanced in time based on the wing kinematics with no
slip boundary conditions enforced on the wing surfadee IBM formulation has also been

specifically validated and applied to many geometries and flow condition§/&.d4].

For all the flightsanalyzed in current papethe computational domain extended substantially
upstream, downstream andtire crosssection to represent the flight tunnel. In the simulations,
resolving the flying bat would require a very fine mesh throughout the compatiaciomain. In

order to avoid this computational complexity, a moving reference frame is used to limit the
movement of the bat in the computational domain so that a limited region of fine mesh would
suffice. This moving reference frame followed the medoorees of the respective flights, in
thew, w and & -directions. Perturbations on the mean flight velocities are reflected by the
kinematics of the bat wings which are supplied as boundary conditions to the simulations. After
the simulations areomplete, the results are pgsbcessed by adding back the moving reference
frame velocitiesFigure 7shows a representative background and surface grid distribution. The
number of cells and elements needed in the background and surface nmexshereween flights
andwasstrictly driven by wing kinematicd'he computational grids used for the different flights
used in current study consisted of 62.9, 38.2, 62.9 and 69.1 million fluid cells respectwigigh

the grid cell size in proximity to the bstirfacehad an edge length ohord/ (40 to 5Q)That is the

mean chord distance spanraekr 40 to 50 fluictells. The bat surface was represented by a mesh
comprising of 40,000 60,000 fine element®\dequate validation was provided in terms of the
accuacy of the kinematic data collection, the aerodynamic simulations and their combined
implementationFor further details about the computational setup asedvalidatiorfor each of

the flights studied in the current paper, please refer to our prior[425,60 62].
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Figure 7 Schematic of computational gri¢a) front view of background grid (b) side view of

background grid and (¢)iangulatedbat surface grid

2.5.Wing Inertial Analysis

Bat wings are capable of intricate articulation mainly due to the distribution of bones and muscles
that make up thenembranénandwing structure. Thuthey havemuchlarger wing to body mass

ratio in comparisomo insects and it has been establispesviouslythat the motion of the heavy
wings play a substantial role in the overall body dynamics during both steady and mageuveri
flight [49,55,59] As shown earlierthe batdwings in thecurrent analysisnake up~30%of the

total bat mass. Thust is expected thatonsiderable forces required to accelerate the wings to
execute thdélapping and foldinghat effectuatéhe complexmaneuvers. Likely, the acceleration

felt by the different wing locations due to the wing perturbation is substantial and must be

considered while doing the dynamictinslational and rotational model bktanalyzed flights.
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2.5.1. Translational Analysis

To include the full effect (translational and rotational) of wing inertial accelerations in the
dynamical equations describing the system motion, the measured mass of different body parts is
distributed uniformly to the kinematic marker points that makehappart. Each point is then
treated as a discrete mass with the collection of all markers making up the Jystdiying bats

with the marker points on their wings can be treated as a body comprised of multiple pacticle

with massd . However, gice the bat is deforming in the norertial body fixed frame while

flying, an accurate dynamic analysis needs to cover two aspects. Firstly, treating the bat as a simple
lumped mass system and using the calculexéernalaerodynamic forces to predics itrajectory

in comparison to the measured trajectory in the global reference frame will account for the rigid
body dynamics as done wur previous studie$60i 62]. Secondly, additional inertial effects
coming from the deformation of the wings needs to be considered. thieudynamic equation

can be written as

T3 R o3 R O F & F5 & F5 # (1)
Where,
3 = extanal forces on bat COM integrated over wing marker points
3§ = aerodynamic forces

3 r = gravitational forces
a B & = total mass of the bat

+ = totalacceleratiorof COM
=|= r = acceleration o€OM using lumped mass approximation
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& = mass assigned at individual marker points on the wings

=|=ﬁ r = acceleration of the individual marker points on the wings relative tc@d

During implementation, the global -@rdinates of each wing point with respect to ia COM
are calculated and differentiated twice to get the global accelerations in all three directions

(={=ﬁ g - Then, the distributed mass is multiplied to eaghg point acceleration and summed

over the entire wing surface to finally get thertial effect resulting from the wingotion.
2.5.2. Rotational Analysis

For rotational analysis, it is convenient to write the equations of motion in the body frame or non
inertial frame depicted in Figure 8. In Figure 8, O is the omdithne noninertial frame located at

the COM of the bat.

d?’i‘b dz'ri,b

b g = WP
dt P T T dr?

£ Representative
point on bat wing, i

Vip =

Non-inertial frame
Tib

Vb

0 = Non-inertial
origin

Figure 8: Schematic of the tweference frames and a representative wing f@Buffix "Qand®

refer to values in global and local or body reference frame, respectively.
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Using the nomenclature in Figure 8, the equation of translational motion can be expressed in the

inertial (global fixed) as well as the nanertial (moving body frame) as follows:

Food roQ =|= a =|=ﬁ a =|=ﬁ b PR GO OofF O O P (2)
Acc. ininertial  Acc. of non- Acc. in non-inertial Ang. acc. Term Coriolis Centrifugal
{alobal) frame  inertial origin (local) frame ! Euler term acc. acc.
where,

+ 1 = local acceleration in neimertial body frame
»; = radial vector relative to origin O
o =local velocity relative to origin O
o = angular velocity ofthe body frame

» =angular acceleration @odyframe

The second term on the righéind side under the summation sign represents the inertial forces
generated by the motion of the wings in the-nmertial rotating frame. The first term inside the
summation represents inertial forces resulting from localla@t®ns of the wing point, the

second term represents the forces generated by angular accelerations or rotations, and the third and
fourth terms represent Coriolis and centrifugal forces experienced by the wing during the flapping
motion. Note that theantrifugal acceleration depicted here is that of the wing with respect to the
body frameorigin and is different from the centrifugal acceleration experienced by the bat as a

whole during a maneuvering turn.
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The rotational mo t i oaharactérizetl bydhe thred Eulér anglasnnamoely e r s

roll, pitch and yaw defined in the body frame. Thus a modified form of Equation 2 in the body

frame is used to formulate the moments in the rotational analysis

S > A F5 ) Py CO of O O P 3)

>¢
>5¢

which can be reduced &xqn. 4, the derivation of which is providedtire Appendix.

0 R . 3 w0 O @ o 4
where,
‘O Bw»; & »; isthe moment of inertia matrixO —, 0 By; « =|=ﬁ is the
moment resulting from local accelerations in the body frari@ = moment from Coriolis

acceleration and ‘G0 = moment due to centrifugal acceleration. Eqn. (4) is a seocalet
nortlinear ODE in angular displacements. It is integrated explicitly in time using initial values
estimated from the measured kinematics to fina/hich is therfurtherintegrated¢o dbtaino and

subsequently the angular displacemghts

» o oA Q o 5)
In literature focusing on the controf wing motion, it is common to consider the angular
accelerations) and velocities® used in Egn. 5 as the rotational variables associated with each
wing. Most of those rotational analyses have primarily focused on insect flight in which the wings
are treated as rigid bodies with representative angular accelerationsgnd velocitis (©
for the wings. Irthe current papeour focus ison understanding the primary roles of inertia and
aerodynamics for effectuating a maneuwgarthe bat bodyt-or bats,using a singleving-based

angular accelerationn(  and velociy (o is deficientas the bat wings deform during the
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entire flight time and do not behave as rigid bodies. Realihisgleficiencyandthe additional
complexity of usingnultiple representative angular accelerations ( and velocities@ for
each wingsegment, coupled to tiiect thatthe focusof this studyis on bat body rotatiorgefining
the maneuvemwe haveonly used the rotational quantities associated with the bolign. 5 It is
postulatedhat the local moment,  and manent due to Coriolis acceleratio®o in Eqrs. 4
and 5, which are absent in rigid body rotati@presenthe additional moments caused by the fact

that the wing rotatiogiaredistinct from body rotatios

Therotational angles i.eoll, pitch and yaw obtained from the above analysis are compared to the
values from the kinematic data recorded from the flight experiments. This analysis allows for
investigating the individual effects of the aerodynamic moment, -baadleration momen

Coriolis moment and the centrifugal moment on the observed maneuver.

The inertia matrix, ‘Q, is calculatedn the body framdor all the flights Figure 9presentghe
magnitudes of the different components ‘@ with the @ - component® being the highest,
closely followed by theo - component® . Thew - component© is the lowest among the
three moment of inertias for all the flights. all the flights"O peaks just after midownstroke
reducing to a minimum at the end of the upstréRealso peaks at midownstroke but reaches a
minimum value at migstroke ahead 6D . O on the other hangeaks at stroke transitions and
reduces to a minimum value at migpstroke and downstrok&he relatively high magnitude of
the moments of inertia (diagonal components of the moment of inertia m&rix) comparison
with the products of inertia (offiagonal components) indicatestttize bodyaxes(c fo R ) can

be taken athe principal axes.
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Figure 9 Magnitudes of the different components of the moment of inertia matrix fofajhe
straight flight, (b) sweeping turid( Pratti), (c) sweeping turrH. armigen), (d) U-turn. Upstrokes

are depicted by the shaded regions.
3. RESULTS & DISCUSSION

The objective of this investigation is to identify the role of inertial forces and moments on
translational and rotational dynamics of the bat in motion. Previous studiegiestgatedhe
relationshipbetweeraerodynamic forces and their momeumisspecific aspects of bat maneuvers
[45,60 62]. Asconsiderable mass is concentrated in the wings (~3®8%g,we focus otherole

of time-varying inertial component on bat flightigure10 shows thenertial forces B & =|=ﬁ R

in Eqn.1in the body frame) resulting from wing accelerations in comparison to the aerodynamic

forces for the four different flights analyzed. Inertial forces follow a predictable pattern in sync
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with the wirg flapping with a halstroke phase difference betwebnr anda -directional forces.
Common traits observed in all four flights is that while the aerodynamic forces peak near mid
downstroke when the wing area is maximum, the inertial forces always dugang stroke
transitions when accelerations and decelerations are maximum as thengergoes pronation

and supinationAlso notable is the observation that the cycle averaged inertial force is small,
resulting from negative and positive forces of nhedhe same magnitude, compared to its
aerodynamic counterpart and thus is expected to have a small effect on the trajectory of the bat
over many flapping cycles, but is expected to strongly affect the trajectory within each flapping

cycle.

Force (N)
Force (N)

I L I L L L I L L L L L
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Time (ms) (C) Time (ms) (d)
Figure 10: Wingnertial forces (dashed lines) in comparison to the aerodynamic forces (solid

lines) in the body reference frame faj) straight flight H. armigel), (b) sweeping turnH.
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Pratti), (c) sweeping turnH. armiger), (d) U-turn in thew -(red),w -(green) andyx -directions

(blue) of the body reference frame. Upstrokes are depicted by the shaded regions.

For all the flights investigated, at the start of every dstvoke, the wings quickly accelerate in

the downward oii ve & direction, resulting in dve but increasinginertial force. After mid
downstroke, the wings start to decelerate to prepare éatitbction changt theup-stroke. But

as the wings are still moving downwards, the resultant force becomes positive and increases (due
to the faster deceleration) from raildwnstroke till start of wstroke. From the start of wgiroke

till mid upstroke the wings are accelerating in the upwardee & -direction, resulting in ave

upward inertial force. After mid upstroke, the bat wings start to slow down to prepare for the
upcoming direction change and this upward deceleration resulisv@irgertial force. Associated

with the downward and upward motions during downstrokes and upstrokes, the natural flow of bat
wings show a forward and backward movement, respectively it tuirection. The forward
acceleration and deceleration, during the dstvake results in ave but decreasing force till
midstroke, after which the increasing deceleration results in a negatilieectional force. The
reverse mechanism manifests in the upstroke as the wing retracts and moves backward, resulting
in a negave force till midupstroke and a positive force to complete the upstrokable 3
summarizes the directions of the wing motions along with simultaneous acceleration or
deceleration performed by the bat wings and the resultant inertial forces irwbaihd &

directions.

Table 3: Wing motion directions with simultaneous acceleration or decelerationra the

resultant inertial force
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z-direction x-direction

Wing motion Velocity inertial Wing motion Velocity inertial

direction change rate force direction change rate force
DS starti DS mid - + - + + +
DS midi US start - - + + - -
US starti US mid + + + - + -
US midi DS start + - - - - +

In the straightdescending flight of thel. armiger, the peak inertial forces i andd are of the
same magnitude as the peak aerodynamic forces i tulrection. This changes during
maneuvering flight. Theél. pratti in executing the sweeping right turn goes into the turn with
andd - forces of about the same magnitude, but as the bat initiates the main part of the turn and
starts ascendinip the second cyclehed -direction inertial force increases in gratude while
thew -direction force decreases. The differencerinand - direction forces are much more
stark and consistent during the sweeping turn asigriexecution of thel. armigerbat. In both
these flights, the inertial forces in the-direction dominate the force dynamics of flight. The
inertial force peakat values of 2 or greater, which is more than twice the inertial foroe ifhis
leads to the conclusion that the wings of thearmigerandH. pratti accelerate andetelerate
with larger magnitudes in thé -direction than thew -direction during maneuvers. Another
distinguishing feature between the two sped®shatthe peakd -direction (lift) aerodynamic
forces produced by theH. pratti are approximately 8% larger than that generated by tHe
armiger.In comparisonw -directionforcesare much smaller and the only time they seem to be
of any significance is during the last recorded cycle otHhpratti when the bat positions itself

by a sharp ascent for the 18@ackflip to perch on the ceiling of the flight tunnel.
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While Figure 10 presents the inertial forces in the body frame, more relevant to translational
dynamics are the inertial forces in the global reference framey(,& ). Figurell presents these
forces in the global reference frame. The general oscillating ndttirve inertial forces dominated

by wing flapping remain the same, but accompanied by a change in the relative magnitudes of
different directional components, which now depend on the actual trajectory of the bat in the global
reference frame. The smallesfferences are observed for straight flight as the body axes mostly
remain aligned with the global axes. In the maneuvering flights all of which have the bat climbing
or ascending in either a sweeping turn or 18@urn, the global components of inertiaice vary
markedly. In all the maneuvers, tbe-direction inertia forces are comparable and often exceed
the & - direction forces contributing to accelerating ateteleratinghe bat in the globad -
direction,which aligns with theunnel length. Not as much for the sweeping turhl opratti but

more so for théd. armiger, substantial inertial forces manifest in the latesatlirection for both

the sweeping turn and theturn as the bat changes flight direction. During the gimgeturn of

theH. armiger, highw inertial forces manifest during cycle 2 and 3 when the right sweeping turn
is initiated. Similarly, the largesb forces are felt during cycles 4 and 5 when the bat is in the

midst of the Uturn near the apex oféhurn.
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Figure 11 Wing inertial forces (dashed lines) in comparison to the aerodynamic forces (solid
lines) in the global reference frame for (a) straight fligthtgrmigen, (b) sweeping turnH.
Pratti), (c) sweeping turnH. armigen, (d) U-turn in thew -(red),® -(green) andy -directions

(blue) of the global reference frame. Upstrokes are depicted by the shaded regions.

3.1. Effect of wing inertia on the translational/ dynamic analysis

As shown by Figure 1(a-d), in allthe four flights, the inertial forces resulting from wing flapping

are of the same order of magnitude and comparable to the aerodynamic forces. Hence, they should
be expected to contribuseibstantiallyto the trajectory charted by the bat during flight. To isolate

the effect of wing inertia on the translational dynamics, first the bat is treated as a lumped mass
system concentrating the mass of the bat on the Abtlye COMand calculating the resultin

acceleration of the system under the influence of aerodynamic and gravitational forces g given
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