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Due to their potential to expand our sensamgl missiorcapabilities in both
military and civilian applications, micro air vehicles (MAVS) hawezentlygained
increasedrecognition However, nanmade MAVs have strigled to meet the
aerog/namic performance and maneuvering capabilities of biological flapping wing
flyers (small birds and insects) which operate at Mgddles(Reynolds numbers on
the order of 18 10%. Severabpaststudies have focused aleveloping and analyzing
flappingwing MAV designs due to the possibility of achieving the increased lift,
performance and flight capabilities seen in biological flapping wing flyéosvever,
therearestill a lack of baseline design principles to follaen constructing a flexible

flapping wing for a given set of wing kinematics, target lift values, mission capabilities,



etc. This is due to the limited understanding of the complex, unsteady flow and
aeroelastic effects intrinsic to flexible flapping wing

In the current research, a cpuatational fluid dynamics (CFD) solver was
coupled with a computational structural dynamics (CSD) solver to simulate the
aerodynamics and inherent aeroelastic effects of a flexible flapping wing in hover. The
coupled aeroektic solver was validated agairexperimental test data to assess the
predictive capability of the coupled solver. The predicted and experimental results
showed good correlation over several different test cases. Experimental tests included
particle imag velocimetry (PIV) measurementgstantaneous aerodynamic force
measurements and dynamic wing deformation recordings via a motion capture system.
The aeroelastic solver was able to adequately predict the process of leading edge vortex
(LEV) formation andshedding observed during expeentation. Additionally, the
instantaneous lift and drag fortiene histories as well as passive wing deformations
agreed satisfactorily with the experimental measurements.

The coupledCFD/CSD solverwas sed to determine ko varied wing
structural compliace influences aerodynamic force production, temporal and spatial
evolution of the flowfield and overall wing performan&esults showed that for the
wings tested, decreasing wing stiffness, especially toward the wingmoetased the
time-averaged aedynamic lift with minimal effect on drag. This imarily due to
prolonged sustainment of the LEVs produced during flapping and suggests that

aeroelastic tailoring of flapping wingeuldimprove performance.
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Chapterll nduoti on

1.1 Motivation for the Development of Micro Air Vehicld4AVs)

Within both the military and civilian sect®ithere is an increasing demand for
the use of unmanned aircraft. Unmanaedal velrcles (UAVs)offer a wice range of
mission profile capalties with reduced operationa@ost andminimized safety risk
because pilot is not needed ithevehiclefor operation PoweredJAVs were initially
developed and tested in the early 19[Qsmainly for military use Over timeas the
technology matured, #ir use became more widespread within military openatio
Notable current UAVénclude the MQL Predatordevelod by General Atomic®]
as well as the Northrop Gimman R®4 Global Hawk[3] and MQ8 Fire Scout[4].

Figs. 1.17 1.3 provide images of tleeUAVS.

o~y

Figurel.l: General Atomics M&L Predaor



Figurel.3: MQ-8 Fire Scout

Applications for UAVs in the military sector include reconnaissance and
intelligence gatherings well as precision missile stiknissionsThe absencef a
pilot allows for increasetlight endurance because the flight time is no longertédichi
to the plysical capabilities of the pilot. UAVs are also more readily utilizedigh
risk environment®ecause there is no risk of injusr loss of life to the pilotHowever,
widespread use of UAVs in both military and civilian sectors has bededinueto
the high cost of the vehicles. For example, in 2013 the4R&obal Hawk cost
approximately$131 million per vehicleand that costises to$222 million per vehicle

when including research and development d&gts
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The aforementionedJAV s areequivalent in size to fulscale piloted aircraft
which is partly responsibléor the relatively highcost of the vehicke Over recent
decadesthe continual decrease in the siz@bustnessnd price of electronic devices
hasresulted ina surge binterest in the development of smali@mmannednicro air
vehicles (MAVs) The Deense Advanced Researctofects Agency (DARPAjssued
a challengein 1997 that called for the development of a vehicle with no dimension
greater than 15 cm (6 inches), agp t&eoff weight not exceeding 100 grams and a
flight endurance of 60 minutg¢6]. The dimension and weight requirements from the
1997 DARPA challenge arehat many in the aerospace fielceus define the MAV
class of aircraft. However, over timadkefinition has become more relaxed and many
of theaircrdt described as MAVs have weights or dimensions greater or less than those
speified in the challengeln general MAVs are small, lightveight flying platforms
which, due toheir size, arenaneuverableniconfined environmentandeasily portable
sweh thd they can be carried by a single person. Given their small size, SN/
relatively inexpensive to anufactureand operatenaking thenbeneficial for a number
of emerging missiomoles

Regarding militay andlaw enforcement applications, MAVs cae usd for
reconnaissance missions providing increased situational awarenssilifens in the
field. MAV's canalsobe used in search andscue missions to aid in finding people
trapped in confined or highly inaccessible areas such as mines, canes statems,
etc. Additional military/law enforcement mission profiles includ®rde/perimeter

patrolas wdl ascrowd monitoringat large pblic events



In the civilian sector, MAVs may be used for the monitoring and inspection of
large infrastructure luding bridgespipelines and powerline/,8]. They can also aid
in the agricultural sectdry monitoring crop yields over vast acres of land which would
save farners both time and mong9]. In disaster relieefforts MAVs can be used to
explore areas which may heaccessible or hazards for people to explore. For
exanple, MAVs were used to explore areas affected during the Fukushima Daiichi
nuclear power plant disastgt0]. The high levels of radiation in the area make it
extremely difficut and dangerous for humsitodirectly investigate. Howewe MAVs
can beused to assess the damage of the nuclear reactors at the site and provide
investigators vital infanation in the effort of decommissioning the power plant.

The market for vehicles caple of meeting many adfie missions discussed has
steadiy been increasg. This has led to the creation of numerous MAVs with varied
configurations and attributeAs interest and technological potential for the widespread
use ofmicro air vehiclesontinues to grow, it has beme increasingly imperative to
beable toassesthe performance and efficiency of a given MAV desag determine

if it canmeet the requirementd a given mission profile

1.2 Fixedwing MAVs

Fixedwing MAVs are the most technolaggilly mature of the typeof MAV
configurations undedisaussion. A major benefit of fixe@ing designs is that they are
relatively simplistic. They typically have very fewoving parts to achieve powered,
controllable flight The main powered components aormally thepropulson system

and actuators for crol surfaces. Fixeaving MAVs currently claim some of the
4



highest flight time and cruise spesdn their classAlso, fixed-wing MAV desigrs
demonstratehigher aerodynamicefficiency characteristicin comparison to other
MAYV configurations A drawbackof fixedwing MAV configurations is that they are
not able to hover and must maintain a degree of forward speedamrienflight. This
significantly limits their use in confined spaces where opegatinlow-speed and
maintaining maneuverability is imponta

An example of one of the east, sophisticated fixeding MAV designs is the
Black Widowdevelopedy AeroVironmen{11]. A picture of the Back Widow @n be
seen in Fig.1.4. The Black Widowwas desined using a multidisciimary design
optimization pairedvith a genetic algorithm to optimize the design of the airctdie.
vehicle has a@ross takeoff weighof 80 grans, wing span of 15.24 cm (6 inchea)
flight endurance of 30 minutesdtop speedf 13.4 ms? (30 mph) A video camera
is attached to thBIAV to provide realtime color video to the pildb aid in operation
of the vehicle Through the design of the kiele, it was found that optimizinthe
propulsion system is key to maximizing thredarance of the vehicknd the use of the
multidisciplinay design optimization wasnportantin improving the design of the

vehicle.



Figurel.4: AeroVironmentBlack Widow

Since the development of tBéack Widowa number ofixed-wing MAVs have
been developk Researchers from Ghent University in Belgiudeveloped a
multidisciplinary design optimizatiomethodol@y to designfixed-wing MAVS given
a setof geometrical constrain{d2]. A prototype vehiclfUGMAV25 was designed
using the methodology discussed12]. Numerical and empiricahodels are used to
determine the aedynamicforces of the wing, propeller, vertical tail and control
surfaces The multidisciplinary design paimizaion consisted of an endurance
optimization, an internal component selection analgad a dynamic analydsassess
the stability, contro#ibility and maneuverability of the vehiclehefinal vehicledesign
had a wing span of 25 cm, mass of 58 grantsaatieved a flight time of 17 minutes.

A photo of theUGMAV25is shown in Figl.5.



Figurel.5: UGMAV25from Ref.[12]

Aurora Flight Sciences has developéw Skate MAV (shown in Hg. 1.6)
designed for use in tactical mission scenadsswell as scientific endeavors where
unmanned flight ideneficial[13]. The Skatehasa wingspan 00.61 m (2 ft) weight
of approximately 1 kg (2 Ibsa flight endurance of 1 hour and can opefateéanges

up to5 km (3.1 miles).

Figure1.6: Aurora Flight Science Skate MAV



TheUnitedStates Air Force has implementbeé useoAer o Vi r oOMAER nt 6 s
lIl as a part of its Battlefield Air Targeting M@Air Vehicle Small Unmanned Adraft
System[14]. The WASP Il shown in Fig.1.7a, has a wingspan of 72.3 cm (28.5
inches), massfat50 grams (~1 Ib), a top speed1df.9m-s* (40 mph) andnaximum
altitude of 305m (1000 ft). AeroVironmet has since improved upon the iges

creating theVASP ABVIAV which is depicted in Fidl.7b.

- ~
% .‘Q -
o
0\-\ B ’?
(2) WASP 1lIIMAV (b) WASP ABMAV

Figurel.7: Fixedwing MAVs developedy AeroVironment

There haslsobeen interest in the use of flexible wings for fixgothg MAV
configurations Wings constructed with a membraneynpaovide a level of passive or
active wing morphing that can be used to increas®meance in certain siaitions or
act as a means difght control[15,16]. A micro air vehicle with a memhbnebased
wing design was developed by Ifju et[dl6] at the University of FloridaAt angles of
attak below stall, the flexible wing and an equivalent rigid wing exhibit similar
aerodynamic performance. Howeverhagh angles of attack, the flexible wing was
able to produce equivalent levels i, Icompared to the rigid wing, but thi a slightly
highe lift-to-drag ratio.

Flexible wings were also implemented dwe Battlefield Air Targeting Camera
(BATCAM) autonamous MAV [17,18] Wind tunnels tests were conducted on the

MAYV with flexible wings in place as well as rigid wind®esults showed that the rigid

8



wings prodiced higher liftto-drag ratie compare to the flexible wng. The flexible

wings also exhibited a decreased lift curve slope compared to the rigid wings. However,
a majordriver in the use of flexible wings was to allow for them to fold so that the
MAV could be stored in a circular tube forseaof portability.This demonstrates that
flexibility in fixed-wing MAVs may provide advantages in terms of pracitigand

usage ad that performance may not be the driving metric for a given design.

1.3 Rotarywing MAVs

Rotarywing MAVs are a rapidly growing class of small mmanned aircraft
systems (SUAS)n which the lifting surface or surfaces are constantly rotébed
generate lift.This allows for the air velocity over the lifig surface to be independent
oftheve hi c| e b o, dnphiirgy themotdoveo and operateeidl at low forward
speedsin comparison to fixedving MAVS, rotarywing MAVs are typically more
maneuverableBecause of this, rotarywing MAVs are ideal for operating in confined
spaces or taskavolving stationary observation

A drawback of rotarywing MAVSs is that theyare less efficient with regard to
producing lift. Figure of Merit (FM), which is a means of m@ang hover efficiency,
for mannedull-scale single main rotor aircraft can behagh & 0.8. However, most
rotarywing MAVs have FM valuebetween 0.4% 0.60[19]. A means of improving
hover efficiency is by increasing the disk area of the r@irreducing disk loading)
Howewer, that would require an increase in size which is contrary to the geometric

constaints imposed on most MAV designCurrently there are aatge variety of



rotarywing MAV designs, but the majority of them can be separated into 3 categories:

single rotor coaxial rotor and mukHiotor designs.

1.3.1 Single Rotor MAVs

Many single rotor designkave been developed in academiavadl as in
industry. A the University of Marylandwork has gone into developing a number of
single main rotor MAV designi&0i 22]. Typically, one issue with a single main rotor
design is that some mechanism is needed to counteractde teated by spinning
the rotor. Generally, a tail rotor is used to provided-tmtjue, butits incorporation
comes at the expense @écreased compactness of the design. Hrishikeshavan et al.
[22] desigred a shrouded single main rotor MAV with adrque vanesiamed the
TiShrov The TiShrov(shown in Fig.1.8) uses he antitorque vanegxposedo the
downwash from the rotor to counteract thainrotor torque Theshroudprovides an
extra performance bengWhile also protecting the rotor from the outside environment.
Performance studies fod that the shroud resulted in a 40% increase in power loading

increasing the payload capability of the vehicle.

10



Figurel.8: TiShrovMAYV from Ref.[22]

TheBlack Hornet Nangshown in Fig.1.9) is designed by Prox Dynami{&3]
and hasa single main rotor and tail rotor configuration. The vehicle has an area
footprint of approximatell0 x 2.5 cri(4 x 1 irf), a mass of 16 grams (0.5)panda
flight time of approximately 20 minutes |t 6s capabl e of-slreachi ng
(11 mph) and is equgedwith three video cameraahich can stream live video the

operator.

Figurel.9: Black Hornet Nandoy Prox Dynar‘nics

1.3.2 Coaxial Rotor MAVs

Several rotarywing MAVs concepts haveptedfor a coaxial desig{24i 27]. In
a coaxial design, two countestaing sets of rotor blades act along the saxis of
rotation. This configuration does increase the comiyex{ the design as well as the
overall weight of the vehicle. However, the use of courdtating rotors negates the
need for a means of genergtiantitorque and allows the overall designlie more

compact. Also, given the size constraints of most MAVs, a coaxial design enables

11



greater thrust production from the vehicl

footprint.

At the University of Mariand, Bohorqueet al.worked to design, budland test
a coaxial rotarywing MAV [20,28] The work of Bohorquez was based on improving
a previous coaxial MAV design by Samuel et [@9]. Experimental tests, blade
elemeh momentum theory (BEMT)basedtrade studies and higfiidelity CFD
parametric studies were conducted to determine how the dasidphbe modified to
improve its hover efficiency. The final prototype of the wihis shown in Figl.1

More recently, researchers at the University of Pduasja have developed a
coaxial MAV that operates without a swashp[&@]. The vehicle has weight of 227
grams.a rotor diameter of 30 cm and vehicle height®3 cm.The blade attachments
are designed in a manner such that{eadmotion is coupled to blade pitch motion.
The motor torque is modated to cause the blade to pitch during rfotatand
effectively allow for cyclic pitch control. This control schemminimizes hub

component weight as well as design complexity.

. Upper Rotor

. with Stabilizer Bar

=

~

J :

b o
W« Swashplate
&

Landing Gear
Rotor Protection
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P o
‘/ltt: Transmission

4
L ®,

Figurel.10: Coaxial MAV pototype from Ref[28]
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1.3.3 Multi -rotor MAVs

In recent years, there has been a significant increase in the development and
production of multirotor MAV designs within both the militargnd civilian sectors.

For the sake of discussion, a mutitor MAV is a vehtle with more than two rote
which rotate about independent axiglany multi-rotor designs consist of four rotors
and are referred to as quadrotor MAVs. Quadrotor MAVs consist of two clockwise
rotating rotors and two countetockwise ptating rotors in aler toprovide a balance

in torque. Quadrotor MAVsean either have fixed or variable pitch blades. In the case
of fixed pitch rotors, control of the vehicle is achieved by independently varying the
revolutions per minute (RPM) of thetoos.

Multirotor MAVs use for photography, vebgraphy and general recreation
within the civilian sector has significantly increased. This has led tertteggencef
companies such as DJI and Parkéthicles such as the Parebop 2[31] have a
typical 4 rotor configuration. Select vehicles are made up of more than 4, satons
as the DJI S90[B2], which is composed of 6 rotor&xamples of the two vehicles are
shown in Fg. 1.11 While including more rotors drives up vehicle power consumption,

it provides the benefit of increased stability and redundancgse of rotor failure

(a) ParroBebop 2 (b) DJI S900
Figurel.11: Commercial multirotor MAVs
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AeroVironmenthas developed th&nipe Nano UAE3] which is shown in Fig.
1.12 TheSnipeNano UASs a quadrotor MAV with a mass of @4rams 4.9 0z) and
flight endurance of approximately 15 minutdéshas amaximum flight speed of
approximately9.8 ms* (22 mph) and is capable of operating in wind speeds of 10 kts
and gusts of 20 kt§.hevehicle is equipped with video cameras tovide live video

feeds to the operator and is useful for reconnaissance and surveillance missions.

Figurel.12: AeroVironmentSnipe Nano UAS

1.3.4 Unconventional Rdary-wing MAVs

The most common types of rotargng MAVs were discussed in the previous
sub-sections. However, there arensenotable rotarywing MAVst hat donadt
the aforementioned categorieor example, théRobotic Samaa (Fig. 1.13 is a
monocopter MAVcreated at the University of Maryland whose design is based on the

seed pods of the Samara t[84].
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Figurel.13: TheRobotic SamardMAV from Ref. [34]

Another type of vehiclas the cycloidal rotor MAV. Cycloidal rotors have been
developed athe University of Marylandor a number of yeai85i 37]. In a cycloidal
rotor, the span of the rotor bladésslin the same direction as the axis of rotatibime
rotor rotates in a paddle whedike fashion to enable the blade to generate lift. Pitghin
of the cyclorotor bladeis varied such thdift production in achieved at the top and
bottom of the blade rotation. A picture depicting a cyclocopter can be seeninlBig.
Cyclocopters have a relatively compleator design and the rotor blades and hub
compise a larger fraction of the vehicle weight. However, cycloidalrsoiave been
shown to have higher Figures of Merit and lower power consumption in forward flight

compared to conventional rotaning MAVs [35,36]
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Figurel.14: Various cycloidal rotor MAV designs

1.4 Flappingwing MAVs

Current MAV systems based on conventional aircraft designs, (i.e -\l
and roary-wing designs) suffer from decreased liffiforce generation anas such
degraded aerodynamic efficiench8,39] The major factor for the lowered
aerodynamic perfonance can be attributed to Reynolds numbers effects which will be
discussed more d#pin Sectionl.5. MAVSs typically operate at low Reynolds numbers
(0~10" and nany studies have found that opérgtat such Reynolds numbers can
cause degraded hfo-drag ratios, increased drag coefficient magnitudes amelased
susceptibility to flow transition andeparatior{40].

In nature, there areumerousanimals(i.e. small birds andhsect$ that are of
comparable size to desired mamlade MAVs however theyly effortlessly. These
animals have managed to overcome many of the challenges of flying at low Reynolds
numberseven in gusty environmentdatural flyes exhibit a periodic, flapping otion
of their wings in order to achieve fligiAttentionhasfocused on flappingwing micro
air vehicle (FMAV) designs because of the potential for increased lift capability,
aerodynamic performance, gust tolerance and maneuverability exhibited bydaiblog

flapping wing flyers, which operate indlsame aerodynamic iege. One drawback of
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FMAVs is that they inherently have unsteady wing kinematicgediing the
reciprocatingflapping wing motion can lead to complexities in the vehicle deagn

well as produce cyclical loads which can exacerbategtee stresse®n varbus
componentsAnother issue is tha&MAVs rely on unsteady aerodynamics to achieve
flight and currently we have a limited understanding with regard to designing a vehicle
that utilizes hose unsteady mechanisrvieans ofdevelopinga flappingwing design

and accurately assessing its performance characteristics is still an open field of study.

In generalFMAVSs can be separated into twategories: ornithopters and entomopters.

1.4.1 Ornithopter si Flap Kinematics

Ornithopters are flappingving aerial vehicles here the wing flapping
kinematics emulate that of avian animatsbats While there may be some variance,
avian-like flap kinematicgprimarily result in the wing flapping mostly in the real
plane Figure1.15provides an illustration of avian flap kinematiésflap cycle for
avian-like flap kinematiczan be broken down intevo components: downstroke and
an upstroke. During the downstroke, thimgvis extended to aid in the generation of
pasitive lift. Active twisting of the wings is performed by the flying anitiabugh the
changeof wing pitch along the span. Typically, the wings arested to result in nose
down pitching the leading edge tawl the wing tip. This is to aid in the gerteva of
positive lift force as well as propulsive thrusturihg the upstroke, the wing is retracted
to minimizethe drag produced. Negative angles da@kt along the wing produce
propulsive thrustluring theupstroke but also work to produce some negdiftz The

wings need to be appropriately actuated to produce net positive lift and propulsive

17



thrust over the course of a flap cyclaft is primarily produced along the inboard

portion of the wing while proulsive thrust is generated more toward thegatip.

(a) Beginning of
downstroke. The ' (d) Beginning of the
wing is fully upstroke. Flexure at
extended and is the wrist and slight
moving with no retraction, increase
forward component of angle of attack of
relative to the bird. the arm to

| compensate for loss

of tip lift.

' (e) Middle of upstroke.

(b) Middle of The primaries are
downstroke. This folded over each other
shows slight and are unstressed.
twisting of the tip to Slight further retraction
give a forward of wrist and increased
force. ' angle
' of attack.
(f) End of upstroke.
(c) End of T 's"
dqwn;tro!(e The extending and the
wing is still fully primaries are
vev);‘t;ndgd ?I??fg‘e ‘ swinging forward
ot ¢ again for the next
| downstroke.

Figurel.15: lllustration of avian flap kinematice&\doptedfrom Ref.[41]

1.4.2 Ornithopters T Select Vehicles

Odyssey(Fig. 1.16a) is a flapping wing MAVdeveloped at the University of
Marylandt h a eed ssedbas a testbed for flapping wing expenital studie§42]. It

is based off of the ornithopter designopose by Kinkade[43]. It has a mass of

18



approximately 450 grams and is capable oh80ute flight timesRobo RaverFig.
1.16b) is another fhppingwing MAV developed at the University dMaryland[44]. It
was designed with indepentdecontrol of each wing to expand the flight envelope of
the vehicle.The wings are created using stiff carbon fibeds with a Mylar film
covering.Robo Raverhas a total mass of 290 gramging span of 1.17 m anan

operating flap frequency of 4 Hz.

(b) Robo RaveMAV
Figurel1.16: Ornithopters deueped at the University of Maryland
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The Microbat is a palmsized ornithopter developed by AeroVironméfb].
The vehiclehasa wing span of 9 inches, overall length of 6 inches and a mass of 12.5
grams.The flight time of the vehicle was limited &pproximate 40 seconds. A picture

of theMicrobatcan be seen in Fig.17.

Figurel.17: The AeroVironmenMicrobat

The DelFly Micro, created at TU Delft, hasvaing span of 10 cm and tatal
vehicle mass of 3.07 gran¥6]. It has an onboard tramitter as &Il as a camera as
payload.The vénicle has been able to achieve forward flight work is geared toward

expanding its flight capabilities.

Figurel1.18: TU Delft DelFly Micro from Ref.[46]
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1.4.3 Entomoptersi Flap Kinematics

Entomopters are flapping wing aerial vehicles where the wing flapping
kinematics emulate that of ings. Inseclike flap kinematics result in theving
flapping occurring mostly in the horizontal plane. Figlir&d provides an illustration
of insect flap kinematicduring insectlike flap kinematics, theving is actated ina
mostly horizontal strokplane. Simlar to avianlike flap kinematics, the flapycle can
be broken down into a downstroke and upstroke. Even more so, a given stroke can be
decomposed into a translational component and a stroke reversal component

During wing translation, the wing is held atrelatively fixed pitch angle. At
the end ba flap stroke, the wing mustvist or rotateabout its span to allow for a
positive angle of attack as it begins to move in the opposite diregis.action is
known as stroke reversaflost animabk which dilize insectlike flap kinematicshave
minimal to no direct control over the pitching of their wingige wing twist during
flapping is often due to aerodynamic and inertial forces acting on the wing. An
excepion to thisarehummingbiré which have actig control over their wingdue to
their musculoskeletal systedm normal hovering flight the downstroke and upstroke
are symmetric. Changes to the flap plane, wing pitch angle, or stroke amplitude to allow

for maneuvering and stability during flight
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Supination

Figure 1.19: lllustration of insect flap kinematics. Adopted from Héf’]

1.4.4 Entomopteri Select Vehicles

One flappingwing vehicle that utilizessectlike flap kinematics isheMentor
MAV [48]. The vehicle utilizes two sets of flapping wings (4 wings total) to generate
lift and balance sidéo-side flapping forces. Two versions of the vehicle enauilt:
one powered by an internal combustion engine amatherpowesed by an electric
motor. Each vehicle lska maximum span of 14 inches and opetatea flap frequency
of 30 Hz. However, the mass of the vehicles differed where the internal combustion
enginebased vehicle had a mass of 580 grams and the electricbasted ehicle had
a mass of 440 gram®nboard fuel stores allowed for up to 6 minutes of flight times
for the internal combustion engiibased design. However, the electric mdiased
design was limited to flight time of approximately 20 seconds due to power dr

restrictions from the battery.
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Figurel1.20: Mentor MAV developed at the University of Toronf48]

The DelFly 11 is one in a series of flappinging MAVs developed at the
Technical University of Delff46,49] TheDelFly Il (Fig. 1.21) has a total mass of 16
grams and wing span of 28 cm. Unlike the originalFly (also known as thBelFly
1), the DelFly Il was designedo allow for hovering flight In addition to hovering
flight, the vehicle can achieve a maximum forward flight spdetidms? as well as
fly backwards at a speed of 1.09h

RoboBeeg displayed in Fig.1.22 is an atscale insectsized flappingwing
vehicle developedt Harvard[50]. The vehicle has a mass of 8dilligrams and the
wings are actuated usingiezoelectric bimorphsBenchtop tests showedtiat the
vehicle was able to produce enough vertical lift to takétdfvever it is not currently
onboardbattery powered and must be poeekrby an external sourge a tethered

mode
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Figurel.21: The TU DelftDelFly II

Figurel.22: HarvardRoboBealescribed in Re{50]

The Nano Hummgbird was developed by AeroVironment in response to
DARPAGs Nano Air Ve[bl. Eidurel.2@phokidkes anpmage@fr a m
the Nano HummingbirdTheNano Hummingbirchas amass of 19 grams, wing span
of 16.5 cmand is capable af maximunforward flight speed of 6.7 fg'. The vehicle
carried avideo camera capable of streaming color video to a remote ground .séation
unique characteristic of the vele is thati t 6 s o mdmntaia controflight solely

through actuation of its wings
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Figurel.23: Nano Hummingbirdliscussed in Ref51]

TheRobotic Hummingbirdshown in Figl.24 is a flapphg wing MAV design
that was initially began development at the University of Maryland and has since
continued development at Texas A&M Univergly?]. The vehicle wadesigned over
several iterations with the final design having a wing span of 12 inches and operates at
a flap frequency of 22 Hz with a total mass of 62 grarhs. wings are aoated using
awmnique Ambdr 6 i encd evbch melps noamplify the odput of a

conventionaktrankrocker fourbar mechanism.

Figurel.24: Texas A&MRobotic Hummingbirdliscussed in Ref52]
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BionicOpteris a dragonfly inspired flappingiing MAV created by Fest[b3].
The vehicle was constructed with a dragotittg design with a pair of forewings and
a pair of hindwingsBionicOpterhas a wingspan of G3n, overall length of 44 cm and
a gross takeff weight of 175 grams. A brulss motowasused to actuate the four
wings as well as adjust the flap frequentlge wing flap amplitude and wing twist of
each wingwere independently contrtdd through eight servos. A picture of the

BionicOptercan be seen in Fig.25

Figure1.25: BionicOpterdeveloped by Fes{®3]

Tablel.1provides an overview of some of the flappinong MAVs discussed
in this section including information on their respective vehicle masses, flight times

and the institution at which they wereeated.

26



Table 1.1: Selected list of current FMAV designs

o : . Hover-
Name Institution Mass Flight Time capable
RoboBee Harvard 80 mg Yes
Microbat  AeroVironment 125¢g <1 min No
DelFly I TU Delft 16.0g 9 min Yes
Nano . .
Hummingbird AeroVironment 19.0¢ 4 min Yes
Robotic ,
Hummingbird Texas A&M 62.0g 1 min Yes
. Fresto
BionicOpter (Germany) 1759 Yes
Univ. of :
Robo Raven Maryland 290 g 5 min No
Univ. of . .
Odyssey Maryland 450 g 257 30min No
Mentor Univ. Toronto 580 g 6 min Yes

1.5 ChallengesAssociatedvith MAV Design

Many unique challenges arise whesnsidering the design, manufacturing and
operation of vehicles at MA¥cale. Given their small sizejssues arise when
considering how to power the vehiclgilization of appropriatesensors anshtegration
of other mechanicalcomponents More importany, the flow phenomena and
characteristics exhibited by lifting surfaces differ at MAbales in comparison to the
full-scale conventional aircrafthis is due to lovwReynolds number effects. Reynolds

number is defined in the equation below:

YQ — (1.1)

wherej is the fluid densityV is reference velocityl, is the characteristic length and
is the dynanic viscosity of the fluid. Physically, Reynolds number represents that ratio

of inertial forces to viscous forces acting in a given flow. Typicaldodlle aircraft
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operateat Reynolds number on the order o 1010’. In this range of Reynals
numbersyiscous effects are minimal and can assumed to act within a thin boundary
layer near the wing surfa¢g4].

MAVs operate at Reynolds numbers on the order 6fi100°. At theselow-
Reynolds number ranges viscous effects play a much more significant role in the
aerodynamicsesultingin some adverse effectat low-Reynolds numbers, there is an
increase in skin friction drag and airfoils are also more susceptible to flow separati
This leals to decreased maximum lift coefficients, increased drag coefficients and
overall lowered aerodynamic efficiencifigure 1.26 provides plots, pesented by
McMasters and Henders@5], illustrating the effects of Reynolds numberlifitto-
drag ratio ananaximum lift coefficient

Lift-to-drag ratio (L/D) isa measure of efficiency for airfoils where largéb
values signify greater efficiencWhen examinind./D (Fig. 1.26), Asmoot ho airHf
outperform Arougho airfoil s °fHoweverRferynol ds
Reynolds numbers less thd@°, smooth airfoils exhibit a significant reductionLifD
due to lowReynolds numberffects. In Fig.1.26b, the maximum lift coefficient

generated by the airfoil can be seen to drop as ®éymumber is decreased.
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Figurel.26: Plot illustrating Reynolds number effects. Adopted fiRei [55]

Similar conclusionsan be drawn whesinalyzing the hover efficiency of rotors

atlow-Reynolds number©ne means adissessing the hover efficiency of a vehicle is
by its power loadingPower loading 0 0 - is the ratio of veical thrust generate

by a vehicle per unit gbower needed to generate said thrust. Power loading provides
a metric to compare the efficiency of various hevapable vehiclesFigure 1.27

shows plotsof power loading versus disk loading for a variety of hover capable

vehicles. Note thatisk loading O0 — s the ratio of thrust produced divided by

the effective area swept out by the lifting surfaoce is analogous to wgnloading for

fixed-wing aircraft. Disk loading effects power loading through the equation below:

no7 M
5 —CMO ;3” (1.2)
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where} is the density of the operating fluid akd/ is the figure of met of the
aerodynamic system. From H@.2), a decrease in disk loading leads to an increase in
power loadingln Fig. 1.27, the constant lirein the plotareconstant values of figure

of mait. The figure of merit tends to be greater for helicopters in comparison to more

conventional smalscalerotors.
1000

100

AFh4dareonmn

Power loading (Ib/hp)

‘e,
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Figurel.27. Power loading vs disk loading for a range of hesagpable vehicles.
Adoptedfrom Ref.[56]

A major factor that influencebe efficiency of a given configuratiohf{-to-drag ratio
or power loading)s the geomey of the wingrotor. With respect to lifto-drag ratio,
higher aspect ratio wings tend to have bettetdHtirag ratios for a given airfoil cross
section.With respect to power loading, rotors with larger disk areas better hover
efficiency for a gzen thrust produced. However, given the size constraints placed on
MAVSs, increases in wing aspect ratio or rotor disk area are limited.

Outside of the wing planform ortar geometry, the airfoil geometry can have
a significant effect on theeaodynamic haracteristics of an airfoilAt the Reynolds

numbers associated with fidtale conventional aircraft, airfoils typically have a
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rounded leading edge and gradually taper toward a sharp trailing edge as they tend to
exhibitbetter aerodynamiogpformanceStudies by Laitone showed that thin cambered
platesoutperformed NACA 0012 airfoils when comparing L/D and lift curve slope at
low-Reynolds numberfs7]. Figurel1.28provides the L/D versus angle of attack and

lift coefficient versus angle of attagiots from Ref[57]. Similar results were found

in separate studies byueller [40] and by H& and Choprg58] regarding the
improved performance of thin cambered airfoils subject to low Reynolds nulmwer f
Theairfoil profiles of many natural windlyers exhibit those of thin cambetairfoils

[59]. Insect wings typically have sharp leading and tradidges with a low thickness

to-chord ratio.
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Figurel.28: Plots of liftto-drag ratio and lift coefficient vs angle of attack fron
Ref.[57]

Nature has managed overcomemany of he barriers that have plagued the
development of mamade MAVs. Most of the flying animals that are at the desired

scale of MAVs wutilize fl apping wings t
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shown in Fig.1.29illustrates the efficiency of natural

flyers at MA3tale. Thusit

serves to further explore the flappingng design concept to make marade vehicles

which can match or exceed the performaamo@ maneuverability seen in natural flyer

wing loading W/S (newtons per meter squared)
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Figure1l.29: The Great Flight diagram. Adapted from R8&8]

1.6 Select Prior Studies dAlappingWings

Many of the challenges dfappingwing MAV design stem from our general

lack of understanding of aerodynamiaed aeroelasti

¢ phenomenaa MAV-scale

Reynolds numbers. Asraeans of oveoming tlese challenges myriad of research

activities have been undertakeém further our understanding@ver thepast two
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decades, hundreds of journal articles have lookeadt e exploring MAVs including
flapping wing MAVs[60]. Figurel.30provides plots illusating the mmber of MAV
related journal articles writteas well as a breakdown of the number of articles by
MAV type. In an effat to further our understandingxperimental and computational
studies have looked at analyzing biological flyers at M#aak (small bids and
insects)as well asmanmade mechanisms designed to emulate certain aspects of
flapping wing flight The following subsections discuss relevant prior work as well as
some of the major finds from those studies
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1.6.1 Live Animal Studies

Researchers have lookedaatalyzingnatural flyers to better understand the
physics associatedith unsteag flapping wing flight at MAV scales. While some
recent work has been conducted by researchers in the engineering fieldf nhest
studies omatural flyers hee been performed by searchers in the biological sciences.
A few of the notabletadies predate the current interest in creatmgn-made flapping
wing MAVs. In 1973, WeisFogh [61] investigatel the aerodynamics of hovering
insectsWeis-Fogh noted thafor most hovering insects, the wings flap in a honital
plane and thainsteady aerodynamics play importan role in insect flightespecially
in those thabperate a low Reynolds numbevkich range from the order af?i 10°.

The unsteady aerodynamic mechanuistoveredoy WeisFogh is the clap
fling mechanisnwhile analyzingthe high-speed video of the cladl waspEnarsia
formosa Figurel.31provides a simple illustration detailing the ciipg mechanism.
The clapfling mechanism can be thought of in two pardsnedt he fcl apo
BandCinFigl.3) and the dAflingo 1(31).Mariggahe cldp,
the leading edges of the wings come together at thecéradflap stroke With the
leading edges together, the wings retabout théeading edges such that the trailing

edges begin to approach one anoth€his pushes the fluid between the wing out of the

(i mag:

E and

way resulting in a reactionary force in the thrust direction. During the fling, the wings

begin the subsequent flap $tecand thedading edges begin to move away from each

other. The motion of the trailing edges lags that of the leading edges such that a hig

pitch angle is created by the wing. This creates additional circulation about the wing

which aides to enhance th# generaed.
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Figurel.31: Diagram describing the clefing mechanism. Adopted from R¢89]

In 1984 Ellington descrddthe aerodynamics of hovag insectstheir general
wing kinematics patterns, possible unsteady aeradimamechanisms and a
generalized vortex theory eterminethe mean lift when unsteady or quateady
mechanisms are presdbi 67]. In general, wing flapping was found te Bimilar to
simple harmonic motianThe wingmoves ina reciprocating motioand can be broken
down into astroke reversal component anttanslational component.

During stroke reversathe wing decelatesas it approaches the end of a flap
stroke. A wng eventudl reachegzerovelocityandbegins taaccelerate in the opposite
direction to begin the subsequent flap stroke. In addition, the wing undergoes a
significant rotation about its longitudinal iaxto allow for a positive angle of attack
favorabk for lift productionduring subsequent flap strokes. During the translational
component of the flap cycle, the wing holds a nearly constant pitch. angieally,
the wing is twisted along its span suttat the pitch angle is greater in magnitude
towardthe wing rat in comparison to the wing tie4]. While little deviation of the

wing fromthestroke planevas seenni certain cases, the tip path creates a figughat
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pattern during the course of the flap cy€lgurel.32illustraesthe wing tip kinematics
of a hummingbirdas a general representation of wing kinematics for hover capable

birds and insects.

...... ey -

W e -

Figurel.32: Wing tip path of a hummingbird. Adopted from Rf&2]

At the time unstady airfoil theory underpredicted the lift forces required for
hovering birds and insects to achieve flight. Elorgsuggested that the delayed stall
phenomenon may play a vital role in enabling flapping wing animals to achieve the lift
necesary for flight [65]. However, delayed stall of airfoils is not a newly discovered
phenomenon. In 1933, Francis and Colé&} investigated the lift produced by airfoils
at high incidence anglevhich undergo sudden transtamal motion. Results showed
that when airfoils are placed at high pitch angies jpitch angles greater than that at
which steadystate stall occurs), the airfoil is capable of generating large lift forces
during the first few chord lengths of travfellowing thestart of translational motion.
Results showed that lift increased byi486% of the steadsgtate stall value with the

first 5 chord lengths of travel after which the lift decreased to stetady stall values.
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Another unsteady mechanismggested to lay a role in flapping wing flight
by Ellington is the Kramer effed69]. Unlike the delagd stall dueto a change in
translational motion, the Kramer effect occurs due to a change in rotational motion
during the proation and supination parts of the flap cyd@e Kramer effect can be
described as a delay in stalhen a slight rotational vetity is apgied to an airfoll
undergoing steady translational motidrhe previously mentionettanslational and
rotational mans of delaying stall can be grouped under the phenomenon known as
dynamic stall.Dynamic stallis a weltknown phenomenon in thieeld of hdicopter
aerodynamics antlas beerwidely studiedby a number of researchefg0i 73]. In
generaldynamic stall occurs when an airfoil is subjected to a-tieygendent unsteady
motion (e.g. pitching, plunging, surging) that increatiee effedve angle of attack
above its normal static stall andl&]. Figure 1.33 provides a schematic illustration
the dynamic stall phemaenon and K. 1.34shows a representative plot describing the

change in lift coefficient during dynamic stall in comparison to ssisil.
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Stage 1: Airdoll oxcoods static stall angle,
fiow reversals take place in boundary layer.
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Figurel.33: Schematic illistrating tle dynamic stall phenomenon. Adopted froi
Ref.[74]
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Figurel1.34: Representative plot illustrating tiskhange in liftduring dynant stall
in comparison to static stall. Adopted from R&#]
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Srygley and Thomas performed studies on adchiral butterflies Yanessa
atalantg in free flight to examne the unstdy flight mechanisms they utiliZ&5].
Tests were conducted in a witunnel andhigh-resolution flow visualization was used
to qualitatively observe the air flow about the winiaages were taken using high
speed videographyreeflight, as opposed to tetherdlight, was used in this study
because the reseask believed that tehering the animals may cause them to alter
their flap kinematicsThe butterflies were trained to fly between artificial flowers to
help ensure they neain in the view area of thedttspeed cameras. Analysis of the
digital images showed thate butterfles use a variety of unsteady mechanisms and
even switch between different unsteady mechanisms in successive flap thees.
unsteady mechanisms seen include the leading edge Mistegrtices, wake capture
phenomenon, the clafing mechansm and actig/inactive upstrokes. The butterflies
were able to easily switch between the use of various unsteady mechanisms through a
simple change in their wing flap kinematics.

Later studies o natural flyers sought to investigate detail the previoust
mentioned kinematics andunsteady aerodynamic mechanisms as well as the
importance of wing flexibility in flapping wing flightWork by Ennos showed the
importance of wing flexibilityand howallowing for wing twistis necessary tonprove
performancg76,77] Ennosalso showed the importance of wing mass distrilnugiod
how the inertial forces generated by the wing aid iatang wing wist [78].

Combes and Daniel compared the flexural stiffness of a serieseaftiwings
in the spanwise and chordwise directiprd]. Results showed that spanwise stiffness

is approximately 1 2 orders of magnitude greater in the spanwise direction as opposed
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to that inthe chordwise directiolhis spanwisehordwise wing stiffness anisotropy
is thought to be charactetrait of most insect wings and that it is necessaigdace
camber due to chordwise bending as well as facilitate wing twist.

Studies on natural flyers helpedpgmovide an iftial understanding of flapping
wing flight and the expected physiat MAV-scdes. These studies have alsgpedin
providing insight and improve quasieady and unsteady airfoil theory. However,
studies on biological flyers have significant challenggsmals may be difficult to
coaxto perform a specific action di¢ demand athe researcher. Given the small size
of many flying animals, obtaining accurate quantitative measurements of the force,
power or the flowfield about the wings is difficult witturrent sensor technology.
Flapping wing flight of natural flyerds a complexprocess involving many
interdependent variables. With the goal of enianour fundamental understanding
of flapping wing flight, it may be extremely challengingemenimpossible to isolate

certain aspects of flapping wing flight when arzathg biologtal flyers.

1.6.2 Rigid Wing Studies

Given the complex nature of the flapping wing problaomeroustudies have
looked at simplifying various aspects of flapping wing flight andestigating them
individually to understand their effectnaflapping wing aerodyamics. One such
simplification is to make the wing rigid as to eliminate aeroelastic efthatsto
structural flexibility. Another is to use simplified flap kinemati¢dap knematics can
be broken down into two degreetfreedom: a flap dgreeof-freedom and aitching
degreeof-freedom For 2D cases, thdlap degreeof-freedom is replaced by a

translational plunging of the airfoil.
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Dickinson and Gotz performed studies oscaled wing model to investigate
the timedependent forces actingn ampulsively moved wingg80]. The model wing
was made of aluminum, had a chord of 5 cm, veipgn of 15 m and thickness of 1.0
mm. The leadinggdgewas rounded while the trailing edge was sharply tapered. Test
were conducted in a tank filled with a 54% sucrose solution. The wingsmaared
translationallythrough the fluid at various constantgbi angles iad varied translational
velocities.During translation the aerodynamic forces were measured in conjunction
with flow visualization A picture of the experimental setup is shown in Ei§5 This

helpal to smulate apprpriate Reynolds numbers.
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Figurel1.35: lllustration of experimental setup from RE30]

Results showed that at angles of attack greater than 13.5°, a leddmgortex
(LEV) formed on the wing surface. @ LEV remained attached to the wing for the
first 2 chord lengths of travel results in an 80% increase in lift compared to the lift
measured after 5 chord lengths of tra¥éle LEV creates dow-pressure regioan the

suctionside of the wing increasing the pressure difference across the wing surface
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which in turn enhances the lift generatafter the LEV shed from the winga second
vortex of opposite vorticity formed at the trailing edge.

Figure 1.36 provides an illustration of how the LEV enhances lift production
usi ng Pol hadgesudiomhatogyi@i]. Fig 1.36 depicts the steadstate
lift of an airfoil subject to ptential flowwith the Kutta conditin applied at the trailing
edge.As the flow attempts to navigate the sharp leading éggquickly changing
velocity, a suction vectorHs) forms that acs parallel to the wing chord line. The
suction vector and normal force vectéi) sum to form the ft vector ). With the
formation of a LEV the flow need not rapidly change velocity to navigate the leading
edge thus eliminating the suction force platab the wing chordHowever, a suction
force is necessary to allow the LEV to remain attacheuktaving surface. This suction
force acts in the same direction as the normal forcetearébyincreagsthe overall

lift produced.

(b) LEV enhanced lift about a thin airfoil
Figurel.36: lllustration of lift augmentation via a LEV. Adopted from Ri&0]
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Most insect wings operate at high angles of attack and only travél¢hord
lengths during flappingvhich are the same conditions that lead ®ftihmation ofa
leadingedge vortexThe LEV, which is an artifact of the dynamic stall phenomenon
described irSub-sectionl.6.1, wasproposed as a mechanism by which insect wings
are able to augmetheir lift during flappirg. Follow-up studies havalsoinvestigated
the LEVfor translating, rotating and flapping wing kinematics and have stmownit
enhances the magnitude of lift generated bying[82i 88].

Other notablaunsteadyflight mechanisns are rapid pitch rotatioand wake
capture Rapid pitch rotation occurs at the end of a flap stroke during stroke reversal.
As the wing is rotating about the spanwise axis, the timing of the wing pitch rotation
canaugmenthe circulation acting on theimg [89]. This behavior utilizes the Kramer
effect discussed in thBub-section1.6.1 FromRef.[89], if wing rotation is initiated
prior to the end of the flap stroke, known as advanced rotalierift force generated
is increased. Subsequent studies by Sane and Dickjaépsought to quantify the
effect of rapid pitch rotatiorhey showed that the rotational forces are proportional to
the angular velocity of rotation. The results from the series of experimental studies
conducted were used to quantitaty determine thenfluence of wing rotation on
aerodynamic force generation. Rotational force coefficients were applied to a
translationbased quassteady aerodynamics model to improve the accuracy of
predicted instantaneous aerodynamic forces during Wiapping.

In wake capture,depending on the structure of the wake and the wing
kinematicsthe wingmay interact with the shed vorticity from the previous flap stroke

after stroke reversal. The resulting interaction can increase fluid velocities hbout t
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wing, which in urn increase the aerodynamic forces generated. FigBrgrovides

an illustration demonstrating the wake capture mechaniti®.wing translates from
left-to-right in the image (Figl.37a) and a prominent LEYbrmson the wing surface.

As the wingundergoestroke reversal (Fgy1.37 and1.37c), vortices are shed from

the leadingand trailing edges which spin opposing directions. These vortices impart

a velocity in the flow denoted by the dark blue arrows. As the wing is completing stroke
reversal and begins translating in the opposite direction (Ei§3d and1.37), it
interacts with the velocity field imparted by the shediged from the previous stroke.

The increased velocity imparted on the wing increases the aerodynamic forces
produced which are denoted by the light bluewremanating from the wing surface.

In Fig. 1.37 the wing passes through the previous shed wake and continues through
the translational phase of the current stroke.

While rapid pitch rotation and wake capture magut in enhancing the
aerodynamic capadiities for a flapping wing, these phenomena only happen for a short
duration of the wing stroke and depend heavily on the timing of wing rotation.
Therefore, these mechanisms do not contribute much to thetieragedving forces.

The formation of a LEMs the most prominent unsteady mechanism responsible for
augmenting the lift of flapping wings at low Reynolds numlvengh is the reason it
has garnered so much attention amongst researchers.

Given that the LEV is sucan important mechanism in augmentthe lift of
flapping wings,it is important to have a thorough understagdof how the wing
kinematics affect its generatio®ome initial studies sought to analyze the vortex

formation on wings undergoing pitchingdaplunging kinematics using 2D anabys
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techniquesThe studies by Tuncer and Plat&t,92]investigated NACA 0012 airfoils
undergoing a pure plunging, pure pitching or combined pitclang plunging
kinematicsin forward flight Their results showed that thrust produckigematics

were dependent on the plungenplitude (hmp and reduced frequencyReduced

frequency is defined a® Z—rwhereE Is the mean cbrd, f is the oscillating

frequency andJp is the freestream flow speed@hrust is produced vén the non
dimensional plunge velocityal "2 Q ) exceeds 0.2In addition, combined
pitching and plunging kinematiagere shown to produce high prdgive thrusts as
well as high propulsive efficiencies

Kang et al. experimentally and computatiopafivestigatedhe pitching and
plunging of 2D SD7003 airfoils for a range of Reynolds numbi@3]. Overall, the
Reynolds number effects were seen to be minimal whés wee conducted in the
range of Re = 30,00060,000.For pure plunge kinematiche LEVs formedat lower
Reynolds numbers were largétowever,at higher Reynolds numbethe flow was
seen to be more attached for both pure plunge and combined pitctdngiunging
kinematics.

Computational studies by Ashraf et ialvestigated the effect of thickness and
camber athe performance of airfoils undergoing pure plunging@nrdbinedpitching
and plunging kinematid®4]. The Reynolds number was varied from 200 million.
At a Reynolds number of 20,00the time-averagedhrust producedby airfoils of
various cambersxhibited littledifference corpared to symmetric airfalundergoing

pure plunge kinematic®Overall thinner airfoils performed better at low Reynolds
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numbers for both pure plunging and combined pitching/plungiingcker airfoils

performed better at higher Reynolds numbers.

7

O//O

O

Figurel.37: lllustration highlighted the wake capture phenomenon. Adopted f
Ref.[95]
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The main reason behind the variations in performance between thin and thick airfoils
is how they influence the formation antbvemenof the LEV.

While these studies did play an important roladvancing ouundersanding
of how unsteady mechanisms influence the production of aerodynamic force on
pitching and plunging airfoilsnostfocused on forward flight as opposed to the hover
flight condition. Yuan et. al. conducted experimental investigations on a 2D pitching
and plunging airfoil in hover in accord with 2D numerical analy88]. Results
showed that shed vortical structures during flapping may remain near the airfoil surface
and can potentially interfere with new vortex formation affecting overall aerodynamic
performance Ovenall, 2D analysison rigid airfoils hasprovided some significant
insight into the unsteady fluid dynamics of the flapping wing probléawever,the
wings of many biological flyers and mamade flapping MAVs have a low aspect ratio
(AR<b), thus itis expeted that 3D effects could have a significant influence on the
aerognamics about the wing and should be appropriately accounted for within
analysis.

Many previous 3Dwing experiments were performed on rigiynamically
scaledmechanical models in oil orater tank$80,90,97 100]. In astudy by Birch and
Dickinson,tests were performed on a dynamicabaledDrosophilawing flapping in
mineral oil [97]. The goal wago determine if spanwise flow is responsible for
prolonged attachment of the LEYResults showed that the LEV remained attached
even when baffensete used to block spanwise flow follow-up studyby Lentink
and Dickinson[101] showed that rotational acceleraomare responsible for

prolonging the attachment of the LEV to the wing thraugthe flap stroke.
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Conducting the experiments in oil or water allows for better matching of the
Reynolds numbers associated withturad flyers and MAVs while operating at much
lower frequenciesAlso, using a lowered operating frequency decreases the generated
inertial force and its influence on the total force measured during experimentation.
However, when analyzing flapping wings air, the aerodynamic as well as inertial
forces must be considered.

Seshadri et al[102] performed studies on a rigid, low aspect ratio wing in
hover. Flapping kinematics were prescribed using a -diff@rential fourbar
mechanismbased test rig capable of emulating complex wing kinematics including
figure-eight motion. All tests were conducted in air at a constant flap frequency of 3
Hz and force as well aBIV flowfield measurements were recorded. Additionally, a
blade element theory analysis was conducted in conjunction with the experimental
studies. Results from the studhowed that the pure aerodynamic forces can be
extracted from thetotal force measurementsubtracting theinertial forces. The
formation of a LEV vas obsrved to be the main contributor to the augmented
aerodynamic forces generated by the wing.

Conducing experimental measurements on flapping wicgn be difficult
especially for wings aiMAV -scale or flapping at high frequencies. Hiighelity
compuatioral studiesallow for in-depth analysis of the flowfield and forces produced
by flapping wings without the difficwt typically associated with experimental
measuremeni3 here have been several notable studies that include 3D simukatdns
correlaton with experiments. Liu and Kawac[i03] published the first 3D Navier

Stokes simulatiorof insect flapping wings. Their simulation modeled the vortex
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structure over a scaled mechanical flapping hawkni82] and showed good
gualitative agreement with smoke flow visualization. They also examined the
aerodynamic characteristics of the hawkmoth and fruit fly wing shapes, focusing on the
spanwse flow inside the core of the LH¥04]. Other notable examples include studies
by Sun and Tanfll05] and Ramamurti and Sandbgi@6] on theRoboflywing [89].
The Roboflymechanical flapping apparathas provided a wealth of forcetdao aid
in the validation of 3D computational fluid dynamics (CFD) studies. Heweahere
has not been much comparison of the flowfield.

More recently, studies by Badrya and Baddéx7] investigated the influence
of Reynolds number, wing kinematics and aspect ratithe aerodynamic force and
power of a modeled blow fly wing (similar in shape to Rebofly wing). Their
simulation results showed that Reynolds number and wing pitcle diagke a strong
effect on peak aerodynamic force production and aerodynamic pbiweeauthors also
suggest that when comparing the efficiency of flapping wiageasonable metric to
use is lift per unit power versus lift

Zhang et al[108] also performed CFD studie$ wings modeled after the
Robofly wing. They assessed the influence of five kinematic parameters on lift
production: flap fequency, angle of attack at rddwnstroke, angle of attack at mid
upstroke, flappmplitude and the rotation at stroke reversal. Results showed that flap
frequency and flap amplitude had the biggest influence onadieeaged lift forces.

Erzincanli and Mhmet conducted CFD simulationsapair of wings modeled
after fruitfly (Drosophilg wings.The wing planform was designed to match that of the

Roboflywing described in the work by DickinsdB9]. The study investigated the
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effect of the wing kinematics on the flowfield and aerodynamic forces generaied.
CFD solver used is an unstructured finite volume algorithm based on an Arbitrary
Lagrangian Eulerian (ALE) formulation. The authors found that advanced pitch
kinematics during flapping led to stronger shed vorticity from the leading edge at stroke
reversal. Additionally, the root and tip vortices form earlier in the flap cycle and are
longer tha in the symmetcal pitching case. The root and tip vortices do not form early
in the flap cycle when delayed pitch kinematics are used.

Modifications in pitch angle, stroke angle and heave angle were parametrically
studied to gain insight into their effeon performane. Maximum pitch amplitude was
varied from 0°T 60° and maximum lift was seen at a pitch angle of 50 degrees.
Decreasing stroke amplitude reduces translational velocity and leads to weaker LEV
strength. Rotational lift during stroke revdrsa also reduog with reduced stroke
amplitude suggesting that the created rotational lift is related to the translational
velocity. For variations in heave angle, the figerght pattern and a constant rogro
offset from the stroke plane were seersignificantly afect the magnitude of the
aerodynamic forces produced.

Jones and Yamaleev performed computational optimization studies using a 3D
unsteady viscous flow solver using a thihependent discrete adjoint methodology
[109]. The study focused on how wing shapel flap kinemat parameters influence
thrust and propulsive efficiency. The baseline wing was based on the wing profile of
the fruit fly (Drosophilg. Results from the series of studies conducted showed that the
wing planforms are significantly differemthen solely opinizing the wing planform

as opposed to optimizing the wing planform dlagh kinematics in conjunctionA
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similar statement can be made when solely optimizing the flap kinematics in
comparison to optimizing the wing planform and flap kia#ios in tandemFigure
1.38shows a comparison dhe baseline wing planform, the independently optimized
wing planform and the wing planform when the kiragics and planform are optimized

in tandem. Figurel.39 show resuls comparing the baseline flap kinematics, the
independently optimized flap kinematicsdathe flap kinematics when the kinematics
and planform are optimized in tandeWwhen optimizing the wing planform and flap
kinematics in tande, the timeaveraged thrust coefficient increased by 70% and 380%
over those values obtained by independentlynagtng wing planform shape or wing
kinematics separatelyhis suggests that to maximize improvement for a given design,
the wing planform andlap kinematics should be optimizeédgetherin a coupled

fashion.

Optimized shape + kinematics

Optimized shape

Baseline

Figurel1.38: Comparison of baseline and optimized wing planforms from Re
[109]
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Figurel.39: Comparison of baseline and optimized flap kinematics from[R@®]

Rigid flapping wing experimental and computational studies have helped to
greatly improve our understanding of flapping wing flight. However, many biological
and ma-made flapping wings are inherently flexible due to their relatively small size
and weight. Wing flexibility introduces a coupling between the fluid and structural
dynamics allowing for aeroelastic effect® occur. Therefore, it is important to study

flexible wings undergoing unsteady kinematics to assess the impact of aeroelastic

effects on wingperformance.

1.6.3 Flexible Wing Studies

Given thestructuralcompliance of manpaural and mammade flapping wings,
there is an intrinsic coupling between the wing fluid dynamics and structural dynamics
which allow for aeroelastic effects to occur. Aeroelasticity is the study of the
interactions between inertial, elastic and aerodyndorces that are present when an
elastic body iexposedo a fluid flow. Figure1.4 provides aCollar diagram of how

the various components agroelastic study interact and the resulting fields of study
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Dynamic aeoelasticity comes into playhen analyzing flexible flapping wings.
Effectively the inertial and aerodynamic forces acting on the wing casecia to
deform which in turn influence the aerodynamic and inertial forces prod8egdral
experimental and nuenical studies have focused on flexible wings axdmined

whether thewing flexibility provides benefits with respect to wing performance or

Inertial
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efficiency.
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Aerodynamic Elastic
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Figurel1.40: Diagram illustrating the componentsdynamic aeroelasticity

Heathcote et a[110] investigated the influence of spaise flexibility on the
performance of a pure plunging wing in forward flightiree wingswvere tested which
had NACA 0012 profile and rectagular planformswith an aspect ratio of 3.0. The
difference between the wings was their structural stiffnesich werecategorizedn
the experiment as Ar i gi drForce meédsurementsadweld and
as PIV tests were carried out f@ range of Reynolds numbers from 10,0080,000.
The wingswere compared based on lift and thrust productiowelsas propulsive

efficiency.Figurel.41presentdhe experimental setup and test wings used in the study.
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(c) Schematic of flapping wing witcoordinate system
Figurel.41: Images of experimental setup from H&flL0]
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Results showed that including a small degree of flexibility improved wing
perfor mance. The #fAflexibled wing was shown
hi gher efficiency i n mhoemnaasesshoustprodoctianh e Ar i
of the fAflexibledo wing was up tHowe® % gr eat
too large a degree of flexibility proved to be detrimental to wing performance. The
Ahighly fl exi bl eo wi ngoniethrbst and dffiei@hcyaviths i gni f i
respect to the r iThdigsddae tamonbdphdisé displacementefd wi n g

the wing tip with respect to the wing root plunge motion.
Strouhal number’Y0 —— is a dimensional value that relates frequency

of oscillation of a flow to the freestream velocity. Note thad the frequency of
oscillation in HertzU is the freestream velocity andis a characteristic lengtifror
Strouhal nmbers greater than 0.2, wing flexibility was seen to beefigal. This
finding is in line with the Strouhal numbers patual flyers whichtypically lay
between 0.2 0.4. Later on,computational aeroelastic analysis was performed by
Chimakurthi et al]111], Gordine et al.[112] and Malhan et al[113] againstthe
aforementionedtudy by Heathde et al[110] and the computational resuttsmpaed

well to the experimental reks.

In the above study, the wingstested had spanwise flexibty. However,
measurements by Combes and Dajni@], which were discussed Bub-sectionl.6.],
showed that spanwise flexural stiffnessli®2 orders of magnitude greater than
chordwise flexurastiffness for various insect wings. This implies that whilespise
flexibility can have a significant influence on force production, chordwise flexibility
may play a larger role in the aerodynamic perfance of flexible wings.
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Experimental and computatial studies by Toomey and Eldredd#l4]
investigated the role of wing flaxiity in flapping wings ing two rigid elliptical
sections connected by a hinge with a damped torsional sgspgriments on the wing
model were conducted in a water tank. The test apparatus allowed for translational as
well as rotational movement dig wing. The leadingedgesection was actuated under
prescribed fruit fly kinematicsvhile the trailing edge section was free to deform
passively due tdhydradynamic, inertial and elastic forceSlumerically the fluid
dynamics of the problem are modeledngsthe viscous vortex piele method with
coupled fluidbody dynamics. The wing structural dynamics are written in terms of an
evolution equation for hinge deflection with a linear spiilagnper model.

Overall the numerical results agdewell with the eperimental results when
comparing lift force and hinge deflection for a variety of applied wing kinematis.
study showed that lifting force and structural deflection are primarily influenced by the
nature of the wing6s maticsaving ldtle impaionwingt r ans | a
deflection or force.Faster wing rotation leads to larger peak deflection and lift
generation.

Heathcote et a[115] examined the effect of chordwise flexibility on the thrust
generabn of pure plunging airfiés in zero freestream floWi.e. quiescent flow)The
wing has an overall chord of 90 mm and a span of 300 mm. The airfoil profile is
composed of 30 mm teardrop shaped rigid airfoil profile with a thin plate of 60 mm at
its trailing edge.Figure 1.42 provides a picture of the airfoil profile as well as the
experimental setupThe stiffness of the thin platwas vari edgita@dodo,creat

Afl exi bl ed and .Pureplunge kinematids wéree piescribedtg the
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wing at plunge amplitudes ofi525 mm and frequencies of 1L.R.5 Hz. Force, PIV

flowfield andwing deformatiormeasurementsere taken.

=

30 mm

F

90 mm

(a) Drawing ofairfoil cross section

7 //"/
/ / -

Stramn gauge  Splitter plate x-y measurement plane
force balance

(b) Schematic of experimental setup
Figurel.42: lllustrations of airfoil cross section and experimental setup adop
from Ref.[115]

Flowfield results showed that thenical flow varied between thi&rigido and
fiflexibled cases compared to thévery flexibled case. For thérigido and fiflexibled
cases, vortex pairs were formed. Forfitery flexibled case, alternating vortex sheets
were formed. The anplitude and phase angle of the trailing edge, relative to the leading
edge, was seen to have a significant effect on the strength and spacing of shed vorticity.
Resultsalsoshowed that an airfoil with intermediate stiffinéss . e. t hweng)if | ex i bl
produced the greatest thrwstdthe least stiff airfoilproved tobe most effective at

lower plunge frequencieBigurel.43showsthrust coefficient versus plunge amplitude
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to illustrake the previously statedorclusion The authors suggest that thesa bean
optimum airfoil stiffnessistributionfor maximum thust generation for a given set of

flow conditions plunge frequency and plunge amplitude
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Figurel.43: Plot of thrust coefficient versus plunge amplitude from R&f5]

Conducting 2D numerical analysig fiexible airfoils can provide additional
insight into which parametevgould improve aerodynamic performance. Kby Yin
and Luo sought to investigate 2D flexible flat plate airfailshovervia numerical
analysig116]. The flow solver gedin the study employs the viscous, incompressible
NavierStokes equationand he wing structure is modeled as a cantilever b&dra.
airfoil is subjected to pure plunging as well as combined plunging and pitching motion
with the pitching occurring aheleading edgeThe goal of the study was itovestigate
the influence of wing inertia and flexural stiffness on lift, drag and power consumption.

The mass rationf') and frequency ratio() were used to parameterize the study.
Mass ratio is defined agi©° — wherejsis the surface density of the wirgis the

wing thicknessy s is the density of the air ardlis the chord length of the wing. The
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frequency ratio islefined as] — wheref is the plunge frequegandyn is the

natural fequency of the flat plate airfoil. Note that the natural frequency of the airfoil

is related to its stiffness by — —whereEgsi s t he Youngds modul u

a constant for the firgtatural frequencgywhich equals 1.875IPhysically,m’ is the
ratio between the inertial force of the wing and aerodynamic pressure’ aethtes
wing rigidity to the frequency of motion.

For cases where there is no activelpitg of the wing, wings with higher mass
ratio show peak lift force when flapped near resonance. However, for low mass ratios,
peak lift if shown to occur at lower flap frequencithen analyzing lifto-drag ratiq
lower mass ratios outperform highraass ratios when rigidity kept constant. For all
mass ratios tested, the best-ldtpower ratio occursat a frequency ratio of
approximately 0.5. When some active pitch rotation of the wing is incleided with
wing translationthe optimal liftto-power ratio for the wing oces near a frequency
ratio of 0.4.This suggests thahtroducing some active pitching reduces the power
requirement and improggower efficiency.For near equivalent wing deformations,
low mass ratio wings outperform high maasio wings when comparingftl-to-drag
ratio and liftto-power ratio. These results suggest thatg deformations dominated
by fluid forces (i.e. low mass ratio wingsgve aerodynamic advantages over inertial
forcedominatedving deformations (i.e. hlgmass ratio wings)

2D numeical aeroelastic studies by Sridhar and Kdad7] found similar

conclusions with respect tbefrequency ratio for optimum performanéar Reynolds
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numbers on the order of 3@he highest liftto-power ratios were found atfi@quency
ratio of 0.53.

Hua et al.[118] performed similar studies overarious heave amplitudes,
bending stiffnesses, mass ratios and Reynolds numbkes propulsive efficiency
increases with increased bending stiffness up to an optimal value after which the
propulsive efficiency begin® decrease. Flexibility allows for the wing to store elastic
potential energy when deformed. A correlation was fdagtdveen the peak storage of
elastic potential energy and peak propulsive efficiency.

The previously discussedtudies have provided in$ig into the effect of
chordwise flexibility on flapping wing performancéowever most studiesnly
focused on the tenmpal or spanwisevariation of wing deformationThe previous
experiments investigating chordwise flexible wingsre designed to exhiltihe same
degree of structural deformation across the entire wing apdthe 2D numerical
studies would not account rfo3D wing deformations.Studies measuring the
deformation of a hoverfly wing in frelight by Walker et al[119] show that actual
flapping wings undergo significant variations in twist and camber along the spag dur
flight.

Wu et al.[120] performed force and structural deformation measurements on a
set of flapping wingsn hover The wings were constructed to have a Zimmerman
planform with an aspect ratio of 7.62, length of 75 mm and root chordrofi2SNoe
that the Zimmerman planform is composed of two quarter ellipses in which the semi
major axes coincide. The seminor axis of the firstjuarter ellipse makes up the first

Y chord of the wing and the seminor axis of the second quarter ellipse makes up
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the remaining % chord. An image of a Zimmerman planform can be seen in44g.
Four wings were wed with the structural design of each wing being dangings
were actuated using a febar mechanism with a flap amplitude of +35° at flap

frequencies of 5 35 Hz.

Wing T -'< -------------------------------- .
Root Quarter Chord Wing Tip

Figurel.44. Example image of a Zimerman planform

Results showed that chordwise stiffness needs ambeder of magnitude lower
than spanwise stiffness to achiemaximumlift. Wing deformation was dominated by
aerodynamic forces during midstroke and inertial forces at stroke reudfsalas
seen tovary quadratically with flap frequency similar to how lift varies quadratically
with velocity in steadystate flight. Stiffer wings tended to produce greater thrust at
higher flap frequencies and more flexible wings produced greatet tirlesver flap
frequencies. These conclusions were supported by many of the flexible wing studies
previously discussed. However, there was no accompanying numerical analysis with
the experimental results.

Malhan et al[121] also performed experimental tests on flapping wings in hover
as well as forward flight. Force measurement studies were conducted on a custom four
bar flapping mechanism to determine the taveraged aerodynamic forces produced.

In hover, rigid wings witlpassive pitch modulation and flexible wings with torsional
compliance produced net positive vertical lift. In forward flight, flexible wings with
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torsional compliance or rigid wings with asymmetric pitching between the upstroke
and downstroke were showa gienerate net positive lift in addition to thrust.

Singh and ChoprfL22] performed force experiments on a biomimetic flapping
mechanism outfitted with several different wing desighgure 1.45 shows the
flapping mechanism. The device was capatfidnover flap kinematicsni which the
wing orientation would flip at stroke reversal. The wings tested were designed with the
planform of insect wings as well as a rectangular planform. In addition, an aeroelastic
analsis was created to model flappingngibehavior.In the aroelatic analysis
structural finite elementare coupled with annsteady aerodynamicsodelbased on

indicial functions.

Figurel.45: Biomimetic flapping mechanism presented in.RE22]

Wing flexibility was shown to have a signifidagffect on performance. Ewing
with no rigid support at the trailing edge was able to produce the most lift for the range
of testedflap frequencies Further increase of wn flexibility was seen to be
detrimental to lift generatiof.he experimental sailts were compared to tpeedicted

results from the coupled aeroelastic analysis and showed general correlation. However,
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there were some nonlinear effecth at  w e ragely éapturdairdtieecprediction
highlighting the need fattetailed computatiohdluid dynamicand struatral dynamic
analysis when modeling flexible flapping wing flight.

Work by Willis et al.[123] sought out to design a suibé software packages
capable of evaluating flapping wing flight performance using models with a range of
fidelities. The modeling tools with the software suite includesortex lattice wake
only models HallOpt), lifting line theorybased flight dynamiceodel coupled with
nonlinear beam elementd$SWING, apotential flow solver with unsteady boundary
elementskastAerg and a NaviefStokessolver(3DG). The authors suggest that lower
fidelity tools can be used to more quickly explore the design spacdeasftial flapping
wing configurations. While they may not be as accurate as higher fidelity methods, they
benefit from having a low compational cost. Higher fidelity methods can then be used
to more thoroughly explore a given design and provide additaetails at the expense
of increased computational cost.

Work by Vanella et al[124], Fitzgerald et al[125], Roccia et al[126] and
Preidikman et al[127] focused on developing and validating a coupled aeroelastic
analysis combining an unsteady vortex latmethod (UVLM) with beam element
models.In Ref. [125], simulations were run on a segmented airfoil connected by a
torsion spring and subjectéd prescribed motion. The results from the UVLM based
solver are compared to those where the fluid dynamics aredsolsing direct
numerical simulation (DNS). While UVLM is not as hifjdelity as DNS, it has a
substantially lower computational cost. Th&/LM -based results tended to over

predict the mean lift and drag values in comparison to those predicted using DNS.
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However, the UVLMbased solver was able to qualitatively capture most of the flow
features predicted using DNBhe bwer fidelity UVLM maysuffice for captung the
flow physics qualitatively, but higher fidelity methods may be needed to more
accuragly predict the aerodynamic forces.

Chimakurthi et al. worked to create a hifigtelity, coupled aeroelastic analysis
at the University of Michign [111,128] Their in-house NaviefStokes solver
(STREAM was coupled with their thouse finite elements solvddI/NLABS. The
work describes the formulation of the two solvers independently as wiblé azeans
of couping the solves together. Spdal attentionwas paid to describing the
formulation of the ceotational plate elements used within the structural model.
Severavalidaions studies were conducted with the results from the newly developed
solver agreeing adequately with previous stsididowever, the flexible wing cases
against which the solver was validated against only exhibited low to moderate levels
of wing deformation and had an isotropic structural makeblappingwing structures
in realworld applicationstypically have anisotqmc structural makeugp with the
structural properties differg at variouspoints alongthe wing Man-made flapping
wings can bea@mposed ba variety of materialsvith vastly different stiffnesss mass
distributions, etc.

Malhan et al.[113] worked on creating a coupled aeroelastic solver at the
University of Maryland. An in-house compressibleNavierStokes solver was
combinedwith an ensource multibody dynamics solveBoth are discussed in more

detail inChapter 2lInitial validation studies were conducted on the individual solvers
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as well aghe coupled solver. e goalwas to utilizethe solver to arlgze flapping
wingsin forward flight.

Studeshby Mayo et al[129,130] also at the University of Maryland, looked at
the aerodyamic flowfield produced by rigid and flexible wings undergoing avikea
flapping kinematics in forward flightBy design, the flexible wigs tested had
anisotropic structuraproperties PIV measurements as well as thaneeraged force
measurements werecorded and compared to predicted results from a-figtity
coupled aeroelastic analysifhe measured and predicted flowfields showeddgo
correlation for the range of flap frequencies tested. One of the key conclusions from
the studies was that chortse wing flexibility increased aerodynamic performance
and, unlike a purely rigid win@gt a fixed pitch angleallowed for simultaneous
production of net positive lift force and propulsive thrust for the wing configurations
tested

Past studies on biologicflyers as well as experimental flapping wings have
shown that the presence of flexibility improves aerodynamic force production and
efficiency in comparison to a rigid wing. However, there is still limited understanding
of the complex, unsteady flow iatent to flapping wings and howing flexibility
influences the formation of aerodynamic flow and, consequently, force production over

time.

1.7 Need for New Experimental Data and Aeroelastic Analysis

Currentlyflapping wing micro air vehicleMAVs) are deggned in an adhog

trail-anderror mannerTypically, the wings are designed to match a given thrust
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requirement at a specific operatingdquency. Incremental changes are made to the
designs until the requirements are met witthe attentionto determinng a more
optimum designFor example, the Nano Hummingbird, developed by AeroVironment
[51], waspresentedn 2011 ands currently one othe most siccessfuflapping wing

MAVs developed to date. A team of engineers worked over the course of 4 years with
a progam cost of about $4 million dollarsward thedesign and developmeatf the

Nano Hummingbird. Throughout the life of the program@arly300 wing degins were
experimentally tested for the vehicle. A sample set from the 300 wings tested can be

seenin Hj.1.46

Figurel.46. Sample set of test wings fratme Nano Hummingbird prografB1]

Even with the increased level of flapping wing research since the debut of the
Nano Hummmgbird, the design approach for flapping wing MAVs has changed very
little. In the desig and development of the robotic hummingbird flagpiving MAV
from Texas A&M University, over 50 wings were tested before the final design was
choser{52]. Not only s this a time consuming and financial costly precbst itshows

ourlack of understanding with respect to flapping wing flight.
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At this time there are no baselinestig principles with regard to flapping wing
MAV design. A combination of systematic egpgmentation and highidelity
computational analys can aid in formulating sugbrinciples. Theras a scarcity of
experimental studies difexible flapping wings wtah arestructurally characterized
and undergo significant structural deformatsoduring actuation. Flexible flapping
wing studies have baeconducted in the padiut most of thenexamined a limited
number of characteristic datasets (i.e. aerodynamie félmnfield, wing deformation
measurements)Others examined wings with let@-moderate levels of flexibility
which would not undergo tHarge, nonlinear wing deformations seen on natural flyers
and current mamade FMAVs.This is mainly due to the diffulty associated with
accuratelyconducting such experiments.

Numerical aeroelast analysis can provide a wealth of knowledge and
understading that may be difficult to acquire solely through experimentafiofiable
flapping wing analysis must accurat@redict the expected aeroelastic phenomena that
would occur in the real world@.o achieve this, both the structural dynamics solver and
fluid dynamics solvewill need to haveadequatdidelity to capture the nonlinear wing
deformations antheunsteadyhighly vortical 3D flow about the windilso, validation
against experimentalugdies on highly flexible flapping wings for a range ofasats
is necessargemonstrate thaccuracyof predictions Other aeroelastic solvers have
utilized simplifiedaerodyamic and/or structural models to decrease solver complex
or reduce computatmal cost. Howeverthe level ofaccurate predictive capdby

generally suffers
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Furthermore, the aeroelastic solver must be able to handle aramge of
aeroelastic flow pblems while accurately and reliably facilitating the transfer of
information béween the structural dynamics and fluid dynamics solespecially
when utilizing NavierStokes solvexwith grids representing the wing, theesh must
be able to deform apppriately and maintain reasonable grid qualitygh-fidelity
aeroelastic analys in conjunction with indepth experimentatiorcan aid in
dramatically improing the performance and fundamental understanding of current
flapping-wing designsinsightsgained from such work woulle vitalin the pursuit of

designing and developingextgeneratioFMAVS.

1.8 Research Objectives and Approach

1.8.1 Reseach Objectives

Thegoal of this study was to develop a hifgdelity aeroelastisolvercapable
of modeling flexible kapping wings undergoing significant deformation during
flapping. A series of test cases were used to validagecbupled aeroelastic aysis
includingin-houseexperimentatiata and availableomputationafesults and testata.
New experimental testwereconducted irhousefor specific configurations and flight
conditions The wings in the test cases were structurally characterizedasdhth
structural and geometric properties of the wing could be properly represerites i
structural model.The cowpled solver was validated against multiple datses
including aerodynamic foreeme history, flowfield and wing deformation

measurementsThe focusof the validation studiesvas to determine how well the
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aeroelastic solvepredicts the unsteady, aerasla phenomena inherent to flexible
flapping wing flight. Lastly, the coupled CFD/CSD solver was used to better
understand how wing flexilily and structural design influence wing performance
The objectives of this researare listed below:
1. Develop a hyhfidelity coupled CFD/CSD aeroelastic solver capable of
modeling MAV-scale, flexible flapping wings in hover
2. Perform systematic experinmtsnon structurally characterized, MAstale
flexible flapping wings in hover to measurvarious attributes including
flowfield development, aerodynamic force production and wing deformation
3. Validate the coupled CFD/CSD aeroelastic solver against the redasur
experimental to assess its predictive capability with respect to wing
performance iad related aeroelastic phenoraen
4. Utilize the coupled CFD/CSD aeroelastic solver to study the effeatiraf

structural design on flapping wing aerodynamic performance

1.8.2 Organization of the Dissertation

This work is focused on modifyingnd improvingan exising coupled CFD/CSD
aeroelastienethodology to enable it to model highly flexible flapping véimghover
that may undergo significastructuraldeformations during flgpng. Additionally, in-
house experimental tests were performed on various sstsudtirally characterized,
MAYV -scde flexible flapping wings in which aerodynamic forces, velocity fields or
wing deformations were measurdthe experimental tests providaderies of datasets
against which to validate the predictive capability of the caaipblver. Ultimately the

goal of this study is to utilize the coupled CFD/CSD solver to better understand the
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physics behind flapping wing flight and how wing designuefces aerodynamic
performance. The hope is that this tool can be used to aid design of future MAV
conceptsThe breakdown of the organization of the dissertation is as follows:

1 Chapter Iprovides thanotivation as tahe importance of furtbr developing
MAVs and potential uss of the technology. The current types of MAV
configuratiors are discussed as well as previous experimental and numerical
research associated with MAVS.

1 Chapter Zprovides a description of the coupled computational methodology
The first section describes the governing equations adedciwith the
aerodynamic portion of the problem and how they are solved. The second
sectiondescribes the governing equations ofgtradural dynamics portion of
the problem. Efforts alsdocus ondescribing the numerical solvers used
througlout the stuly. The third section describes the coupling strategy used to
exchange relevant information between the two solvers while the fmatilbn
details the mesh deformation techniques used within the coupled aeroelastic
analysis.

1 Chapter 3describes the series of initial validation studies conduesitdthe
computational solver. First the CFD and CSD solvers aredatat
independeny. Next the coupled solver is validated against cases where the
wing in question has a degree tistural compliance. In the first flexible wing
case, theaving has adw level of wingflexibility . In the second flexible wing
case, thevings in question are designed to have moderate to high level of wing

flexibility.
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1 Chapter 4de<xribes a combined experimental and computational study on a
chordwise flexible flapping wing. The experimental setup and the
compuational model are discussed. Experimental measurements included PIV
velocity field measurements as well as passivigwefamation measurements
via a VICON motion capture system. Comparisons are made between the
predicted and measured datasets and thepatational analysis is used to
analyze aerodynamic force production.

1 Chapter 5describe a combined experimental and computational study on a
structurally characterized, anisotropic flexible flapping wing. The design of the
test wing is based on the wing of a flappwgng MAV currently under
development. The experimental setup and the ctetippal model are
discussed. Experimental measurements includedodynamic forcéime
history measurements. The inertial force subtractiechnique utilized to
determine the aerodynamic forces isatdissed. Additionallypassive wing
deformation measunmeents via a VICON motion capture system. Comparisons
are made between the predicted and measured datasets

1 Chapter &iscusses the results of a parametric study conducted on the wing in
Chapter 5In the parametric study, the structural stiffness of the various wing
components is varied while all other properties are kept the samesoléhe
influence of wing structural stiffness onradynamic performance is assessed.
The flowfield and associated vgndeformation which ultimately affect
aerodynamic force productioare analyzed tdetermine how changing wing

stiffness affects their delopment.
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1 Chapter 7provides an overall summary of the work as well as major
conclusiors to be drawn from the studies discussed throughout the dissertation.
The major contributions of this work to the field aregilighted and

recommendations for future work are provided.
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Chapter2Coupl ed Aer dMelt hotdiod oo/l ver

This chapter details the fihdynamics solver, structural dynamics solver and the
coupling strategy employed to develop the coupled aeroelastic analysis used
throughaut this study. This chapter dividedinto four sections. The first and second
sectiongdescribe the governing eqimats and the numerical solvers used to handle the
fluid and structural dynamics. ThehouseCFD solver useds OVERTURNS and the
CSD soherused isMBDyn. The third section describes the coupling strategy used to
run the two slvers in tandem and exchangelevant information between the two
solvers at the fluigstructure interface. Lastly, the final section details the mesh
deformation teloniques used within the coupled aeroelastic analysis. A new mesh
deformation technique wamplemented in this studyg more robustly handle the large
wing deformations that are expected to occur in the cases under investigation. The
fourth section detailhiow deformations are applied at the wing surface and then

propagate throughout the wingesh.

2.1 Computational Fluid namics Solver: OVERTURNS

2.1.1 Flow Domain of Flapping Wing

The fluid dynamics solver used throughout this study is OVERTURM&h is
an abbreiation for OVERset Transonitinsteady Reynoldaveraged NavieBtokes.
OVERTURNS is an unsteady, compressible flmlver capable of modeling 3D flow

problems using an overset mesh sysf{&B81,132] It was initially developed at the
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University ofMaryland to solve fullscale rotorcraft probms. It was later modified to
simulation MAV-scale rotors and is used to analygzseries of MAVscale flapping
wing systems throughout thstudy.

Throughout the simulations, a single wing is modeled wherwiting surface is
treated as a solid wall. Thar-field of the domain representing the wing is limited in
extent to a few chords lengths in any direction from the wing suifaesflowsolution
camot be describedcontinuously throughout the domain butaafinite number of
discrete points. In orddop accurately model the flow domain, it is decomposed into
smaller domains (referred to as cells) via a grid system. The flow soluticedis ap
from the flow variables defined at each grid point and the acgwfahe flow solution
is partially determiad by the quality of the grid.

It can be difficult or computationally expensive to design a single grid capable of
modeling a flapping wingvith complex geometry as well as capture prominent flow
features awayrdbm the wing surface such as shed vorticity OVERTURNS, the
means of overcoming this difficulty is through the use of a Chimera or overset grid
system.Overset grid systems allowrfearious components of the flow domain to be
meshed independently withb risk of high levels of mesh distortioid31] The

implementation of Chimera mesh system will be discuss&ddtion2.1.2

2.1.2 Mesh Generation Connectiity and Grid Motion

The meshes used to represent the wings throughout this stusiyeteired,
bodyfitted curvilinear meshesonstructed usingither GO or OO topologiesThe G
O meshes are created using a hyperbolic mesh generation tediaigjLia which 2D

C-type meshesra formed around airfoil sections. These sections are then stacked along
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the wing span at defined intervals. Theype meshes near the wing root and wing tip
are collapsed using a methodology described in[R&4] to create the €O topology.

The O-O meshes are generatedngsa 3D algebraic mesfeneratof132]. The OO
meshes are cread by supplying the mesh generator with the surface geometry of the
wing. Grid points are then created expagdnormal to the wing surfac Figure2.1
illustrates a @ topology wing mesh and an-@ topology wing meshThe
background meshes used to capture the slad@ from the wing are created using a
Cartesian mesh generator. 2D Cartesian grid ar¢éecredth the grid spacing, length

and height defined by the user. The 2D grid is then replicated and stacked in the
spanwise direction for the number of instancefinagel by the user. Figuiz2provides

an example of &artesian background mesh.

(a) GO topology mesh (b) O-O topology mesh
Figure2.1: Examples of @ and QO topology meshes
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In the simulations carried out in this study, the wing mesh is embedded within
the backgroud mesh where the background mesh is used to better capture the shed
vorticity from the wing. A Chimera methodology is used to exchangenration
between the wingnd background meshes and caibimken down into three stef4)
perfor mi ng ,@hetdrmine the hole pomtg and chimera boundary points,
and(3) finding donor cells and interpolation factors.
A hole-cutting techniqae is applied to identifgrid points which lay inside a
Ahol edo region of a gi ven ftaeblade surfaea). yhesehape (
points are fAblanked outo within the flow s
in this region. Ifthe diference in grid resolutins between the body and background
meshes at the fringe of the hole are too large, thadieigpanded and resized to capture
points with a more favorable grid resoluti@nce the hole points are defined, the hole
fringe pointsare determined. Next, ti@himera points are defined on the body mesh.

Chimera points are points on the body mesh tleguire information from the

background mesh and are typically expressed explicitly by the user. After determining

76



the hole fringe and Cimera points, the donoretls are search for and information is
linearly interpolated from the donor cells to theeiger cells.

While the preceding paragraph provides a general, overall description of hole
cutting, themplicit hole cutting (HC) methoddescribed by.ee and Baeer[135] and
later modifiedin Ref.[131] is utilized in this studyThe IHC method allows for the
solvert o determine the optimum sized fAholeodo t
allows for ease of use because the user does not need tatlg»gilte the positionfo
the hole to cut. The IHC method also aids in ensuring that the difference in grid
resolutbn between the donor and receiver cells is minifkahore detailed description
of the holecutting procedure can be found in Raf31].

Insect wing motion is ery complex involving wing flapping, pitchings well
as deviations out of the stroke plaAdditionally, in the case of highly flexible wings,
the wing maysignificantly twist and deform during flapping. In the CFD solver, wing
motion is decomposed intooot flapping and wing pitching. Typically, the cases
discussed will be explicitly prescribeoot flapping or a combination of root flapping
and wing pitch kinematics. In the case of flexible wings, the structural deformation at
the wing surface determiddrom the CSD solver are applied to the CFD mesh wing

surface using the methods describe8action2.3.

2.1.3 Navier-Stokes Equations

For each grid point in the flodomain, the flow solution is determineg the
solving the flow equations. The flow equations are a mathematical representation of
the conservation laws @hysics (i.e. conservation of mass, momentum and energy).

When defined as a system of partial diéfietial equations (PDES), the system is
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referred to as the NaviStokes equation3.he flow is assumed to be a compressible,
nonreacting ideal gas. The ging conservative form of the 3D unsteady compressible

NavierStokes equations, i@artesian coordinates, are given by:

0o 1" O 10 O 1O 10
— — = = — o — Y 2.2)
ToT !l w1 a 0T w a

—a
—a
—a
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whereQ is the vector of conserved variablgg,Gi, H; are the inviscid flux veiors and
Fv, Gy, Hy are the viscous flux vectorSrepresents the vector of source terms that can
include body forces as well as cefuigal or Coriolis accelerations if the equats are

defined in a nosinertial reference framé&he vector of conservadiriablesQ, is given

by:

C
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wherey is fluid density, @, v, w) are the velocity components xny andz directions
of the Cartesian reference framie is the total energy per unit volunaad is déned
as:

0O "Q M6 0 O (2.3)

where e is thénternal energy per unit mass. The inviscid and viscous flux vectors are

given by:
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whereqgy, gy andg; are the heat conductieems expressed as a function of temperature

(T) and coefficient of thermal conductivity (k) as seen below.
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Il n St oke 0 d136h the wdscduse stréss tensor for Newtonian fluigs,is

defined as:
T l1r,—?b 11% g,lr,—é(b‘] (211
where the Kronecker delta functiom, equals 1 if i= | and equalhes 0 i f
coefficient of molecular viscosity is give
‘6 .,;YSO (2.12)

where G = 1.458x1( kg/(m-s-K®® and G = 110.4 Kfor air at standard temperature

and pressure.

2.1.4 Nondimensionalized NavierStokes Equations

In formulating OVERTURNS,the NavierStokes equations described in EQs.
(2.2)i (2.12) are nondimensionalizedo allow for dynamic and energetic similarity
between cases with geometric similarity. Characteristic dimensional pararsath
as chord length are used to nondimensionalize length whilestire®m condition
variables are used to nondimensionalize ddpat variables. The nondimensionalized

variables (denoted with the superscript *) are given as follows:
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W W W
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where ¢ is the chord I ength of the ai
denotes frestream condition variableNote that the nondimensionplrameters

Reynolds number (Re), Mach number (M) &rdndtl number (Pr) are defined below

as:
' ” (b (b
YQ ——
V) -
W
- ‘0
0i —— 2.14
. (214
whereVp is the total velocity at frestream conditionsug 0 0 0 ), Gis

thef | u specificsheat at constant pressure and Pr is assumed to equal 0.72.

If we ignore the superscript *, the nondimensional form of the N&iekes
equations can be regented using Eq2.1). The same can be said about the inviscid
flux vectors in Egs.(2.4)i (2.6). However, differences in the terms occur when
comparing the dimensional and nondimensional viscous flux vectors, specifielly t
viscousstress tensand the thermal conduction terms. These terms now have become
functions of the Reynolds number and Prandtl number.nbmelimensional viscous

stress tensor and thermal conduction terms are shown below.

z

0 10" 160 clo
Yo @ f& of& (219

TZ

) ‘0 Y
YO0 pT1&s

(2.16)

OVERTURNS is designed to run structured, bditted curvilinear meshes.

Thus,it would be convenient to expreee NavierStokes equations in a generalized
81
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bodyfitted curvilinear coordinate siem however they are not suitable for grids with
nonunifom grid spacing. This is overcome by performing a curvilinear coordinate
transformation from the nonuniformly spaceuhysical space x( y, z) to the
computational spagdefined by the coordinatesd ande, which has uniform spacing
Thetransformis applied by applying the chamile of differentiation to the originally
defined NavietStokes equations. The transformegfiations are as follows:

0 TOT1T0O 10

—a

— — = Y 2.1
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where,
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O % o , OO0 , O 0 , 0 O (2.19
O %— 0O -0 0 -0 0 -0 0 (2.20)
O %— 0O -0 0 -0 0 -0 0 (2.21)
Y %Y (2.22)

Note that J is the Jacobian of the coordinate transformatiois aafined below.
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2.1.5 ReynoldsAveraged NavierStokesEquations

The solution of the Navietokes equationshown inEg. (2.17), for inviscid
orlami nar fl ows doesnot present anyl direct
engineering flow problems, including those discussed throughout this study, exhibit
turbulence.Turbulent flow involves chaotic changes in the fluid motion due to
fluctuations in he fluid pressure and velocitin order to directly simulate turbulent
flows, the flow domain requires a high concentration of grid points in order to capture
the various length scales of fluid fluctuation inherent to the flow problem. However, a
direct, time-dependent simulation of the Naw8tokes equations, known as Direct
Numerical Simulation (DNS), is limited to simple flow conditions at low Reynolds
numbers. This is due to the large computational cost associated with running DNS for
turbulent flow @ases.

For most engineering and physics problesaying the ReynoldsAveraged
NavierStokes (RANS) equations pride a means of adequately modeling turbulent
flows with a significantly reduced computational cost in comparison to DNS. In the
RANS equationsthe flow variables are decomposed into a mean component and a
fluctuating component. In this sense, any instantaneous flow variable can be written in
the f o+ mvharecik s the mean component @&md «qa i s
The reasoning behind this is that for most engineering related preblee are
primarily concerned with the mean component of a given flow variable. For a given
flow variable, the mean component is determined via Reynolds averaging which is

presentedbelow. Note that = 1if the variablas density or pressure. Otherwises }
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for other flow variables such as velocity, internal energy, etc. Also, by definition, the

Reynolds average of the fluctuating component of a flow variable is zero.

o y
[905% %000 (2.24)

The decomposed variables can be substituted into the Natakes equations
in Eqg. (2.1) and subsequently Reynolds averd¢gading to a newet of governing
equations. If the overbar representing the mean flow components is ignored, the newly
formed set of equations are nearly identical to the ones irf2Hg. However, new
terms arise due to the hulent fluctuatingquantities and act as adled stresgensor
in Eg.(2.11). The new stress terms asderred to as the Reynolds stress teasorare

described below

t "0 6 (2.25)

However, by Reynolds averaging the Nav&tokes equations and introducing the
Reynolds stress terms, we introduce six additional unknowns into the equations. In
order to provide closure of the RANS equations, the Reynolds stress terms must be
representedising mean flow variables. Turbulence models can be used to provide
closure and details of the turbulence model used throughout this study are described in

Subsection2.1.8

2.1.6 Spatial Discretization

OVERTURNS employs a celiveraged finite volume technique to discretize
the terms in Eq(2.17). In the finite volume approach, a control volume is formulated
arourd a given grid point using the midpoints of the lines joining adjacent grid points
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to the current grid poinEluxes are evaluated at the faces of this control volume and
Eq. (2.26) shows a semiliscrete approximation of E(R.17).
O O O O O O

0 - T T T T T o~ (229
0 Z y- y- Yo

—a

Note that |, k, I) are the indices which correspomal the curvilinear coordinate
directions §; d, ¢) in the computational spacéhe control volume interfaces, defined
by ( £ %, k £ %, | £ %4, are the points at which the inviscid and viscous fluxes are
calculated. In the spatial discretization, the afeeationed fluxes are calculated at the
control volume interface for each gnqubint in the computational domain. Figuze3

provides a 2D representation of a control volume and the control volume faces.

i-1 i i+1

Figure2.3: 2D illustration of control volume in the computational domain

The inviscidflux termsare calculated using thirdorderMonotone Upstream
Centered Scheme for Conservation Laws (MUSCL) sch&B83. This scheme can be
broken down into twotsps. In step one, the left sték. (2.27)) and right stat€Eq.

(2.289)) at each interface are evaluatesing the values at the ceinter.

85



, , p , p ,
o) — —_
n_n %o S n n v n n (2.27)
, , p , p ,
o) — —_
n N % 5 N N o n n (2.28)
In Egs.(227) and(2.28), ii¢s Kor ends di fl38epandasrused ta linlite | i mi t

the high order reconstruction so that the schémihird order accuraten smooth
regions and utilizes lower order accuracy in high gradient regioosr e n6s | i mi t er

defined below:
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where U is a s pravent divisionrbp zeno and aneéndare tfoovard

and backward difference opgors such thatr n n andnn 1 n
In step two, the fluxes at the interface are calculated using the Roe flux difference

splitting schem¢139] shown below.
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FL. and R are the fluxes athe left and right states, respectively, dnds the Roe
averaged Jacobianatrix.

The viscoudlux terms, in terms of the computational space coordinate system,
contain derivatives of the form:

T
T
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These terms are evaluated using a second ordeakdiiferencing scheme which is

shown below.

0 - -5 —h -5 530
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2.1.7 Time Marching

The spatial discretization dhe fluxes on the rigFhand side (RHS) of Eq.
(2.26) were described irSubsection2.1.6 In OVERTURNS, an implicit time
marching scheme is utilized duetbeir improved numerical stability and convergence
characteristicsover an explicit time marching schem&. second order accurate
backwards in time method, also known as BDF2, is performed of226) resuling

in theequation below:

O O O O KO) KO)

1o - - - 7o T- 7o . (239
- - - Y :
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The lefthand side of the equation is defined below.
Tu ‘ ov T 9 U (2.36)
T o cYo
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In Egs.(2.35) and(2.36), n+1, n andh-1 represent the given term at the new
timestep, current timestep and previous timestep respectiveby. (2.35), all the
terms are desired at the new timestep, but due to the implicit nature of the scheme, the
fluxes are noknown at the new timestep (n+1). Thus, theesms are linearized so that
they are expressed by the fluxes and conservative variables at the current timestep (n).
The terms are linearized in time aboutvia Taylor series expansion such that:
"0 O 8Y0 0 ¥

O O 6Y0 U Yo
O 'O 6Y0 U Yo (2.37)

whered — 6 — 6 —andY0 0 0 . The ®urce terms can be

linearized in a similar manneGiven that lhe linearization is seod order accurate
when paired with a second order accurate time magatheme, the linearization does
not degrade the time accurad¥ye linearized form of Eq2.35) is given below.

oYy 6 16 16 YO Yo 'O 1 'O 1 O Y (239

The equation above can be simplified as

0 'O Yo'y 0"y (2.39)

where the righthand side (RHS) representgetphysics of the flow proble@ind the
left-hand side (LHS) represents the numerical portion of the flow problem which
determine the rate of convergence.

The implicit schemehosen produces an algebraic system of equations which
can be formulated in to arge, sparse banded matrix. It is computational expensive to

directly invert the LHS matrix to calculafe . To overcome this, the LHS matrix can
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be approximated and the@pximation scheme used in OVERTURNS is the Lower
Upper Symmetric GausSeidel (LUSGS) algorithnil40,141] While there is some
loss in the speed of convergre by using the LUSGSgalrithm, it reduces the
computationdy cost of inverting the LHS matrix.

Note that approximation of the LHS leads to factorization errors. To remedy
this, adual time-stepping method with Newtelike subiterations is used in tim
dependent simulations in which the transient solution needs to be corfiptgdror
example, one can think of discretizing EB.26) in pseudetime using a backwards

Euler time marching method as seen below.

v Y v v Yok

(2.40)

At each physical time step, n, p nhumber of-gebations or pseudime steps are
performed to march the solution forward to the next physical time step @t-tt)e

first pseudo time stefh.e, p = 1) 0 is set equal td . At each pseudo tirstep, the

RHS is evaluated and the LHS is approximated and inverted using the LUSGS scheme.
The progression of the dual tirséepping method can be thought of as solving the
steadystate problenfort i me e g usiad tteflow sblghibn at time equals t as the
initial condition Further description of the duatepping methodologysed in

OVERTURNScan be found if131].
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2.1.8 Turbulence Modeling

Throughout this study, the Spal#timaras (SA) turbulence model is used to
provide closure to RANS equations. In the SA model, the Reynolds stress tensor (Eq.
(2.29)) is related to the mean strain by the isotropic relation, ¢ Y, whier e 3
is defined as the turbulent eddigeosity. The SA model is a one equation turbulence
model where the turbulent eddy viscosity is found by solving the followartjap

differential equation for the variabke

—n
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wheref; is a function o and the molecular viscosigy The variabld.: is defined as:

0 B (2.43)

where... —-and g 1= 7.1 The lefthand side oEq. (2.41) represents the convection

of the working variable at the mean flow velocityThe first second and thirterns
on the righthand siderepresent the diffusion, production and destructioreddy
viscosity. Additional mformation on the SA turbulence model and details on the

variablesS,  d p1, ®ticy andfy can be found in Ref143].

2.1.9 Initial and Boundary Conditions

Within OVERTURNS, the governing equatiathe solver formulation is based

on do not change from one flow problem tioe next. To define a new problem,
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additional information is required, specifically, initial and boundarnydaoons. Initial
conditions are the specified flow properties (density, velocity, pressuren tiehflow
domain at the start of the simulatian=(0). For the hovering flapping wing problems
discussed in this study, the flow density and pressuresaite $reestream conditions
and the flow velocity is equal to zero.

The boundary conditions can be separated into two types: 1) physical
boundaries and 2) numerical boundaries. Both types of boundary conditions specify
certain conditions atpecificspatiad locations within the flow domairTwo physical
boundary conditionsised are the wall boundary condition and thefitdd boundary
condition. Wall boundaries represent solid surfaces within the flow domain that are
exposed to the flow. Wall boundariesgose the physical condition that flow cannot
pass through the defiddboundaryFor viscous fluids flowing pass a wall boundary,
the relative velocity between the wall and the fluid in direct contact with the surface is
zero which enforces the fship bourdary condition.Farfield boundary conditions
impose prescribed phigal flow conditions at the fringes of the flow domé&artruncate
thephysical domainThe farfield boundary condition should fulfill two requirements
such thatl) the tuncation of thedomain should have no notable effect on the flow
solution comparedot an infinite domain and 2) outgoing disturbances must not be
reflected back into the flow domain.

Numerical boundary conditions are not physicalature butire necessary due
to the mebk system or mesh topology usésamples of numerical boundary cotnalns
used throughout this study are wake cut and periodic boundary conditions. k©the C

and QO topology meshes grid planes collapse onto one another. The wake cut
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boundary condition iposes an explicit average of the flow solution across the
collapsedplanes.For the QO mesh topology gridgeriodic boundary conditions are

used to transfer information between the overlap points used in making up the grid.

2.1.10 Low-Mach Number Pre-conditioning

The MAV-scale flapping wings under investigation in this studgrafe at low
Mach numbers. OVERTURNS was initially designed to solve compressibls ithow
the subsonic and transonic flow regim&t low Mach numbers, which can be
effectively thought ofas incompressible flows, convergence of the flow solution is
significantly slowed downThis is because the flow solution becomes computationally
stiff due to thdarge differences in the eigenvalu@siis difference arises because of
the large ratio betven the acoustic wave speed and convective wave speed for these
low Mach number flowsThe preconditioner used within OVERTURNS is based on
that discussed by Turk§l44]. Low Mach number preconditioning with dual time
stepping is implemented using the methods discussed by Buelow [&#%].and

Pandya et a[146].

2.2 Computational Structural Dynamics Solver: B

Typically, wings at MAV¢scale are inherently flexible due to thmall size and
lightweight of the wings.n performingan aeroelastic analysign flexible flapping
wings it is imperdive that thecomputationabhnalysisbe able to acuratelymodel the
unsteady fluid dynamics as well as nonlinear structural dynamics associated with the
problem. In this workthe CFD solvedescribed in th&ection2.1 wascoupledto a
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high-fidelity computational structural dynamics (CSD) solwute thathe framework
through which the CFD and CSD solvers are coupladl the method through which
information is exchanged at the flestkucture interfaces discussed irsection 2.3,

The CSD solver used is this study is MBDyn. MBDyn, which is short for Multi
Body Dynamics, is an opesource, general purpose mibtbdy dynamics solver
developed at Politecnico di Milarj@47]. MBDyn was chosen for this work because
of its capability to modedleformablebodies via finite elemeritD beams and 2D shell
elements. Additionally, MBDyn is designed toouiple with external solvers and is
capable of exchanging data between-nonformal fluid and structural domains. This

section is focused on briefly discussing the formulatienindMBDyn.

2.2.1 Equations of Motion

MBDyn is designed to solve the equations otioroof constrained mechanical
system by formulating the generic dynamical problem as a system of implicit
DifferentialAlgebraic Equations (DAEs)The equations of motion are based on
N e wt dawsdos motionwhich state that the time rate of change immeatum of a
body is proportional to the net applied forces acting on said body. For a given body
the linear momentunbf and the angular momentuw) @re described below.

a1 Y (2.44)

Y @ 0] (2.45)

wheremis the body masgl is the mass moment of inertiad x is the position of the
body. The variablek, ¥ and Sarg respectivelythe velocityof x, angular velocity of

x and firstorder inertia moment with respect tothe derivatives oEqs.(2.44) and
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(2.45), shown below, relate inertial forces and moments to the external forces and
moments acting on the body.

i O (2.46)

[ w1 0 (2.47)

By combining Eqs(2.44)i (2.47), thedynamics problem can be expsed as a system
of ordinary differential equations (ODESs). Equati@¥8) expresses this system of
eqguations in general implicit form.

Quivfo T (2.48)

Note thaty is anarray representing the unknowns amelpresents time.

2.2.2 Algebraic Constraints

When paired with initial conditions, Eq2.48) becomes an initial value
problem and the evaluation of such problems is relatively well establishedvidgw
for constrained dynamic problems, it may be necessary to implement kinematic
corstraints between various bodies. These kinematic constraints are represented in the
problem using algebraic equations. The algebraic equations contribute to the
equilibrium of the system through the algebraic unknowns which represent reaction
forces and/omoments. Addition of these algebraic constraints to(E48) results in
the creation of a system of differential algebraic equations (DAB&hware more
difficult to solve than the previous system of ODEgquation(2.49) represents the
implicit system of DAEs where represents the algebraic unknowns gndpresents

the algebraic constraint equations.
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oy (2.49)

The difficulty in solving a system of DAES is that differential algebraicagigns can
be thought of as very stiff differential equations. In order tiegnate the system in
time, it requires the use of implicit integration schemes that are unconditionally stable.

The integration scheme used within MBDyn will be discussetlimsection2.2.4

2.2.3 Finite Rotations

The handling ofinite rotations within the computational framework is key to
implementing a multibody dynamics formulation. TresdecauseD finite rotations
are not additivaneaning a given rotation cannot be expressed at the addition of two
successive rotations. Iestd, rotations need to be expressed as the multiplication of
two rotations matrices such th#to Yo Z¥o0o .

Rotations can be represented using either a-{heiesameteor four-parameter
parameterization A four-parameter parameterizatio such as a quaternion
formulation, is appropriate when a total rotation approach is appietdsingularities
need to be avoided. However, an updated rotation approach aéess of
implementation. For an updated rotation approdble, use of a foupaameter
formulation is computationally more expensive than using a -baesmeter
formulation Thus, a thre@parameter updated rotation approach is utilized in MBDyn.
A threeparameter rotation matrix is defined below:

Y 'O OE% ® p Al@ d® & (2.50)
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where « is the magnitude of thetation anglefis the vector representing the rotation
axis and is an identity matrixThe differentiation maix and its determinant are given
below.

o 0P Al % O E%o
% - P T
. cn CPp Al %
AAO o

£ €

(2.51)

One drawback of the above method is that evaluation of the trigononegins can be
computationally expensive. To increase computational efficiency, the -Gibbs
Rodrigue parameters are utilized instead are shown below.
NP
"Q qOAgk (2.52)

Using the GibbdRodriguez parameter, Eq&.53) and(2.54) can be rewritten as:

Y Q =-"Q Q 2.
OT 00 c (253

0

T o~ P,
C

Q .
—o0 © (2.54)

Note that there are no trigopnometric functions present in(B¢8) and(2.54) which
allows for faster computation of the matricedlore details on the rotian

parametrization utilized within MBDyn can be found in H&#8].
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2.2.4 Numerical Integration

When int@rating in time an initial value problem composed of a system of
DAEs, it important that the integration scheme bstéble as well as-ktalle. An A-

stable scheme is unconditionally stable andefned as:

I Eb m (2.55)

for all Re(a) < 0 ahdhemaappliedtoehd probledd s_ict i ve t i r
However, the use of just angtable scheme may result in high frequency numerical

oscillations occurring ithe solution which will significantly affect solution accuracy.

Thus, an kstable scheme capable of filtering out those high frequency oscillations is

required. An Lstable scheme is-8table and also satisfies the following:

LEl @ Tos 7 (2.56)

z

Equation(2.56) states thatiftimesteppi s posi ti ve and the systen
<0),ashgets | arger sulx,h tthheatf rRece adnedystéM at i ons

approach zeros—s ).

The integration method implemented in MBDyn resembles the class of
integration schemes know as implicit Rus§gtta methodsThe seconérder accurate
integrationis a two-step method provided by the trapezoid rule such that

P .

1 W P ¢ w

whereh is the timestep andlis a tunable variable talpust the weights in the function.

The value ofo is shown below.
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. —0 — . . 2.58

) S0 B/ TA R (2.58)
A secondorder accurate CrarNicholson formula, multifed by the weight (4J ) I S
applied over the intervaldt,ta).
0w W T (2.59)

Q
C

Equation(2.59) is added to the rigktand sideof Eq. (2.57) resulting in the formula
below.

() P | W
(2.60)

The paramets Uandu are tunable and directly related to the asymptotic spectral radius

() which can be defined by the user.

T P

T

®z p
_ 2.61
1T (26Y)

For exanple, when =1, Eq.(2.60) resemblea CrankNicholson type formula.

@ o "Q?o’o o go'o (2.62)

If } =0, Eq.(2.60) resembles a Backwards Differentiation Formula (BDF).

o <o Po gm (2.63)
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Further information on the development and formulation of the integratioseme used

in MBDyn can be found in Ref148].

2.2.5 Beam Element Formulation

Within MBDyn, an original finite volume based geometrically exact beam
element is utilized149,150] C° beans elements are used because ttemove the
assumption of zero shear strain within the beam. However, when theheaostrain
assumption is ignoredjnear and quadratic finite beaslemens can undergo a
phenomenon known as shear locking. For a gigad ktase, the shear strain pcéeli
in the beam model can be larger than that presemhiysicalcase. This can cause the
element to reach equilibrium under smaller beam displacenvemth can make the
beam appear stiffer. Beams models formulatedgusi finite volumeapproach are
intrinsically free of the shear locking phenomefb49].

The equilibrium equations of the beam can be found below

(2.64)

wherep andm are the distributed transverse loadd Aending moments respectively.

T and M represent the shear force and bending moment, respectively, and the
superscript (L)N indicates a derivative wi
dividing the beam into nenverlapping segments such tldat B & wherelL is the

total length of the beam aridis the length of a specified beam segmé&mguation

(2.64) can then be written as:
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;i';, 0°Y N Qo m
(2.65)

00 Y a Qw T

wherea andb represent the bounds of a given beam segtamidw is a constant
weight function based on a weighted residual formulafibnrough integration by parts

we Eq.(2.65) becones:

o 0Y 0/ 0YQd T
(2.66)
0 0s OYVOa&a 00 Qo T
w
To fully evaluate Eq(2.66), the following relations are need:
vata p
0w 0 W T
weaox P
VW LW =
. C
0 ®© 0 W p
. N
0 - W W -] W w
C C
s o P P
0 Qw Qw c Qw c Qw (2.67)

whereliis the Dirac élta function and(x) is just some function which is smooth and
continuous between the boundsaaindb. After full evaluation, Eq(2.66) works out

to be:

(2.69)
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and can be rewritten as in the form below.

o YUY NQow T
(2.69)

D0 YO OOYD ® 4 noQw T
Note thatc is a reference point on the beam such#hatO . Equadion{2.69) can be
thought of in two pas if the pointc is taken to reside at a node. The first part aan b

considerechtthe nodg and the second part at ngaé . From this we get:

v Y Y P. O 1
I'p q
Ly v v Po g
. < (2.70)
L 0 0 Yo & =0 m
r'p C
lr, . Y . - P.
Y 0] Y w -V L
C
whereO _ Q@O . nNQw . & 1 oQdndd . G

N wQ wFigure2.4 provides a schematic of the nodes in reference to the finite volume

beam element.

A
E?eam ¢ Evaluation
emen Point Node
\ ./ Point
>
Ci Aj+q 1+l X

Figure2.4: Representative schenmatf beam element higight node points and
evaluation point$or a 2node beam element
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Given that the internal forces and moments at pointard bare equal’y Y

"YO 0 0 ) Eq.(2.70) can be rewritten in matrix form as shown below
L P m o i Yz
W w p Y P O Y
o 6 ¢ 0 v 2.70)
W W p 0 U

If we consider a coordinatgystem that would be used in a variational finite element
formulation (such as shown in Fig4) and evaluate the equilibrium relation at a point

3; EQ.(2.71) assumes the following form:

v o P T
DO 11 Ea p , p|°| "Y
11 I
0 0oop S (2.72)
0 1o I
uchP  PU
where, ——— . Note thatl is the length of the beam element arisl a point on

the xaxis defining in the coordinate systefquation(2.72) relates the force and
moments acting on the beam element to the shear foy@nd bending momenh)

of the beam elemenHowever, we want to be able to relate the force and moments
actingon the beam element to the translational and rotation displacement that would
be experienced by said element. We can work toward this relation by using equations

from theformulation of beams by finite elements

"y 00 m [
§) m Ovu-eee (273
. r "06 m [ ..
10 T e 00 .0 (2.74)
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r oFfR 0o P ML Tmop (2.75)
T O m Tt

t
P opop i n p i n .
. < m o i o o it (2.76)
G o i G o i +
[ P & a .
Tt < Tt < .
a a

In Eq.(2.73), EJandGA are the fleural and shear stiffness of the beam respectively

The variabldi represents the beam section rotationamgbresents shear deformation.

Shear deformation is definedsf f + wher e g S t he beam
displacementEquation(2.74) expresses the virtual work associated with deforming

the beam while Eq2.75) relates shear defoation and the first derivative of beam

rotation to the transverse displacement and rotation of the beam. Adieaiteent
approximation of beam transverse displacement and rotation femoale2 beam is

shown in Eq(2.76). Lastly, Eq.(2.77) is formed by applying Eq2.75) to Eq.(2.76).

Using the relations in Bq(2.73)i (2.77), Eq.(2.72) can be expressed as follows:

“O :I:
i‘) . .
S (279)
D .

wherethebeam forces and moments are related to the beam deformations and rotations

via thestiffness matriK] which isexpressedbelow.
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The term0 represent the shear factor where L Further description of the

formulation for the finite volume beam elemeah be found i1149,150]

2.2.6 Shell Element Formulation

A four-node € shell element is implemented in MBDyn to aid in the modeling
of 2D structural element. In this work, 2D shell elements are tasatbdel flat plate
wings, such as those discusse€imapter 3as well as the membrane which makes up
the coveringof the wing discussed i€@hapter 4 The shell element implemented in
MBDyn is based on the nonlinear shell element discussed by Witkoyigki], which
is developed based on a combination of Enhanced Assumed Strain (EAS) and Assumed
Natural Strain (ANS) formulation#\n illugration depicting the shell element can be

found in Fig.2.5.
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Figure2.5: lllustration of thefour-node shell finite element

In Fig. 2.5, the circles represent the node points which make up the shell element and

the x6s represent the points atTheBibti ch shea
like linear deformation vectdii52,153]is computed by comparing the deformed and
undefamedbackrotated derivatives of the positiamd is showtelow.

P oL 1o
Coyle e 2.80
Yo YT (280

The variabley represents the position of the shell reference surfacd ama local

orthonormal coordinate systemefined on the surface. €hvariable— is the partial

derivative ofy with respect to the arc length coordinkteherek = 1, 2. Note that the
subscript (-) represents variables in the undeformed cioateé systemSimilarly, the
Biot-like angular deformation is defined:

Iooyn Uyl (2.81)

wheresk is the spatial derivative of tensbwith respect to the arc lengtbardinatek.
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The constitutive law of the plate is determined befandhend relates the generalized

stresses to the generalized deformations.

I'P‘E v Y
& o (2.82)
K (p rHl (p '
wa o il &
whereD is a 12x12 matrix containingelconstitutive relations.
0 m m m 10 m m m m m m T.
I”ln ¢ m m WM oM oM oM M MW n:,l'
T m | Q@ T T T T T T T mooT.
T T T c¢cOQ 1 T T T T T T T,
I# 0 m s m o s s s s s T T,
(e m s nm | @n m T T T T
o (It T T m m T (O m LS T LU 1
T T Tt nm m m om0 n t0 m Ty
[Tt T T T T T T m T Om T T
lm T Tt n n m mw 0 m O W T
LTt T T T T T T T T m ¢O mn
utm T i n n n m o m o mw wu 1mun '’
(2.83

In the matri{D], C = B*h/(1-g?), P=Ch%12,and F=®h%12.The Youngo s
isrepresented b, g i s Poi 65 theisea madaus.iThe variabibsU
and b are the shell thickness, shear factor and moment factor respeckuellyer
details on thdormulation ad validation of the founode shell element can be faln

in Ref.[154].

2.3 Solver Coupling Strategy

A key aspect of developing a computatibaeroelastic solver is ensuring it can

adequately model both theuitl dynamcs and structural dynamics of the problem. In
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this study a coupled approach is utilized where two independent solvers
(OVERTURNS and MBDyhare employed to model the fluid artdustural dynamics
respectively. A major benefit of this approachhat eactsolver has been specifically
designed to model its respiet part of the aeroelastic problewith a high level of
fidelity. The challenge arises when consideringstiering ofinformation between the
two solvers. Assuminghe CFD and CSDsolves both appopriately model the
problem, the developer must concern themselves \i)h how information is

exchanged between tBelvers and2) how that information is interpreted and kb

to that particul ar s oThiy sectibnsddressesnpvutiiea t i o n a l

coupled CFD/CSD solver used throughout this stutiat overcomes both

aforementionedhallenges.

2.3.1 Python-based Coupling Framework

Python is a interpreted, objeabriented programming laguage that is
increasingly becoming more widely usedsoftvae pr ogr ammi ng due
easy to use, has clear syntax and is egmence. Another feature of Pythons t h a't
capable of easily interfacing with source cederitten in different languages
Additionally, it has parallel processingirictionalty. For these reason, Python was
utilized in creating the framework to couple OVERTURNS and MBDyn.

OVERTURNS is written in Fortran while MBDyn is primarily coded in C/C++.
Thesetwo programming languages are not compatible with one andthean be
interfaced with Python. Fortran and C++ python wrappers were utilized to interface

specific subroutines and functions from both solvers with Python. This allowed for a
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single pythorscript to initialize and run both solver as well as make fanatdls to
facilitate in the exchange of information between OVERTURNS and MBDyn.
Information at the fluiestructure interface is exchamgdetween the two
solvers. With respect to the flamgi wing problems discussed throughout this work,
this means that dais exchanged at the points where the wing surface directly interacts
with the fluid medium. More specifically, aerodynamic forces passed from
OVERTURNS to MBDyn ( iwingdefor@d&idns afe pasSed jroma n d
MBDyn to OVERTURNS .(Sibseetion2.6.5dBcusses GdwDhat
information is transformed between the domains of the two soliergeneral the
aerodynamidorce vectorsthat are tansferrecare compied of the forces acting at a
given CFD mesh pat in the x, y and z directions whei@ AORORCH Wing
deformations are expressed with respect touhdeformed wing for a given instance
within the flapcycle. The deformation vectdrco aQ ¢ &O @is the change
in wing deformationfrom one iteration to the nextith respect to the undefmed
wing. All forces and wing defonations areexpressedh the global reference frame
Coupling is performed in a tight manmeeaning information is passéetween
the two solvers during each iteratiohhe ime step valuesn OVERTURNS and
MBDyn are séso that thesame number of iteratns per flap cycleccur foreach
solver.Note thatnondimensional values are utilized@VERTURNSwhile MBDyn
works with dimensional unitd3Ning deformations ©OVERTURNSarerequireal to be

normalized bythe referencdength (typically themean chord lemth) such that

v

Yo —rﬁ—rﬁ—r Similarly, aerodynamic forces are output as coefficient

valuesfrom OVERTURNSand must be convedto dimensional values befotkey
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are input into MBDyn. The force vector mmodified suchthat "Q -0 OGP

6 S D dwhereCy, CyandC; are the aerodynamic force coefficients acting at a given

point in the CFD mesh in the y andz directions respectively

2.3.2 Non-conformal Domain Mapping

Idealy, one would @sire to have the fluid and structural domains to have the
same or similar topologies at the flestructure interface (FSI). This would ease the
transfer of information between the two solveysallowing for a ondo-one natching
between lte CFD mesh paois and CSD node points. However, this is typically not
feasible or favorable with respect to the maintaining solution accuracy while
minimizing computational cost. CFD grids tend to have a much higher concentration
of grid points in compason to the nundr of nodes used within a structural dynamics
model to more accurately resolve flow features at givegions within the flow
domain lt6s not wuncommon oftherordér bfd1CmMBe mesh t o
points at the FStompared to the 8D model An example of this can be seen in Fig.
2.6. Given the potential for a large discrepancy in the number of points between the
fudand structur al domai ns, itéds I mportant t

interfacing twononrconformal domain topologies.

109



Intersecting
Aerodynamic Nodes

Structural Element

Figure2.6: lllustration of discrepancy in grid pa concentration betwedtuid
domain and structural domain

MBDyn provides that capability through a nservative, mdsfree FSI
methodology. The methodology is based on the Moving Least Square (MLS) patches
technique used in the field of surface restaunction fromN irregularly distributed data
points[155]. Not onlyshould the methodologpterface the two domaingith resgect
to position butit shouldalsoconserve thexchange ofnomentum and enerdpetween
the fluid and stratural domainsThis is done by enforcing the coupling conditions
through the variation principle of virtual work.

Let 6 s as sramdsrdplsant virtiak displacements in the fluid and
structural domains respectively. The subscript rfejers to the fluid domain and
likewise the subscript (sxefers to the structural domain. The compatibility of the
virtual displacements is enforced throutple equation below:

Yiid s Yiios (2.84)

whereTr is the trace of theirtual displacements onto the virtual interface surface. The

virtual interface (J) can be a newly defined virtual interface, the surface of the fluid
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domain () or the surface of the structural domdi)( In the following equations, the
virtual interface will be assumed to be at the surface of the fluid donggirufless
explicitly stated otherwisel'he fluid and structural domain displacements are related

as follows:

1w Q7w (2.85

where (0 ®i are the discrete value$ U xat the surface of the fluid domain andare
coefficients of the displacement interpolation makiixThe boundary surface virtual

displacement is thus defined as:

10 0 (ORI (2.86)

where N; are base functions in the approximation space of the fluid domain
discretizationandis is the number of grid points on the virtual interface surfage (
The virtual work of the aerodynamic loaasting on the fluid interface and structural

interface are shown in EqR.87) and(2.88) respectively.

10 BE , 3 D0 0Qb
(2.87)
iR, 20 0 Qe Qb
10 "QO @ (2.88)
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The variablep a n d arelthe pressure and stresses, respectively, of the fluid and the
vectore defines the unit vector normal to the surfaldee loads applied to the structure

are related to the aerodynamic loads in the equation below:

Q "0Q (2.89)

where’O ne ., X0 Q0

The positiorandvelocity of the points at the FSI as well as the forces acting at
the interface can be related through the interpolamatrix (). The relations are

shavn below through Eq2.90).

@ (on
@ (on)
1o Q 7@ 0 TG 0Q
0 0Q (2.90)

The interpolation matrix is composed of the coefficidftsAdditional detals on the

formulation and calculation of the interpolation mati® can be found in Ref155].

2.4 Inverse Distance Weightif@grid Deformation Scheme

In Section 2.3 the method by which information is exchanged between
OVERTURNS and MBDyn as well as how the two rmonformal domains are
mapped was discussed. The interpolation matliscussed inSub-sedion 2.3.2)
convertgthe structural deforsicalculated by MBDyn andefineshow each grid point

on thewing surfacemust deform irthe CFD mesh. However, it is nssary to adjust
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the position of the surrounding nodes witkiiewing meshotherwise the deformations
applied at the wing surface could cause overlapping and negative cell volumes to form.
This section describes how OVERTURNS handles the problem of ptopaga
mesh deformations at the wing surface throughout hg wesh.The two methods
employed in OVERTURNS are a decay functlmsed scheme and an inverse distance
weighting (IDW) schemeThe cecay functiordbased scheme wasitially used in
OVERTURNS todeform the mesh in aeroelastic rotor blade probléhs sheme
benefits from having a relatively low computational cost but is only applicable for
relatively small deformationsat the surface. For large wing defornike those
expected in modeling highflexible flapping wing, this method breaks down resulting
in poor mesh quality or the formation of overlapping cellse newly addedDW
scheme is capable banding large deformations at the wing surface with a relatively
low increase in computationabst. Both methods will be discussed in the following

sub-sections.

2.4.1 Decay Functionbased Mesh Deformation

Decay functiodbased mesh deformatiaos a simple and efficient means of
prescribing deformations at the wing surface throughout the mesh volsne

described irSub-section2.3.1, deformations are applied to the wing surface in delta

form whereY® aQ &0 ¢Q @ The decay functions take therm of:
0w %ow?zo (2.97)
wherey; is the known d@ pointande ( x ) i s a radi al basis funct

magnitude of the known data point based its distance from the point underienaluat
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When applied to the CFD grid, deformations at grid points away from the wing surface
are determined usg Eq.(2.92).

Qo %wZQw

Quw  %wZQw

Qaw %o 2 Qa (2.92
The radial basis function used witt@VERTURNS takes theofm:

. . . Q Q (2.93
%o p TWZ p Al OZ,Q—

whereéQ @ o isthe distance between the position vector of the known data point
and the position vector of th@int under evaluation. The varialigax is a constant
defined by the user to specify the distancayadrom the wing surface at when the
function approaches zero. The varigble a power parameter, defined by the user, that
controls the shape of theechy function. Figur®.7 shows how the decay function
varies for power parameter values of 1, 2 artdi@her values op increase the distance
away from the known data point before significant attenuation of the bveigies.
However, decay of the value isuch steeper for highgrvalues.Within the scheme
utilized in OVERTURNS(@naxwas set equal to 15 and a power paramejesf(3 was

used.
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Figure2.7: Plot of decayunction vs distance fararious power parameter value

2.4.2 Inverse Distance Weighting Mesh Deformation

Inverse distance weighting (IDW) is an explicit, multivariate interpolation
technique applicable to a scattered set of data points. The method wiasrfidstced
in 1968 by Shegrd[156] as a means of interpolating data in the field of geographical
information systers. IDW interpolations asgns the value at unknown points using the
weighted average of values at known data points. The weighting function utilized is
based on the inverse of the distance from the known points to the unknown point under
evaluationFigure2.8 provides a 1D example ¢DW interpolation.

In Fig. 2.8, the black circles mresent the known data points. The red dashed
line represents the interpolation function:

B 0 wzo . | P

0w ho @ — :
B 0 w O ® (2.94)

whereN is the total number of known data poinig(x) is the weighting functiony; is
the value of the knowdata pointin the weighting functiomvj(x), X is theposition of
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the point under evaluatiow,is the position of the known data point, ||-|| reprssthe
Euclidean norm operator amu is the power parameter. The power parameter is
typically set sohatpO 2 . Gr e a p give greatel inflleesce to known points

closer in proximity to the interpolated point. For the example shown irf2Egp = 2.

@ Known Points, Ui
— — Interpolated Values, U
2.5
2 ,«\ A
—_
s I ~_ - 7
- 1 \
15 ! !
M-~ I 1 -
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Figure2.8: 1D example of inverse distance weighting interpolation

While Shepard is credited with first introducing inverse distance weighting
interpolation, Witteveen was the first to appNpW to the problem ofCFD mesh
deformation [157,158] In the implementation described by Witteveen, the
interpolationfunction maintainsa similarform as in Eq.(2.94), exceptnow the value
uj is replaced by variablespresenting the change in position of points abthaendary

B 0 wzQw

‘Q ow —
B VD W
o B 0 wzQw
Q ww —
B L W
o B 0 zQd
Q ow —
B 0 w
6 & —b (2.95)
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In EqQ. (2.95), the variableslx, dy anddz represent the change in the position of the
mesh points in th&, y andz respectively. Within the CFD/CSD methodology, these
values would be structural deformation data provided by MBDyn at thesiuidture
interface.The variablewandw representhe position vector of the interpolation point
and known data point respectively.

A positive attribute of the IDW mesh deformation scheme is that it is an explicit
interpolationmethod Thus, ithas a reduced computational dostomparison to radial
basis function (RBF) method&hich require the solution of a system of equations
[158]. Another benefit is that IDW is an extremum conserving method meaning that
with the implementation of the methodology, points at the boundary of the domain
remainat the boundary. Howevehis is only applicable to cases with pure translation.
Instances where rotation is present may cause interior points to move outside of the
domain boundary. Other researchers have looked to modify the originalttDW
overcome sme of its original limitabns.

Luke et almodified the original IDW scheme by applying a displacement field to
each boundary node and making improvements to the formulation of the weighting

function[159]. The modified weighting function is given as:

A 0 | 0
0 w 02z —m— _ (2.96)
W W
wherea, andb are the ¥ and 29 power parameterd) is the area weight)is an
estimated gie of the neabody influencaegionandLgetis the estimated length of the

region of deformation. The suggested value of these paramet@m®posed by Luke

et al. in Ref[159] such thata = 3 andb = 5. The value ofUis varied depending on
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whether the boundary is moving or fiksuch thathoving= 0.1 andUixed = 0.Q. The
variableLqgefis defined as the maximum distance between any given mesh point and the

mesh center such that:

0 i A o hQ ph) (2.97)

wherethe mesh centdp) is defined a8Q —B  ®. Note that the variabléy is set

eqgual to one in this worklhe IDW method proposed by Luke et al. does a better job
of preserving mesh orthogonality near the surface boundary in cempao the
original IDW schene andRBF method$159] dueto the inclusion of the second term
in the weighting function

Another drawback of the original IDW scheme is that it does not handle rotation
of boundary nodes well. The work by Uytterspfp60] seeks to modify the IDW
schene to handle both translations and rotations. The proposed methodology by
Uyttersprot is detailedn the following paragraphsnd was implemented into

OVERTURNS.

2.4.3 Calculating the Rotation of Boundary Nodes

For the process of iatpolating rotations, quataams were chosen to represent the
rotation at the boundary noddé3uaternions provide a computational efficient means
of representing the rotation without the risk of gimbal lock that whechazcur when
using Euler angles aralseries of rotation matris¢o represent rotations. Quaternions
can be thought of as a complex number composed of 4 terms such that:

0 B A QR QnQ (2.99)
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whereqs, 02, gz andgs are real numbers angdj and k are imaginary units. The real
number @1) represents the angle of rotation while the imaginary numbers represent the
axis of rotationln this case, the quatermi@an be represented by a scalar value and a
vector in Cartaan space:

O imhi AhO A QA
A
0 OElI (2.99

whered is the angle of rotation arid is the unit axis of rotatiarTable2.1 provides a
list of some important mathematical properties pertaining to quatenviaok will be
utilized throughout the formulation of the proposed mesh deformation method.

Table 2.1: List of mathematical properties for quaternions

Property Mathematical Equation
{1 Associative: L D v Ou
9 Distributive: O O L1 LV D
1 Not commutative: v v
1 Conjugate of a quaternion: 0°' 1 NQRQ/Q
f Magnitude of a quaternion: AxE 0D’ n 1 1 N
. 0’
Inverse of a quaternion: v Y
1 d _ 0°
Unit quaternion: AE D
1 For unit quaternions: ) 0

Note that the multiplication of two quaternions is defined below.

0d i Oih

i 0WAD T0 O (2.100

To find the position of some poinit after a rotation, the point is first deéd as a

quaternion such that Tty . The position after rotatio(Pror) is found by:
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0 0D 02 D* (2.107)

To apply Eq(2.101), the rotation gurnion for the specific point must be known.
However,only the posibn vector ¢) and the boundary displacement vecté®y(are
known for any mesh boundary poititis necessary to decompose the new position of
the boundary point, after the boumgadisplacements o) are applied, into a
translational and rotational componehhe new position can bdecomposed to the
form:

G Y3 OF Y (2.102)

where X, R and T are quaternionsepresenting position, rotation, and translation
vectors Xy andXq are the position quaternions where the subsdriptand (-} indicate
undeformed or deformedR and T representhe rotation and translation quaternions
respectivelyNote thattd 1w, d  mw Yo and’Y 1O . To determine the
rotation quaternionR), information from surrounding boundary points is necessary.
The quaternions at the cekenters are determineshd then the quaternion values are
interpolated ord the boundary nodes described in Ref160].

The rotation quaternions are determined in a tstep procesdgrirst, the cell

center is calculated for the undeformed and deformed face. The cell center is given by:

o

g & (2.103

wheren is the total number of face corners. The vertices of the coarerthen

translated so that the cell centers are at the osigsh that
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E1En

0w
0w W (2.104)

wherex Njthe new position of the vertices after the translation is applest, the
unit normal of the undeformed and deformed faces arelleséclusing Eqg.(2.105).
Thefaceunit normal is computed @ average of thenit normas of two consecutive

face corner position vectors.

(2.105)

The second step is to align the normathad undeformed face to that of the
deformed faceThe angle between thndeformed and deformed unit nornfd) is:

— AOAALO— — (2.106)
A A A A

The cross produced of the undeformed datbrmed unit normal defines the axis of

rotation(a ).

G AOAALS—— (2.107)

Equationg2.106) and(2.107) define the angle and axis of rotation for the first rotation
quaternionR; such thaty AT & OE+ zd& . The rotation is applied to the

vertices making up the undeformed face s theyare at a newosition defined as:

&Y oY (2.108)
where® o  and® o .
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The final step involves rotating the undeformed face about its unit normal
vector to align its vertices to those of the deformed face. For the second rotation, the
axis of rotation is the unit normal of the undefornfi@ce. The angle of rotatois an
averaged of the angles between the position vectors at the corresponding corners of the

undeformed and deformed faces.

¢
' 2.1
a s (2.109
o~ - . W Jop
— P AoAALE T (2.110
€ Wy Wp

The second rotation quaterni®a is defined asYy AT & WOE+ z& . The

first and second rotation quaternion can be combined to a single qua{@®nsuch
that 'Y Y JY. An illustration of the method used to determine the rotation

guaternion can be se& Fig. 2.9
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Figure2.9: lllustration of method to calculate rotation quaternion, Adapted frc
Ref.[160]

2.4.4 Interpolation of Rotation Quaternions

After the rotation quaternion is calculated for each @alefat the fluiestructure
interfaceboundary of the CFD mesh, those quaternions need to be interpolated onto

the boundary node3he interpolatiorof the quaternions onto the boundary noides
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done using spherical linear interpolation (SLERP)61]. The spherical linear
interpolation of two quaternions is defined as:

i} OEp .+ . OEjze . 2111
v OBl ° o061 '

wher e @&ighlingvalees wc h t hat ®istde afgle Retwiken the tdo
quaternioncomputed as A OA AT . SLERP can be performed on multiple

guaternions using the following formulation:

0 YO OO h——— (2112

Cc
»
cC:
o
&
24

(2113

(g22%

0 "YOYD O O rr (2.114

When interpolating the rotation quaternion for a boundary node,rategion

guaternions of tha faces connected to that node ased. In this instance the weights
are set to equal one anothgr ( -). After the rotation quaternioR is determined for
each boundary node, E@®.102) can be used to calculate the translation ve@diof
eachboundary node.

Once the translation vector and rotation quaternion are calculated for each

boundary node, the deflections at the wing surface need to be propagated throughout

the rest of the CFD mesh. This is done by using IDW to interpolate the translati
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vector and rtation quaternion at point way from the wing surfdogerpolation of the
translation vector is similar to that of H§.95) such that:
0 5 0«9 0, wo (2115
B 0 w

where0 w is the translation vector at some CFD mesh point away from the wing
surface at positionad, n is the totalnumber of boundary points, is the translation
vector at a spefic boundary node and ® is the associated weighting function. In
this case the weighting function is the one described ifZ3p).

The rotaton quaternion can be interpolated using several different methods. In Ref.
[160], four interpolation methods are described:

1. Linear Interpolation of Quaternions

2. Spherical Linear Interpolation of Quaternions

3. Linear Inerpolationof Logarithm of Quaternions

4. Linear Interpolation of Displacement Field
For brevity, only the first method (Linear Interpolation of Quaternions) will be
discussed. This method was utilized in the IDW mesh deformation scheme
implemented iNOVERTURNS due toits low computational cost and ease of
implementation. The linear interpolation of the rotation quaternions follows the same
procedure as that used for the translation vector with

v B 0 oY 011
© B o (2119

where R is the rotation quaternion at a specific boundary nddete that the

interpolated quaternioflY w ) may not be a uhguaternion and needs to be normalized
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before it is applied. The interpolated translati@ctor ©) and rotation quaterniorR)
are then used to calculate the displacement veg}af(@ given mesh point at position
wsuch that:

Yo YooY ® & Yo (2.117)

where Y 1o, & 1o, Y 1 and Y& is the normalized rotation
guaternionEquation(2.117) is applied to eery grid point in the CFD mesh tmlculate

its respective displacesnt vector.

2.4.5 Comparison of Mesh Deformation Schemes

In this section, the resulting meshes after applying the decay fuiased
scheme and the IDW scheme are compared. Results are compar2d® Ctype mesh
with a NACA 0012 airfoil profile. Arotation is applied about the leading edge to the
points at the airfoil surface only. The resulting change in position of the points are
interpolated throughout the rest of the wing mesh using thertetbods previously
described. Cases are conducted faotation of 10° (small rotation) and a rotation of
45](large rotation)Figure2.10provides an image of the 2D NACA 0012¢pe mesh

in its initial postion prior to the rotation being applied.
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Figure2.10: NACA 0012 Ctype Mesh

Figure2.11compares the meshes aféet0° rotation is applied. Fig2.11a shows
the results using thdecay functioibased scheme and F@.11b shows the results
using the IDW schemé&or small rotatios, the resulhg meshes are similaGiven the
smallmagnitude of the rotan, the deformation of the meshes is relatively low. Either

scheme is applicable when dealing with relatively low magnitude deformations
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Figure2.11: Comparison of mesh interpolation schemes (10° rotation)

Figure2.12compares the meshes after a 45° rotation is apflfed large rotation

is representative of the largkeformations athe wing surface expected durig the
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flapping wing simulationsThere & a significant difference in the meghality when
comparing theesults of thewo schemes in Fgy2.12a and2.12b. A notable degree of
mes compression and stretching can be seen inZFlga while Fig.2.12b exhibits
high mesh quality. When looking more closely at the leading edge 2Figs and
2.12) the decay functichased scheme produces a mesh with a high degree of
skewing comparing the to IDW scheme. The IDW scheme can better maintain
orthogonality near the airfoil surface which servesricrease the aacacy of the
simulation results especially for viscous flow solutions.

At the trailing edge (Figs2.12 and2.1X) the decay functiofbased scheme
produces a higlamount of cell skewing similar to at the leading edge (Eifjx).
Also, there is a notable discontinuity in the cell directions at the point where the trailing
edge meets the grid wake cut region. This is becaustetiayy functiorbased scheme
does not adequatebyopagate the rotation applied lad¢ twing surface out into the wake
cut region. At the trailing edge of the mesh produced using the IDW scheme, the grid
points maintain orthogonality at the wing surfadéore importantly, the rotation
applied at the wing surface is appropriately propagdwexdighout the mesh especially
into the wake cut region. This is because the IDW scheme decomposes deformations
into translational and rotational components and is akilgdgpolate them within the
mesh volume. Given its ability to adequately propagateall and large mesh
deformationst the wing surfacdntoughout the grid, the IDW schemeaised to handle

grid deformation interpolation in OVERTURNS.

128



Secssennnanbit iy S 04 roli il
L SR Sl 77 sl Uy
L35 iLL"'ll "IJ", fllilﬂfﬂy IIII[’ 0.2 T %
ittt gy e
U e Ry e
Al qf;’ﬁ”’”ﬂﬂ%ﬁ?ﬂ H oF '%ﬁfgg@%
A SRl
S
> S
1 ,‘#;m{nﬂ};ﬁ[ﬁ.}y:;;;:;r; %%%% :
i : i
- S we
e 2
SOl g T S
AT b i
) 'I 'll lfl Ul fﬂ,’ Uil i B
- ...Ilt..l Wi I 3 WBE s
(a) Decay Funabn-based Scheme
0.02
0015F 0.02
0.01
0.005 0
> 0 >
-0.005
-0.01 0.02
-0.015
-0.02 -0.04

(c) Decay Functiofbhased Scheme
(Leading Edgp

-0,66_ I
\ -0.66
-0.68 k.
I 068
> § ——
-0.7
s N -0.7-—
B ot e : ! ;;z 0'72_ 066 068 0|7 072
0.66 0.68 0.7 0.72 ! . . )
X X
(e) Decay Functiofbased Scheme (f) IDW Scheme (Trailing Edge)

(Trailing Edge)
Figure2.12: Comparison of mesh interpolation schemes (45° rotation)

129



Chapter3Coupl ed Aer o/al a siSatitwwdoibeod v er

This chapter focuses on the validation of toeipled CFD/CSDaeroelastic
solver to assess arassurethe predictive capabiljtof the aeroelast analysis. The
flapping wing problem involves wings operating at low Reynolds numbers, undergoing
unsteady kinematics producing highly vortical flow structures. Additionally, flexible
wing structures may experience large, nonlinear deformatibith cansignificantly
affect the aerodynamics of the wing. Thus, the validation @asetoserto highlight
the aforementioned characteristics of the flapping wing problem and are intended to
explore the predictive range of the aeroelastic analysis.

First, theCFD and CSD solvers are tested individually. Later validation studies
focused on the coupled CFD/CSD aeroelastic solver. The specific cases discussed are
as follows:

i.  Rigid bio-inspired wing with passive wing pitch in ho&FD)
ii.  Fat plate underging singe degreeof-freedom flap motiofCSD)
iii.  Zimmerman planform wing with structural compliar{@D/CSD)

iv.  Flexible isotropic rectangular planform wiimghover(CFD/CSD)

3.1 Rigid Bioinspired Wing with Passive Wing Pitch

3.1.1 Experimental Setup

The pesent vatation sudy is based on the results of experimental tests
performed byBenedictet al.[162]. The wing used throughout the experiment, depicted

in Fig. 3.1, consists of a stiff carlbofiber frame overed by a thin Mylar membrane
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film resulting in a total wing weight of.@ grams.The wing length and thicknesare
15.24 cm and 1.6 mm respectively. The wing &atraight leading edge from root to

tip with a tapered trailing edge defthby thefollowing equation

e (3.1)

where a=-0.5764cm?, & = 0.1503cm?, & = -0.9443 & = 9.1091cm, c is thelocal
wing chordin centimetersand r is the spanwise location frothe wing root in
centimetersThe wing has a fanform area $) of approximately 97.85 cfrwith an
aspect ratioAR) of 2.38anda mean aerodynamic chqi@) of 6.42 cmNote that there
is an 8.89 cm offset bseen the flapping axis of rotatiaand the wing root anthe
pitching axis of rotation i%.016 cnmbehind the leading edggll the experimental tests
were carried out at an operating flap frequency of 5 Hz and a flapping stroke amplitude
of 107°. The meachord Reynolds numbg@re)for all tests was approximately 25,000
based on an average wing maximum tip speeg) @&f 6.3 m/s.

While the wing flapping waperformedby a fourbar mechaism, actuatedvia
an inrunner electric motor, the wing pitching was passive and occurred due to the
aeralynamic and inertial forces acting on the wing. Hhgsical passive pitching
mechanismis shown in Fig.3.1 and Fig.3.2 provides a schematic of the passive
pitching mechanism. In Fid.2 the wing is free to rotate about the pitching axis.
Stoppers were used to limit the amount of rotation allowed about the pitching axis.
Magnets were placed on the stopperstaeaving tohold the wing in place ding the
translational phases of the flap cycle. At stroke reversal, the inertial and aerodynamic

forces act to disengage the wing from the magnets on the stop and cause it to rotate
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about the pitching axis. Rotation continues lutiie wing engages withthé other
stopper at which point the magnetsld the set wing pitch for the duration of the
subsequent flap strok€ests were conducted at three separate translational pitch angles
of 40°, 50° and 60°The flap anglevas measwd using a USA Digital MA3shaft
encoder The pitch angle was measured usingSA Digital MA3 shaft encoder with

high viscous damping. Each shaft encoder has a measurement uncertainty of +0.5 deg.
Figures3.3a and3.3b show the variation of the pitch kinemati$en tests were
conducted in vacuum arair respectively The flap kinematics in air and vacuum
followed a cosine variation with a flap amplitude of +53.5°.

During the experimental testinstantaneous aedynamic force data was
recorded using ra ATl Nanol7 sixaxis force transducer. The Nat@ force
transducer has an experimental uncertainty of +0.4 grams. It was plattezl wing
root on the pitching axis to measure the total wing forces and monrexiiscpd by
the wing. Additionally, flowfield measurements were recorded via particle image
velocimetry (PIV). Flowfield measurements were taken using thesolved, twe
component PIV with a doubjeulsed NdYLF laser (Litron LDY304, 30mJ/pulse, 10
kHz max) The laser sheet was set to illuminate the region of interest at the 25%, 50%,
and 75% spalocations, measured from the wing root, at various azimuthal positions
within the flap cycle. The estimated uncertainty of the measured velocity within the
experinmental flowfield measurements is 0.667%. A more detailed description of the

experimental setip and procedure can be foundRef.[162].
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Figure3.1: Test wingwith passive pitching mechanism, as given in [Re§2]
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Figure3.2: Schematic of the passive pitching mechanism
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Figure3.3: Variation of wingpitch for the 40°, 50° and 60° translational pitch ca

3.1.2 Computational Setup

Given that thexperimental wing in the validation case wiggd, only the CFD
solver (OVERTURNS) was utilized when modelling the winhige flapping wing case
was modelled using an overset mesh system with a structured mesh, representing the
wing, set inside a cartesitmackground mesh. Pictures of the oversetmsystem are
shown in Fig3.4. The wing was represented using a structwedjilinear, bodyfitted
mesh with an dD topology (Fig. 3.4aic). The wing mesh was made up of
approximate} 4.76 million grid points wittf231x161x128 nodes in the wrapound,
spanwise and normal directions respectivEhe planform of the wing mesh was made
to match that of the experimental teshwiThe wing mesh has a thicknesschord
ratio of 2.5% andvas offset from the flapping axiz/ 1.3& andthe pitching axis by
0.16c, wherec is the mean chord lengtho match that of the experimental setAp.
spacing ofl.0x10%*is used for thdirst node points fronthe wingsurfacen the normal
direction.This was tosatisfy the yplus dimensionless Wadistance criteria as well as

provide a fine clustering of mesh points near the wing surface to moueataty
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capture the flow separation and formation of voriftmal structures expected near the
wing surface

To capture the highly vortical flow in the wake, a Cartesian background mesh
seen in Fig3.4d, was implemented with 252x252x92 nodes in the x, y and z directions
respedwely. The background mesh was made up of approximately 6 million nodes
with farfield boundary conditions applie@ thord lengths away from the wing surface.
All simulations were run for 4 consecutive flap cycles using 288testepsper flap
cycle A corstant dual time step was used wighsubiterations to minimize
factorization errors and improve the unsteady caatmnal solution accuracy. The
flap kinematics were set to vasgmusoiddly, as in the experiment, with the flap
amplitude set to £53.5°. i@n the nature of the experiment, the measured pitch
kinematics in air, shown in Fi®.3b, wereprescribeddirectly into the simulatioro
correctly account for the pitch angle variation over the flap cycle for thénabA0°,

50° and 60° pitch cases studied
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Figure3.4: Structured, bodyitted wing mesh an€artesian background mesh

3.1.3 Aerodynamic Force and PowerTime History Comparison

This subsection focuses on the comparison of the aerodynamic-tionee
histories andaerodynamic powencquired from the experimaittests and CFD
simulationsThe experimental force measurement datesed to validate the predictive
capability of the unsteady CFD simulatiofitie experimental aerodynamic forces are
determined via inertial force subtramt were the wing is flappeith air and in vacuum.

The inertial wing forces measured in vacuum are subtracted from the total wing force,
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whichis a combination of aerodynamic and inertial forces, measured Ideatly, the
wing would need to be underggj the same kinematics in ais in vacuunwith the
subtraction of forceand moments occurring when the wing is at the same flap angular
position in both case3he experimental setup, described by th#nars in Ref[162],
wasdesignedo produce similaflap and pitch kinematias ar andvacuum

Figure3.5 provides an illustration of the flapping wing coordinate system that
will be referred to through this section. Flapping occurs about the flapgiagvhich
coincides with the -axis. With repect to the righband rule, a forward stroke is a
negative rotation about theaxis while a backward stroke is a positive rotation about
the zaxis.While the xaxis and yaxis are a part of the inertial free ,  takiseandx «
y -axis make up the body fame and rotate with the wing
pitching axi s -axig.Positivexeralgnanicilift phoducdd by the wing
is said to act along the positiveaxis while aerodynamic dragtadn opposition to the

wing motion along the -axis.

Z-axis
A
1
1
I Flap
1 Axis (¢)
|
: Pitch
4-————----- AXIS(B)
X-axis ) P ",
A7 1
B 4
X'-axis 7
>
Y-axis

Figure3.5: lllustration of flapping wing reference coordinate system
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Figure 3.6 contains plat comparinghe mesured and predicted aerodynamic
lift and drag forceime histories acquired from the experiment and CFD analysis for
the 40°, 50° and 60°translational pitch caserespectively The experimental force
trends shown consist of an averag@®trials whereeach trial is an average of 90 flap
cycles. The shaded region encompassing the experimental force trend represents the
standard deviation from the average of the 10 trials. The average is shown as a black
line. In all the plots shown ini§. 3.6, thehorizontalaxis represestthe time over one
flap cycle nondimensionalized liyeflap period(T). Figures 3.6, 3.6c and3.6e show
the variationof lift, in gramsover the course dd flap cyclefor the 40°, 50° and 60°
translational pitch caseespectively The lifting force remains positive throughout a
majority ofthe forward and backward strokes, but some neghtiwgas produced at
stroke reversal (t/T = 0.0, 0.5 and 1.0). This behavior in the lift force trend, described
in Refs.[90,163] is expected because of the delayed rotation kinematiesent to
the passive pitching mechanism used. Nevertheless,otterall variation in lift
predicted by the CFD model agrees well with the measured forceftread three
translational pitch cases testetlhere is a slight phase difference between the
experimentaland computationalorce-time historiesfor the 50 ad 60 translational
pitch cases (Figs3.6c and3.6e). Howeveyr the predicted instantaneopsakforce
magnitudes aresimilar to thog of the experiment and fallithin the bounds of
uncertainty fomthe experimental results.

Figures 3.6b, 3.6d and3.6f show the variation adrag in gramspver the course
of aflap cyclefor the40°, 50° and 60° translational pitch casespectively Note that

the sign value of the instantaneous drag designates the direction indsdicforce
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vectoracts. Positiver negative values of dragditate that the drag force actedhe
positive or negative xdirection respectively. Throughout the flaycle, drags said

to oppose the wing flapping motio@verall, there is adequate correlation between the
predicted and measured instantaneous drag results for all three cases. For the 40° pitch
case (Fig.3.a0), there is a notable phase shift between the predicted and measured
results. However, the peaks in drag force from the simulation are similar in magnitude
to the mean value measured in the expertnieor the 50° an@0° translational pitch
caseqFigs. 3.6d and3.6f), the predicted peaks in instantaneous drag force tended to
be greater in magnitude than the experimental mean value for theirtrespases.
Focusing on the 5Qase Fig. 3.6d), during the flap cycléhere was a slight difference
between the measured and predicted drag force values in the instance at which
maximum instantaneous drag occurred. phak magnitudes of the CFD drag force

time hisbry occur at mieforward stroke and mithackward stroke (t/T = 0.25 and
0.75). Peak magnitude in the experimentally measured drag values occurred slightly
after and slightly before mitbrward stroke and mitbackward stroke, respectively.
However, it is inportant to note that the standard deviation in the experimental data
becomes quite large near the peak values of drag in comparison to that near the end of

a stroke.
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The large deviation in the drag force peak magnitude is due to the challenge of

separating the large inertial loads in the flap plarmnfthe aerodynamic loads

generated by the wing. Nevertheless, the predicted dragtforeehistoresfrom the
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CFD lay within or nearthe experimental bounds of uncertairity all the cases
Overall, the variation in drag predicted by the CFD model taiage well with the
measued force trend. This gives confidence in the accuracy and feasibility of using
vacuum force subtraction techniques to experimentally measure instantaneous
aerodynamic forces in air, especially when the inertial forces dominatetshéorce
measurements.

As the design and development of future MAV concepts progresses, it is
important to assess not only the aerodynamic performance, but also the aerodynamic
efficiency of a particular design. In conventional aircraft design, typnadsures of
aerodynamic ficiency include power (P), the l#ib-drag ratio (L/D) and power
loading (L/P). Note that throughout thsubsection, references to power infer
aerodynamic power. The inertial power of the flapping mechanism was not invabtigat
in this study.

Aerodynamic power is calculated by summing the dot product of the local
aerodynamic force vector with the local velocity vector along the span of the wing.
Figure3.7 shows the variation of instantanesquower over a flap cycle for the 40°, 50°
and 60° translational pitch cases. As expected, the peak magnitude of aerodynamic
power increases with increased translational pitch angle and approaches a magnitude
of zero diring stroke reversal. Slight differees in the peak magnitude and variation
of the instantaneous power trend line occur between the forward and backwarsl stroke
for all of the translational pitch cases. This is because of fluctuations in the measured

wing pitch angles, which were discussgeviously. If perfectly symmetric pitch
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kinematics were used, as opposed to the experimentally measured values, it is expected
that the results of the forward and backward strokes would be symmetric.

From Ref[162], lift per unit power (L/P) was metric utilizedto determinghe
aerodynamic efficiency of the wing kinematics used in this stadie study,only the
translational phases of the forward stroke bdadkward stroke (t/T = 0410.4 and
0.60 0.9) wereaccounted for when analyzing the instantaneous variation ofTh@
instances of the flap cycle where stroke reveosalurred were ignorebecause the
wing producd negative lift at those times and wsead not to beoperating at its highest
possible efitiency.

The power loading variation over the translational phase of the flap cycle for
the forward stroke and backward stroke is shown inF&y.Figure3.8a also contains
experimetal data for instantaneous #b-power ratio presented in R¢i.62]. Note
that the available experimental data is only for the forward stroke from approximately
t/T = 0.2 0.4 which omits regions of negatiVit in the lift-to-power ratio trends.
FromFig. 3.8 there is little difference between the computational trends predicted in
the forward stroke in comparison to the backward strdkeus, all subsequent
discussion orthe CFD instargneous L/P trend will refer to Fi§.8a. However, the
same analysis applies to the CFD trends in &igp.

The CFD 50° and 60° cases have a relatively constant L/Pgdtine
translational phase similar to the experimental data for those two cases. However, the
computational trend lines initially underedictthe magnitude of L/P (especially for
the 50° case) and then ovaedict L/P toward the end of the translatioplaase. For

the 40° case, the CFD L/P curve is monotonically increasing while it is relatively
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constant for the respective experimental L/P eutuwitially, the instantaneous L/P for
the computational 40° case is negative because of the negative diftcptbat the
beginning of the specified segment of the flap cycle. Howdwesard the end of the
translational phase, the magnitude of thettépower ratio for the 40° case far exceeds
that of the other two cases.

In general, the CFD model predicts ien#ar trend in liftto-power ratio in
comparison to the 50° and 60° cases. However, it tends to-pretict the magnitude
of L/P compared tohe experiment. There is a noticeable discrepancy between the
experimental and CFD predicted L/P trends for #8 case and needs further
investigation. It is believed that due to the larger variation in pitch angle for the 40°
case, the CFD model may beojonging the diffusion of the LEV and consequently

overpredicting the liftto-power ratio toward the end dfdflap stroke.

1.5

Aerodynamic Power (Watts)

Forward Stroke - Backward Stroke

<
<

-0.5

0 0.25 0.5 0.75 1

Flap Cycle (t/T)
Figure3.7: Variation of instantaneous aerodynamic power over acffafe (40°,
50° and 60° translational pitch cases)
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3.1.4 Measured and Predicted Flowfield Comparisa

To compare the PIV and CFD flowfields, the vorticity field was used. Vorticity

is definedas the curl of thgelocity field via thefollowing equation:

: 8 (3.2)

w h e r is vorticity, " is the @l operator andB represents the velocity vectorhe
gradients of the velocity field werealculated using a second order accutasest
squares differencing methotlvhile force measurement testvere carried oubr all
three translational pitch casd?lV flowfield studies were only conducted at the 50°
translational pitch angle. In the vorticity contour plaiserlaid velocity vectors are
plotted with every other velocity vector displayed for clarity. In addition, the magnitude
of vorticity is normdized by the maximum tip velocity experienced by thegni¥ip)

and the mean aerodynamic choejl (
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Figure 3.9 provides a comparison of the measured PIV and computed CFD
vorticity field near the leadingdge ofthe wing for the 50° translational pitch case.
Figures3.9ai c and3.9di f are the results at the 25%, 50% and 75% span locations, for
the PIV and CFD respectively, at the rfiatward droke (t/T = 0.25)This comparison
displays the capability of the CFD model to predict the spatial variation of theityorti
within the LEV. The mieforward stroke position (/T = 0.25) was selected because at
this instance in the flap cycle, the wingpexiencs the highest rotational velocity and
vortex strength was expected to be near its greatest magmitoigethat fo this case
spanwise position is measured with respect to the wing root. For example, at the wing

root r/b equals 0.0 and at the witiyg r/b equals 1.0.

The LEV near the wing root in Fig3.9a and3.d is tightly formed and attached
to the wing. The CFD solver was able to accuratedglel the LEV size and location
in comparison to the PIV results. In Fig.%, the LEV has burst, becoming more
diffused and begins to separate from thegngarface. Again, the CFD solver is able to
capturethis behavior, shown in Fi®.%, displaying a larger, more diffused LEV. For
the PIV Fig. 3.9¢), at the 75% span location, the LEV has decreased in size and is
clearly not attached to the wing. The separated LEV remainglatively close
proximity to thewing surface and a smaller secondary LEV has begun to form at the
leading edge. While the CFD results at the 75% span location iB.Biglso predict
a cecrease in leading edge vor&xe and separation from the wing surface, there are
noticeable differences between the PIV and CFD. Mainly, the CFD solvepmdicts
the degree by which the LEV has separated from the wing surface. Also, the general

formation of the predicted LEV dirs from that measured by the PIV. Qualitatively,
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the LEV from CFD is less diffused and has a more oblong shape in comparison the
LEV from PIV. Largely, there is good correlation between the PIV and CFD results
and many of ta vortical flow variations inite LEV were predicted by the CFD model.
There is some deviation between the PIV and CFD vorticity fields at the more outboard

sections, but the salient flow features are still predicted.

0 5 10
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(d) CFD, rb = 25% (e) CFD, rb=50% () CED, rlb = 75%
Figure3.9: Spatial variation of PIV and CFD vorticity contours at t/T = Q2%
translational pitch case)

Figures3.10a ¢ and3.10di f show the results at the t = 0.15T, 0.25T and 0.35T
time instances of the flapycle, for the PIV and CFD respectively, at the 50% span
location of the wing. The contours in Fi§)10validate the temporal evolution of the
LEV predicted by the CFD against that measured during the experimé&ig. 3.108,

the LEV hadormed,and rotation of the flow is visible via the ovedaelocity vectors.

146



In Fig. 3.1, the LEV begins to fon, but clear rotation of the flow has not yet begun.
Figures3.1( and3.10e show that the LEVias burst, become more diffused and then
begins to separate from the wing surface. From the PIV data i8.EQ, the fow has
become highly separated with a small amount of vorticity generated at the leading edge.
Also, there is a small region of countetating vorticity located below the region of
separation. The CFD results shown in Bid.(df, exhibit largely separated flow but the
concentration of vorticity is not as diffusedthat seen in Fig3.10c. The CFD model
is also predicting a small region of countetating vortical flow similar to the PIV.
However, the location of the courtiextating vorticity is much closer to the leading
edge incomparison to that seen ing=8.10c. Overall the CFD solver has demonstrated
an acceptable capability to model the temporal evolution of the LEV and predict the
salientvariations of the LEV over time seen in the PIV.

The PIV and CFD vorticity contours provided a qualitative comparison of the
LEV from the measured and predicted results. In addition, the velocity field can be
used to quantitatively compare the estimate¥ Iciculation strength in both the CFD

and PIV.
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The circulation is obtained by choosing a suitable integration contour (i.e. around
the LEV in this case)radl numerically evaluating the clostmbp velocity integral. This
loop must completg enclose the LEV, but obviously without intersecting any other

extraneous circulation. The equation for circulation is given below as:

o WEQI B FQ"Y (3.3

wherewis the velocity vectoiQ iis the directed line segment at a point on a predefined

contour,  wis thecurl of the velocity vectoand Q "¥ the area enclosed by a curve.
For this analysis, a vorticity thresholdwassétQ 0 < ¥ < 400) so that

extraneous vorticity would not be included in the integration contour that was used to

148



enclose the LEV. Next, the vorticityeld is sanned in order to locate pockets of
vorticity of a certain size (3x3 grid square) within that threshold. These regions are
then stored as grid locations. Line contours are drawn around these concentrations of
vorticity so that an area integral wbrticity can be assessed to obtain the circulation
for the vortices in the PIV experiment flowfield and those generated by the CFD solver.
Figure3.11a provides arillustration of how the circulation is computed using
a representative phas®eraged vorticity field for the 50° translational pitch case. The
white dots represent the calculated center of vorticity for a given region of vorticity
while the black boxes peesent the discretized vorticity field. By summing trea
integral of vorticity within the vorticity field, the circulation strength of the LEV can
be determined. The circulation strength of the LEV is found using the following

equation:

® & o EQY (34)

wherelii is the incremental circulation within the incremental surface'@and n is
the total number of incremental surfareas within the discretized vorticityefd.

Figure 3.11b shows the circulation values for the shedding process at the 50%
span location for the 50° translational pitch case. From the PIV analysis, it can be seen
thatthe circulation of the LEV at the 50% span location increases tne tmidstroke
location (t/T= 0.25) and then drops. However, for the CFD, the circulation increases
past the midstroke location to about t/T = 0.30 and then begins to decrease. Also, the
decrease in circulation after midstroke can be correlated to thebluEat within the

vorticity contours (see Fig8.9and3.10).
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3.2 Flat plate undergoingisgle degreeof-freedom flapping motion

3.2.1 Computational Setup

The preent validation study is based orcase presented in R¢128]. In the
study, an aluminumflat platewingwith a rectangular planforis modeled undergoing
prescribed flap kinematicé& schematic of the wimused throughout the test case can
be seen in Fig3.12 The wing has a length of 80 mnthordlength of27 mm and
thickness of 0.2 m. Note that Ref[128] erroneouslyeports the thickness to be 2.0
mm. The flap axis which coincides with the-gxis,runs parallel to theving chordat
the root of the wingAt the start otthe simulation the wing lays wthin the xy-plane
with the wing leading edge coinciding with ti#exis. The prescribed flap kinematics
aresinusoidal in naturand are described by thenction:

%0 % p Al O Qo (35)
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where theflap amplitude( amp equalsl7® with the flap frequencff) varied between

5 Hz, 10 Hz and 30 Hz. Starting at the leading edge of the wing roa,ishee5 mm x

5 mm region in which the wing deformation is constrained in all degrees of freedom.
This is to represent the area on the wing which would typicallythehesd to a flapping
mechanism and is highlightediedin Fig. 3.12 The wing is assumed to be made of

a umi num all oy wi tH of @ GRooissgndasiol)rafldBanda s (
material density of 2700 kgfnTable3.1 contains a list of the pertinestructural and
kinematicpropertiesused in the MBDymodel of the wingFor each simulation, a
residual tolerance of 1.0x¥@vas used with a maximum numbedr 100 iterations for
convergence testing. For each flap frequency tested, the time step was changed to have

2880 iterations per flap cycle.

Flap Axis

\I Smm X Smm

I Constrained Region

e

— —
Y-axis

27 mm

p—
b

80 mm

- —

X-axis
Figure3.12: Schematic of flat pke wing with dimensions
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Table 3.1: Flat plate wing structural and geometric properties

Property Value
Length 80 mm
Width 27 mm

Thickness 0.2 mm
Density 2700 kg/m

Youngds Modul 70 GPa
Poi ssdamds Ra 0.3

Flap Frequency 5, 10 and 30 Hz
Flap Amplitude 17°

3.2.2 Results Comparisoni Element Sensitivity Study

Initial studies sought to compare the predicted results from the simulation for a
varied number of plate elements. In the stutlyee cases wereglored wherethe
number ofplate elements were variéa groupings of 10x10, 10x18 and 10xJ®e
number ofplate elements in the chordwise direction is kept constétht only the
number of plate elements in the spanwise direction varyihig. is becaus most of
thedeformation for the case in consideration is due to spanwise besfdimgwing.

Figures3.13i ¢ show the variation in normalized vertical displacement of the
wing tip over several flap cyclder the 5 H, 10 Hz and 30 Hz cases respectivélye
vertical displacement being compared is th@isplacement of the leading edge at the
wing tip. Vertical displacemens normalized by théength of the wing span and time
is normalized by the flap period@)(for theflap frequency in consideration.

In Fig.3.13, there is minimal variation in the normalized vertical displacement
time historybetweenthe three structural grids testedth the results from theQx18
and 10x26 beig nearly identicalWhen comparing the results fat 10 Hz in Fig.
3.1, all three cases appear to be nearly identical folirdteand secondlap cycles.

However, during théhird and fourthflap cycles there is noticeable deviation in the
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vertical deflecton between the 10x10 case and the other two cases with a greater
number of plate elementEhe vertical displacement time histories for the 10x18 and
10x26 cases in Fi®.13o fall on top of one another similar to the results=ab Hz.

At a flap frequency of 30 Hz (Fig8.1X), significant differences are ese
between the three different structural grids shortly aftefitbieflap cyde. There is a
significant phase differenda the variation of vertical displacement when comparing
the results fronthe 1x10case to the 10x18 and 10x26 catesomparinghe 10x18
and 10x26 cases, the tirhestories are more iphase with one anotheut there are
distinct differences in the magnitudes between the two cases. This is due to the high
flap frequency which causes significant geometry nonlinearéreslarge nertial
forceswhich act on the wing. For the high flap frequencies, the ouoffthe structural
model is highly sensitive to the number of plate elements used. However, for the flap
frequencies of interegf < 10 Hz) using 10x18 plate elements will stite. In the
following validation studythe structural modehade up 0fl0x26 plate elementsvill

beutilized.
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3.2.3 Results Comparisoni Validation Comparison

The results in the previous ssbctionfor the case of 1XP6 plate elementare
compaed to the results from two different computational structural dynamics solvers
described in Re{128]. The two solvers against which the current results are compared
were MSCMarc and UM/NLAMS.Marc is a conmercial, general purpose, nonlinear
finite element analysis solver developby MSC Software capable of modeling
structural as well as muighysics problemsJ M/ NLAMS i s University o
Nonlinear Membrane Shell Solver. UM/NLAMS is a midbdy d/namicsbasedinite
element analysis which utilizes a befilyed floating frane of reference to describe the
rigid body motion with a cootational framework to handle the geometric
nonlinearitiesThe carotational framevork is favorable for problem whithave small
strains but large rotations.

As described in Ref128], the wing is modeled using the bilinear timngular
shell element no. 13&ithin MSC Marc For the 5 Hz and 10 Hz cases, a hon
dissipdive form of the Newmark timéntegration scheme is used. For the 30 Hz case,
the generalizedmethod was utilized with a spectral radius of 0.4. The time step used
is 1.5x10* s for the 5 and 10 Hz cases and 1.0%x&@or the 30 Hz cas&or all three
cases, a convergence criterion tolerancé.0fk10* is imposed.

Figure3.14showsthe variation in normalized vertical displacement of the wing
tip over several flap cycldsetween the different structural solveigures 3.14, 3.14%
and3.14c correspond to flap frequencies of 5, 10 andH2Gespectively. In Fig3.14a,
theresults from MSC Marc and UM/NLAMS lay on top of one another and the current

results from MBDyn show good agreementhariéspect to the variation mormalized
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vertical displacementor thel0 Hz case (Fig3.14) theresults from MBDyn and
MSC Marc lay on top of one anah The results from UM/NLAMS slightly deviate
from the MBDyn and MSC Marc results near the peaks in tip displacémem@aintain

good correlation throughout othesntionsof the flap cycle. Lastly, for the 30 Hz case
(Fig. 3.14c), there is significant difference between the results of all thaskels The
variation in normalized vertical displacement for the three solvers agree well for the
first flap cycle.However, after the first flap cycléhe trends deviate significanttiue

to the large inertial forces and geometric nonlinearities present latastah flap
frequency for thisving. Figure3.15shows images of the wirfappingin the MBDyn
caseat various times in the simulation to illustrate thrdent of wing bending and

twisting that occurs at the 30 Hz flap frequency.
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Figure3.15: Images of the wing deformation for the 30 Hz case at varioudsne
instances of the simulation
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3.3 Zimmerman Planform Wing with Structural Compliance

3.3.1 Description of Experimental and Computational Test Case

The validation case presented in this section is based on the combined
experimental and computational study dissedAono et alin Ref.[164]. In this study,
PIV flowfield measurements ardigital image correlationIC) wing deformation
measurements are performed ooustombuilt flapping wing setupDIC is a non
contact, vsuatbased measurement technique that is capable of measuring the-3D, full
field displacements and str aiatos Apidturean obj e«
of the flapping mechanisimom Ref.[164] can be saein Fig.3.16 Note that the wings
in the Fig. 3.16 are different from those tested and are there solely for illustrative
purposes. The wings tested have a Zimmerman plankdmch is constructed frona
guarter section of two ellipses whose senaijor axes join at thguarterchordlocation
of the wing rooand whose semninor axes lay at the wing root. FiguBel 7provides
a schematic of the wingeometry withdimensionsThe root chord length is 25 mm
while the wing hasraoverallmean chord lengtfc) of 19.6 nm. The radial location
of the reference mean chord position is 46.4 mm fronwihg root The wing length
and planform areare 75 mm and 0.0014726 respectivelyresulting in a wing aspect
ratio of 3.82.

The wings are constructed out of a solid aluminum sheet with a thickness of 0.4
mmand i s assumed t o E)aoWvr76.0@Pa, Poissangatiesof modul us
0.3 and a material density of 270&g/m°. Given that the wig has somelegree of

strudural compliance, @& important taasses$iow the wing flexibility may influence
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the aeroelastiphenonena poducing ly the wing The scalingparametel} 1) is the

ratio of elastic forces to aerodynamic foreesl is defined as:
@]

m o o (36

whereD is thebending stiffnessf an isotropic platg} ref is thereference fluid density,

Vref is the reference velocityand et is the reference lengthirdension.Note that

0O

whereE is theYoung® modulush is the plate thickness ands the

Poissorts ratia

The linkage lengths fothe flapping mechanism were chosenetmulate a
sinusoidal variation in wing flap angle withflap amplitude of +21°. All tests were
conducted at a flapéquency of 10 Hz. Additiohanformation on the design of the

flapping mechanism can be found iefj164]
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1) Flexible membranous wings

2) Wing mount

3) Bar linkage mechanism

4) Reciprocator (linear bearing)
5) Crank-slider mechanism

6) Crank module

7) Motor with encoder and gear head

8) Loads sensor
9) Test stand
/ 10) Connection cables

A

/

Figure3.16: Flapping wing mechanism from R¢1.64]

75 mm
46.4 mm
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o | )
=
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Figure3.17: Schematic of the Zimmermawing planform with dimensions

In addition to the experimental tests, Htedy presented in RdfL64]included
a high-fidelity numerical analysiof the flapping wing problenusing acoupled

CFD/CSD frameworkTo solve the fluid dynamics of theroblem,the CFD solver
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(STREAM) is employed. STREAM is an unsteady, incompressible 3D N&tides
solver. The convectioterms are discretized using a secander upwind scheme
while the presure and viscous terms are discretized using a second ertdeal c
scheme. An implicit Euler scheme is used for time integration. A msisteég moving
grid technique is employed tadilitate remeshing of the CFD grid due to defatiors
applied at thdluid-structure interface.

The structural dynamiasf the praolemaresolved using UM/NLAMUniversity
of Mi chigands Nonl i ng@WNLAVSMDM/HLAMS iSeh e | | Sol
multi-body dynamicsbased finite element analysisvhich utilizes a bodyixed
floating frame of reference to describe the rigid body motiah wicorotational
framework to handle the geometric nonlineariti€se shell element used with the
structural solver is auperposition of theptimal membrane element and a discrete
Kirchhoff triangle plate bending element. More information on SHEREAM,

UM/ NLAMS and the devel opment of foundm aut hor
Ref.[111,128]

The authors utilized an @pe structured, muHblock grid to represent the
Zimmerman wingwithin the CFD solver The CFD mesh was generated with
approximatey 0.7 million cells ad a time step size of 1.5x38 was implementedin
the structural model, a total of 480 triangular plate elements were utillzed.
structural and geometry properties of the aeroelastic model were made to match those
described inlte experimental setuppable3.2 contains a list of the relevant structural

parameters and flow conditions for this case.
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Table 3.2: Zimmerman wing structural and flow condition properties

Property Value
Wing Spanb 0.075 m
Root Chord Lentl, Croot 0.025 m
Mean Chord Lengthc 0.0196 m
Span Location (at mean chortss 0.0464 m
Wing Thicknessh 0.4 mm
Wing Planform AreaS 0.0014726 rh
Material Density, J 2700 kg/ni
Youngos ,Modul 70.0 GPa
Poi sson®s Rat 0.3
Aspect Ratig AR 3.83
Flap Frequency 10 Hz
Flap Amplitudet amp 21°
Maximum Tip Velocity Vip 1.73 ms?
Maximum Velomt_y (at mean chord sp¢ 1.07 mst
location),Vret
Reduced Fequency{z—ﬁ 0.357
T -
Air Density, J air . 1.209 lg-m
Reynolds Numbe(rz*%r)' 4092
14 (ﬁ“‘ F 3.8<10¢

3.3.2 Computational Setup

For this validation case, a flexible wing was studied, thus, the coupled
CFD/CSD aeroelastic analysigas utilized when modelling the wing. In the CFD
model, the case was modelled using an overset mesh systermmanG-O topology,
structuredodyfitted mesh was used to regent the wing and a Cartesian background
mesh was used to model the surrangavake.The wing shape was designed to match
that of thetest wing schematic shown in Fi§.17. In the CFD wing mesh, all
dimensions are normalized by the mean chditte wing mesh wasapproximately
comprised ofL.9 million grid points with227x91x93 grid points in the wragyound,

spanwise and normal directiorespectively. Note that of the 227 points in the wrap
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around direction, 147 lay on the wing body while the remgipoints make up the
wakecut region of the wingnesh.Grid points on the wing mesh wetkistered along
the leading and trailing edges as Mas the wing root and tip to better capture the
vortices that are expected to form in those respective redibasackground cartesian
mesh is composed of 1283x103 nodes in the X, y and z directions respectivEhe
outer boundary of thevake meshs 20 mean chord lengths from the origin in each
direction with a clustering of grid points in the immediate vicinity oftireg to more
accurately capture the gsheotticity. A picture of the wing and background meshes can
be seen in Fig 3.18 and3.1&.

The structural model was made up of plate elemertts i elements in the
spanwise dection and 8 elements in the chordwise directi@rpicture of the node
points making up the wing structural model can be seen in3-gc. Structural
parameters from the experiment (TaBl8 were implemented in the structural model.
Given that the wing has no defined root cutout, at the start of the simulation, the wing
root lays along the positive-axis. The wing span lays alg the positive yaxis with
the leading edge of theimg root positioned at the origin. The sinusoidal flapping
motion was prescribed at the leading edge of the wing root aboutatkis xesulting
in the wing flapping in thgz-plane.Note that the simutan was set to start at the
middle of the downstroke match the results of the validation computation.

Overall, the simulation was run for 4 flap cycles with 2880 iterations per flap
cycle resulting in a timestep size of 3.47®19used in the structat model. The
timestep in the CFD model was set satttie positional change in the wings match

between the CFD and structural modéisotal of 8 subiterations were used in the
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CFDsolverto minimizefactorization errors and improve solution accurdicyheCSD
solver, MBDy ndés or i gi nalmulisted algerithmvias esedlwithnee a r

spectral radius of 0.6. The residual tolerance was set to 120x10
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(b) CFD background mesh with
embedded wing mesh (Defed in
green)

(a) CFD mesh of Zimmerman profile
wing
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(c) Structural model node points
Figure3.18: Images of overset mesh system (Wing and background meshes
structural model node points

3.3.3 ResultsComparison

In this section we will be comparirige experimental and computatiomesults

from Ref [164] to those predicted using the current aeroelastic analysis for a variety of
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datasets. Datéo be compared includeing tip deflection, instantaneous lift force
coefficient time historyyorticity and veleity field contoursandvelocity profilesat
select positions of the wing span

Figure3.19is a plot comparing the vertical displacement at the wing tip over the
course of a flap cycle. Note that the wing posii®oompaed at the leading edge of
the wing tip. Also, in Fig3.19 the vertical displacement is hormalized by the wing
span. The results using the current CFD/CSD solver match well to the computational
resultsfrom Aono with the two graphslaying on top ofone another. Theurrent
CFDI/CSD solverresultsalso exhibit a similar trend to that of the experimedtta
with respect to peak tip displacement as well as phase in the variation of tip
displacement over time. Figur@20 compares thecomputationdly predicted lift
coefficient time historiesTo calculate the lift coefficient, the lift force generated by
the wing is normalized b@.5 air(Vie)?S. Thevaridion in predicted instantaouslift
coefficient from Aono and the curreBED/CSD solveagree wellHowever, the peaks
in lift coefficient predicted by the current CFD/CSD solver slightly greater in

magnitude than the results predicted by Aono

Wing Tip Displacement (z/b)

@ Experiment - Aono
©  Computation - Aono
Computation - Lankford

0 0.25 0.5 0.75 1
Time (t/T)
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Figure3.19: Comparison of wing tip deflections from REE64] and current
CFD/CSD solver

Computation - Aono
Computation - Lankford

Lift Coefficient (CL)

0 0.25 0.5 0.75 1
Time (t/T)

Figure3.20: Comparison oEomputationalC, time-history from Ref.[164] and
current CFD/CSDBsolver

In addition to comparing the wing tip deflection and lift coefficient variation,
comparisons oforticity and velocity fieldsvere conductedrFigures 3.21 and 3.22
show vorticityand velocity magnitudeontours respectivelyfrom the experimeiad
and computational studies performed in R&64] and the predied esults from the
current CFD/CSD solveilhe vorticty and velocity magnitudeontours in Figs3.21
and3.22are at t/T = 0.30At this time in the flap cycle, the wing is inetlealy stages
of theupstroke The flowfieldsin the plotsaretaken along the wing span at the quarter
chord locationof the wing root.In Ref. [164], the authas present the computational
flowfield results in two wag. Tte firstuses thdlowfield dataduring the & flap cycle
and the second is a phameerage of the data at thd, 31", 5" and & flap cycles.The

results from the current CFD/CSD solver a from the last flap cycle Nokg that the
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vorticity conburs constructed using the results frauarrent CFD/CSDsolver were
calculated irthesame manner as thoseSuab-section3.1.4

Overall, there is adequate agreement between the vorticity contours shown by
Aono et al. (Figs3.21ai ¢) and those predicted by the current CFD/CSD solver (Fig.
3.21d). There is a significamével of incoherent vortical structures presenFig.3.21d
due to the separation occurring at the wing Aiphigh degree of separated, vortical
flow is apparent in the computational results from A¢figs.3.21b and3.21c). In the
experimental resultsHig. 3.219), the vorticity is weaker and more diffused espky
at points in the flow that are not in immediate proximity of the wingSimilarly, the
velocity magnitude contour plots ing=B.22exhibit adegate agreement. The velocity
magnitudes toward the wing root are lower in tesults from theurrent CFD/CSD
solver (Fig.3.221) compared to the computatial esuls from Aono(Figs.3.22b and
3.2Z). The velaity magnitude below the wing in Fi@.22 is relatively low and
resembles the experimentallagty magnitude contours (Fi@.22a) in that region

more so than the computational results from Aono.

(a) Experiment (Phase averagéd)

Aono (b) Computation (8 cycle)i Aono
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100

Normalized Z-coordinate, z/c

Normalized Y-coordinate, y/c

(c) Computatior{Phase averaggi (d) Computation (Last cyclé)
Aono Lankford
Figure3.21: Vorticity contour plots at t/T = 0.30 for the experimental and
computational results

(a) Experiment (Phasaveraged)

Aono (b) Computatdn (6" cycle)i Aono

Normalized Z-coordinate, z/c

"6 5 4 3 2 1 0

Normalized Y-coordinate, y/ (_:
(c) Computation (Phase averagéd) (d) Computation (Last cyclé)
Aono Lankford

Figure3.22: Velocity magnitude contowplotsat t/T = 0.30 foithe experimental
and computationaksuts
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Figures 3.23 and 3.24 show vorticity and velocity magnitude contours,

respectivelyat t/T = 0.48 At this time in the flap cycle, the wingapproximately half

way throughthe upstroke and is also half way thrduthe flap cycleAgain, there is
overall adequate agreement between the vorticity contours shown by Aono (Figs.
3.23i ¢) and those predicted by the cutr@D/CSD solver (Fig3.23d). Most of the
vorticity is focused on the underside of the wing as the tip vortex continues to develop
and evolve throughouhé upstroke. The location and general size of the tip vortex is
similar between the expimental resultFig. 3.23), those predicted by Aon@-igs.

3.23 and3.2%) and those predicted using the current CFEIDGolver(Fig. 3.23).

(a) Experiment (Phase averagéd)
‘Aono

100

Normalized Z-coordinate, z/c

-100

- le Normalized Y-coordinate, y/c
(c) Computation (Phase averagéd) (d) Computation (Last cycle)
Aono Lankford
Figure3.23: Vorticity contour plots at t/T = 0.48 for the experimental and
computational results
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Likewise, he velocity magnitude contour plots in Fi§24 exhibit adequate
agreementThe velocity magnitudeontours ofthe experiment (Fig3.24a) and the
current CFD/CSD solver agree well with respect to shape and magnitude of the region
of high velocity magnitude (JMp 1.0). The velocity magnitude predicted by Aono
(Figs. 3.2%4 and3.24c) tended to ovepredict the size of the region below the wing

with increased velocity magnitudes.

(a) Experiment (Phase averagéd)
Aono

Normalized Z-coordinate, z/c

"6 05 4 3 2 1 0
Normalized Y-coordinate, y/c

(c) Computation (Phase averagéd) (d) Computation (Last cyclé)
Aono Lankford
Figure3.24: Velocity magnitude contour plots at t/T = 0.48 for the experimen
and computational results

r

In order toprovide aquantitative comparison of the flowfieldpmparisons of

the velocity profiles were performed. FiguB25shows the velocity profiles from the
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experimental and computational results of Aono as agthe rsultsgenerated from
the current CFD/CSD solver. Velocity cuts were taken in the vertical direction from
the flowfield data presented in Figd22 and 3.24 at location near midspaand he
wing tip. The dashed vertical lines in Figs22 and 3.24 depict the locatiorof the
velocity cuts within the flowfield. Figures25a and 3.2% were taken at t/T = 0.30 and
Figs.3.25 and3.25 were taken at t/T = 0.48.

In comparing the velocity pfiles, there are some notakdédferences in the
variation of velocity over theutfor all the cases presented. Howevegenmeralthere
is agreement betweehe experimental peak velocity magnitudes and those predicted
by the current CFD/CSD solverh@&re is better agreement betwebe experimental
and computational velocity profiles at the midspan location (Bi@&a and3.25) as
opposed to the wing tip (Fig8.2% ard 3.25d). This is most likely due to the lower
degree of highly separated flow at the midspan location in comparison to the wing tip.

Notably, inFig. 3.2%, the computational resslterd to overpredict the peak velocity

magnitude.
3 3r
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(a) Slice at midspan, t/T =0.30 (b) Slice athe wing tip, t/T =0.30
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O Computation, 6th Cycle - Aono

25F ® Computation, Phase Averaged - Aono
4 Experiment - Aono

oL Computation - Lankford

Velocity Magnitude (m/s}
Velocity Magnitude (m/s}
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-0.08 -0.06 -0.04 -0.02 0 0.02 -0.08 -0.06 -0.04 -0.02 0 0.02
Vertical Direction (m) Vertical Direction (m)

(c) Slice at midspan, t/T = 0.48 (d) Slice at the wing tip, t/T = 0.48
Figure3.25: Comparison of experimental and computational velocity magnitt
profiles at t/T = 0.30 and 0.48

3.4 Flexible Isotropic Rectangular Planform WingHover

3.4.1 Experimental Setup

The present validation study is based on the results-lobuise experimeal
tests performed on a custom built flapping mechanism and set of flatijpdataings.
The wing used throughout the experimaxnsised of athin plastic retangular plate
secured within atiff aluminum leading edge spdihe wing lengthand chord wre 60
inches and B inches respectively resulting in an aspect ratio of 2.0. Three wing
thicknessegh) of 0.015 in(15 mil), 0.010 in(10 mil) and 0.0075 in(7.5 mil) were
testedNote that the 10 mil and 7.5 miingswere made opolyester plastic wile the
15 mil wing was made of polyethylene terephthalate glycol (PETG). The leading edge
spar isconstructed out of aluminum andaemposed of two halves whigandwich
the plastic plate and are fastened together via four screws. Each half of thg éekaglin

spar has a length of 6 inches, widtfOdtinches and thickness 0flinches. When the
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wing is fully assembi@, thetotal leading edge spar thicknes®i2 inches.A picture

of the 10 mil thick wing can be seen in F3g26

Leading Edge Spar

sayul (¢

6.0 inches
Figure3.26: 10 milisotropic flat plate wing with reflective markers

The wing in the experimental tests waatuated using a custom made fbar
crankrocker mechanism. The mechanismswadeggned to emulate one degreé
freedom sinusoidal flapping motievith a flap amptude of+40°. A kinematic analysis
described in Ref165] was applied in order to correctly size the mechanism linkages
to minimize variation in angular acceleration, and consequently the variation in angular
velocity and anglar position, between the forward and backward strokigire3.27
provides a schematic of the felar linkage system as well as a CAD photo of the

flapping mechanism.
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Rotary
Disk

Coupler \

Link

Rocker
Link

Shaft
Encoder

(b) CAD image depictinflapping mechanism setup
Figure3.27: Schematic of foubar mechanism linkages and CAD of flapping
mechanism

From Fig.3.27a, the presentegrmsare definedelow.

6 0 0 zZAT S (3.7
6 0 zOE+ (3.8)
| AOAO&IJS (3.9)
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- D. D 0 0

I AOAAFO——— (3.10)
¢z0 O o}

%o | i (3.11)

whereLy, Lo, Lz and L are the lenths of the fixedink, crank link, coupler link and
rocker link respectivelyln Fig. 3.27a, thevertices A, B, C and D represent the
connection point of twéinkages.Theangle betweeh;and bisd and t he f |l ap &
« i s t he asangdaeefeterece liweeceintident with The linkage lengths
determined via the kinematic analygi§5], are such thati1=4.506 in L =0.403 in

Lz =4.43 inand L = 0.63 in Figure3.28 provides a plot ofthe expected flap angle
variation overitme based on Eq(3.7) 1 (3.11). A cosine function is included in the

plot to provide referencdote tha in Fig. 3.28 the flap angle variation calculated by

Eqg. (3.11) is normalized abouts mean value so that the minimum and maximum flap
angles are of equal maitude.The crank link is driven by a#RC BL300 DC brushless
motor through atwo-geardrive trainwith a gear ratio 06.3:1 to increase the input
torque of the crank linkA US Digital MA3 miniature shaft encoder was attached to
the rocker link to measure the flap angle over time during actuation. The shaft encoder
has resolution of £0.5°The wings were tested at flap fremcies of 2 Hz 4 Hz
resulting in tipbased Reynoldsumber ranging from,800 t016,850. Note that when

attached to the fodsar mechanism, the wing is offset from the flap axis by 2.0 inches.
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Figure3.28. Expected foubar mechanism flap kinematics over time (from Ec
(3.12))

To determine the Youngds modul us of
were conductean a series of test samples. Tensile testewenducted using an
Instron 884 machine attachet an Instron 8800 controllefheWaveMakersoftware
packagewvas used toun the tests and collect theeasured dat®ata was colleetd at
a sample rate of 1000 H@&iven the nature of the material, thetocols outlined in
ASTM D63814 [166] were followedwhich were designed for testing thin plastic
mateials. Dogbone specimens were creaaedording to the dimensions outlined in
Ref.[166]. Figure3.29providesa CAD drawing illustrating the dogbone specinman
well as picture of the specimamthe Instron machin&our dogbone test samples were
created using the material at the three different thicknesseserfdile €st were
conducted at aull speed of 0.2 inches per minute for a total of 5 minutes or until
material failure was reached.

Figure 3.30 shows the stress versus strain curves for the three different

thicknesses of materigksted.l n order to cal cul at e t he
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