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ABSTRACT

The current investigation focuses on achieving a greater understandirige on
aerodynamic phenomena that takes place during flapping flight amgbpteation in the
development of Micro Air Vehicles (MAVs) and Nano Air Vehicl@¢AVs). Quantitative
force measurements were made on the MAV model to understanderitglynamic
performance of flapping wings at different operational flight caooilt A comparative
analysis was also made to understand the effects of wing raeenlflexibility on the
aerodynamic performance of an MAV. The results obtained fromsthidy would help
design a membrane based flapping wings which would have an optimahyr@@mic

performance

Dragonflies are considered to be some of the most agile and maatgdavieisects
known to man due to which they taken as an inspiration for the stuélgpping wing
NAVSs. Piezoelectric fans were used to simulate the flappiagom of insect wings due to
their ability to generate a high wing beat frequency. Flowsomeaent studies on the fans
placed in a tandem wing configuration were carried out with the dkDigital Particle
Image Velocimetry (DPIV) by which quantitative flow field asirements were made. The
PIV results provide a greater understanding of the vortex stracwumeh were generated

due to high frequency flapping motion of the wings.



CHAPTER 1. INTRODUCTION

In the latter half of the 20th century has witnessed events wviiaice changed the
face of warfare. Conventional warfare which has been in then refafull scale war between
nations has now diminished into what is known as Low Intensity Confli¢®). This new
form of warfare involves restricted use of conventional militasgets mostly for political
reasons which would involve solving short term objectives in foreditypof a country

without the risk of all out war.

Wars over the recent years including the NATO intervention irBddkans and the
current operations in Iraq and Afghanistan have seen an ingeasie played by
uninhabited areal systems which are acting as the "eyes skyhéor military commander.
This capability gives them up-to-date intelligence therebgreiasing the situational
awareness of all arms of a fighting force. As the yeargrpss more UAVs are pushed into a
qguasi multi role capability with new onboard systems being added exidiing platforms.
Apart from the traditional photo-reconnaissance and targetingitiipa, UAVs now also
carry various SIGINT (Signals Intelligence) systems whgdn also intercept enemy

communications and also delivery of Precision Guided Munitions (PGM) on speajitsta

With the ever-growing need for greater intelligence on enemoe$ especially in the
case of such low intensity irregular warfare would requireugee of a new breed of UAVs
which are cheaper and capable of extended missions within enentgrye The next
generation of such unmanned systems would include the use of miti&turerhey would
satisfy primary goal of being a squad based device which can debyse small group of

soldiers and also making the entire system man portable. These systethspavate within



the realm of bird and insect flight. The possibility of developngh a system is due to
recent advancements in miniaturization of sensors and otheroalest which are light
weight and can be mounted on such micro air vehicles. Wide arfélysse sensors are now
available off the shelf, which include cameras which are capzibieermal imaging and
other low light infra red night vision applications. These systeams aiso be fitted with
sophisticated listening devices which would be used as a meartsllijence gathering or
can also be used in the area of disaster relief. Highgiteee listening devices can also be
used to locate people who are trapped beneath the rubble of a colbapséty or other
structure. Another application where MAVs can be used is factieg contamination by
Nuclear Biological or Chemical (NBC) agents. In this scendris safer to deploy an

unmanned system in such a situation for reasons of safety.

Though the development of such a system may sound very straightdptihiere are
several challenges which lie in the path to developing a completang model of a bio
inspired flapping wing miniature uninhabited air vehicle. The primaryl gdathis
investigation is to study the aerodynamic characteristit®tf micro and nano scale UAVs
and to understand the underlying aerodynamic phenomenon which would ¢aterugeful

while developing such a system in the future.

1.1. Oscillating Airfoil

In order to study the aerodynamics of flapping flight, the ftsp would be to
understand the aerodynamic phenomenon behind oscillating airfoil. Whepamnto
flapping flight, oscillating airfoils can be represented as@ dimensional cross sectional

region of the entire wing which is in motion. Several reseasdn&ve extensively studied the



effects of flapping flight results of which have shed light on #®dynamic phenomenon
which takes place with motion similar to that of flapping wingpart from studying the
effects of flapping flight, such a study can shed greater ligtd the hydrodynamic
performance of aquatic animals by which a more efficient underyweopulsion method can
be developed [1]. Extensive research both in computational and experifiental have
been conducted by various research groups to understand vortex sheetedjdnethe
wings as they oscillate. Some studies have also been conductedictdate force
measurements in order to understand the aerodynamic forces prodursdllaying wings
and some of the research is directed towards assessing thsiblgagpplications in
unmanned air systems and submarines by which a more efficdamsnof propulsion can be

developed.

Initial studies in oscillating bluff bodies at low Reynolds numlvegse conducted by
von Karman and Burgers where these vortex structures on the wea&dit observed [2].
The wake region of oscillating airfoils was found to produce tworeltaows of vortices.
On having a repetitive oscillatory motion of the wing over gogeof time, a continuous
trend can be observed in the wake of the airfoil which is called taxvetreet. The term
Karman Vortex Street has been coined with from these stutlies figure 1.1 shows an

illustration of the Karman Vortex Sheet.
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Figure 1.1. Karman Vortex Street

This vortex structure consists of dual rows of vortices which havedm®rated due
to oscillatory motion of the airfoil. In this wake structure, ih ¢g found that the vortices in
the upper row of the sheet have a clockwise orientation and the ones lowér row have
an orientation in the counter-clockwise direction. On calculatingithe averaged velocity
profile of this flow, a slight decrease in the velocity profilen be observed in the wake
region of the airfoil. This decrease in the velocity indicatemanentum deficit and is
associated with drag being produced by the airfoil. A simildwcity profile in the wake
structure can be observed in the trailing edges of stationarydoldiés as they produce drag
under such conditions. The resultant wake structure in this particularazaaésc be called a

Drag Producing Wake.

Figure 1.2 shows a different wake structure which would be observibe iwake of

oscillating airfoils.



Reverse Karman Vortex Street
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Figure 1.2. Reverse Karman Vortex Street

In this particular configuration, the vortices are oriented opposite to eachnatindéine upper
row having a counter clockwise direction and the lower row witloekalise direction. The
time averaged velocity profile of the wake shows a momentumitscafe be observed with
an increase in the velocity in the wake region of the airfoils Ticrease in the velocity in
the wake region can be attributed to the thrust being produced lhwattee This vortex

structure is known as a Reverse Karman Vortex Street or a Thrust Prod(adieg

A third case which is observed in oscillating airfoils is wbat be described as a
neutral wake Figure 1.3 shows a neutral wake configuration invéike of an oscillating

airfoil.
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Figure 1.3. Neutral Wake

In this vortex structure, a single row of vortices can be obseritaceach of the vortex
having an alternating orientation. In this case, the resultant ielacifile would produce net
drag and net thrust which would cancel each other out thereby givimifam flow in the
wake region. This case is referred to as a Neutral Wakeess is no net resultant force being

observed in the wake region.

1.2. Propulsive Efficiency

Vortex structures similar to the ones mentioned above were obsernexperiments
conducted by Lai and Platzer [4]. A 10mm NACA 0012 airfoil followmginusoidal wave
pattern was used to study the wake structures. The paramiiers were varied during the

experiments include a non-dimensional term called Reduced Frequency (k)



Where f is the oscillation frequency c is the chord lengtthefairfoil and U is the free
stream velocity in the test section. The other non-dimensional term whichad daring the

experiment is the plunge amplitude (h)
a

h=—
Cc

Where ‘a’ is the plunge amplitude of the airfoil. During these exmts, a drag producing
wake was found at an instance when kh = 0.29 but as the kh value vess@tcto a higher

value of 0.6 the same airfoil was found generate a thrust producing wake.

Similar experiments were conducted by Koochesfahani[5], wherevdlke structures of
airfoils oscillating with a pitching motion in both sinusoidal and nonsspidal wave forms
were studied. Apart from flow visualization, qualitative flow s@w@ments were also
conducted using Laser Doppler Velocimetry (LDV). A special tesealso been noted during
these experiments where two vortices of the same orientati@hededuring each half cycle of
the oscillation. A time averaged results of this particular <iemvs, a dual double vortex
structure were observed on both the upper and lower planes of flappives ttbserved that a
similar stable configuration could not be maintained when the aidadscillating at lower
amplitude. This specific case where vortex pairs are being isb@dhe wake can only be
observed when the ratio of amplitude to chord length of the winggis. Alihese vortex
structures which are deviant from the traditional Karman Vo8&eet will be observed in

future experiments involving Piezoelectric Tandem Wings. It ala® mentioned that the



critical reduced frequency for thrust generation would depend on tHetsgiamplitude of

the wing.

Further experiments conducted by Anderson et al. [6] involved osdillairfoils placed
in a water tunnel. These studies were oriented more towardsngfulde propulsive efficiency
of these oscillating airfoils. It was mentioned earlier #ratoptimal jet in the wake structure
depends on a larger distance between the vortex sheets. An amdiagstof such efficiency
would be of great advantage when it comes to finding a suitabdsm® increase the
endurance of micro air vehicles to make optimum use of onboard poweres. Once an
optimal set of flapping parameters can be obtained for the mickelaicle, the use of such a

flight profile can increase its effectiveness during extended missions.

A non dimensional term that can be used while calculating the pgpeverated by the

system would be the power coefficient Qgferwhich is

Power
Crower = 1

Ep SU3
Another term which is to be calculated would be the thrust caaitiogenerated by the

oscillating wing which is given by the equation

c T
p=——
— 2
5pSU

The power consumed by the oscillating airfoil calculated by piyitig the voltage (V) and the

current flow (I) through the circuit, S is the planform areahefwing,p is the fluid density and



U is the free stream velocity. The propulsive efficiencyhef $ystem can be calculated using

the equation

Cr
np =

CPower

The above equation can also be written as

_ TU
~ Power

Np

In the current study will focus more on looking at the propulsiveieffcy of the flapping
mechanism as a function of the advance ratio in which the vehalédvbe traveling. This is
also useful as a term by which the aerodynamic flight regiare be determined where the
vehicle can operate allowing the onboard propulsion system to opertdtemaximum

efficiency thereby increasing the endurance of the vehicle.

1.3. Leading Edge Vortex

Leading Edge Vortex (LEV) is a relatively new concept atyestudies on insect and
bird flight have ignored the possibility of the existence of ditepedge vortex. When studies
were conducted to explain the aerodynamic of flapping flight, the c@inga results which
were obtained were found to have severe inconsistencies betweelticakarel experimental
results. For a period of time it was considered that insects atsl dannot fly according to
conventional laws of aerodynamics. Ellington et al. [7] have coaedufiow visualization
studies on insects and mechanical flapping devices and have deltecta@dence of a large
leading edge vortex structure during the down stroke of the flapping Wiregvortex structure

which is created by dynamic stalling of the wing was found @ salfficient strength and also
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explains the high lift forces being generated at these tonsli The flow separation at the
leading edge was found to re-attach itself on to the surfatieeoling thereby creating the
vortex structure. Span wise flow also plays a major part in uraelisg leading edge vortices

as the size of the vortex is found to increase towards the wing tip [7-9].

The leading edge vortex essentially creates a low pressgren around the leading
edge of the wing causing a larger suction in the upper surfabe wfimg by which the extra lift
is generated. An enhanced circulation due to the low pressurersaun for the presence of
this extra lift during flapping motion. The dynamic stalling whis responsible for the creation
of these leading edge vortices allows the wing to travelight angles of attack for brief
amounts of time before it stalls. Flapping motion will therdlpmathe flyer to continue flying
at higher angles of attack with much larger lift being produkethg flight. From their initial
observation Ellington et al. [7] were able to determine thatiticalation at the leading edge of
the wing increases in the first half of the down stroke. As thg waaches towards the end of
the down stroke, the leading edge vortex detaches itself frosutfece of the wing and is shed
into the wake. The presence of a leading edge vortex isvedyaless prominent in the case of
oscillating airfoils as leading edge flow separation over tiemelayed due to their shape.
Insect wings on the other hand have a cross sectional profilersimitzat of a flat plate which

would promote the formation of leading edge separation.

The stability of the leading edge vortex has also been aapriarea of investigation,
Viieru et al. [8] have conducted various numerical simulationgudysthe aerodynamics of
low Reynolds number flight vehicles where the stability of leadidge vortices have been

discussed. In 2D flow studies, the leading edge vortices aeragly found to remain stable for
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only short periods of time. In reality this is not the caseadihg edge vortices are much stable
in 3D conditions. The stability of the leading edge vortex is maiedaioy removing the
vorticity through span wise axial flow along the vortex core. flbm structure of the leading
edge vortex has been found to have a cylindrical structure from #tedees. Another
observation was that the size of the vortex varies with sizéh@ndperating Reynolds number
of the flyer. This prominence of the span wise flow has also bedarstood during the early
studies by Ellington et al. [7] which have been mentioned eaflleough the mathematical
modeling of the leading edge vortex and its effect, Viieru g8Jalhave concluded that the
stability of the vortex can be explained from the momentum equatleere the pressure
gradient, the centrifugal force and the Coriolis force tend to #eeportex stable. The stability
of the vortex allows the flyer to operate at very low velogitigthout the wings stalling during

flight.

Further studies have also been conducted by Lu and Shen [10] wheressbpic
digital particle image velocimetry data was gatherethan span-wise direction of a wing to
study the evolution of the leading edge vortex in three dimensionakespaVith their
observations, it was concluded that the LEV is a collection of foferdift vortices comprising
of a primary vortex and three other minor vortex. This finding has mamessible to imagine
that the LEV is much more complex in a 3D plane than what is ysoiadlerved in studies
involving 2D flows. Earlier studies have shed light on the complexith@fLEV structure by
Lu et al. [9]. The presence of a dual leading edge vortex has beeth catieg their
experiments on the 2D plane of the wing where the presence offamae complex vortex

structure on the leading edge of the wing has been suspected initially.
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1.4. Membrane Wings and their Application

Micro air vehicles, owing to their smaller size are gdheexpected to carry out
their desired operations in regions where conventional UAVs are aut@abbperate. The
decreased size of the vehicle is one of the main factors wiakk enmicro air vehicle more
deploy-able and portable than conventional UAVs which have a much Veirgg span. Due
to these factors, the vehicle also operates in lower Reynolds rartiizer their UAV
counterparts. A basic outline of the flight speeds at which naorwehicles operate are
within the range of around 10 m/s with the operating chord Reynoldbarumthe range of
10° to 10. At these operating speeds, the conventional airfoils which could Berusgcro
air vehicle wings will be subjected high levels of viscositiects due to the low Reynolds
numbers which would cause the aerodynamic performance to degradargg factor. This
decrease in aerodynamic performance can be attributed to féduts ebf boundary layer
separation and their growth. Studies involving the use of DigitdicRalmage Velocimetry
(DPIV) and surface pressure measurements have been used betYaldl], where the
effects of boundary layer separation were studied in the caséNACA GA(W)-1 airfoil
operating at low speeds. Their efforts were focused on stutlygngrocess of the transition
of a laminar boundary layer, where separation of the laminar boutadenybegins to take
place with increase in the angle of attack and its transition to turbuwenwith the presence
of unsteady vortex structures which were formed due to Kelvin-htaim instabilities. The
studies also focused on the phenomena of flow re-attachment on the uppes sdirthe
airfoil by the turbulent boundary layer. This particular study Hastiated some of the

conditions to which micro air vehicles of both fixed and flapping wintggmy could be
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subjected while they operate at lower speeds and higher angltack. Particularly in
situations where the vehicle would be subjected to operating in cordpazks such as
inside buildings, where it would be expected to fly at much lowezdspelrhe performance
of such airfoils at low Reynolds numbers can cause criticaiateshs to the operability of

micro air vehicles.

To overcome such an obstacle, one could look at nature for inspirationnasst
cases. There are many natural fliers which operate at mueh $§peeds and higher angles of
attack with relative ease and with higher aerodynamic pedioce. The interesting fact
about this breed of fliers is that they do not have a rigid wingtsires. An exceptionally
interesting case would be that of the flying mammals namelgahand the Flying Squirrel.
The flexible membrane wings used by these mammals were faundctease their
performance in terms of maneuverability and agility though tieyunder conditions
identical to micro air vehicles. Such wings also allow batsave a higher degree of control
over the surface of the wing whose shape can be altered withlghefhieeir elbows, wrist
and fingers thereby making them much more maneuverable. Due tdabtss, these bio-
inspired wings have a growing interest among researchers angihyearties and applied

with a great amount of success.
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A study conducted by Hu et al.[12] involved a comparison of varying
membrane flexibility and their advantages over a rigid windhefsame profile. The study
involved using rigid spars on the surface of the wing to control thebiliey of the
membrane. An optimum design was selected based on the lift-ta-atrag calculated on
flexible wings made with different spar numbers. Aerodynaragting on these wings
showed a similar amount of lift being produced by all the wadde irrespective of their
flexibility levels however, the drag generated by thesegsimwere found to vary

significantly. From this finding, it was concluded that the fldkjoof the membrane on the
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wing could severely affect their aerodynamic performance amddtvery much essential to
find a wing with the optimum flexibility. It was also learnfedm this comparative study that
the wings with a higher degree of flexibility can have a much idifteo-drag ratio than a
rigid wing; this was later found to be due to the presence t¢éffilagy of the membrane in the
trailing edge of the wing even at lower angles of attabkie to this reason, a wing with a
moderate amount of flexibility was selected which proved to lihgehighest lift-to-drag
ratio among the group of wings tested. As part of the next phasaderstanding the
flexible wing was subjected to flow field analysis with a iRigParticle Image Velocimetry

(DPIV) method in a wind tunnel.

When the rigid wing was subjected to high angles of attack, st fmand that a
significantly large turbulent wake was visible in the trailedge of the wing. The boundary
layer was found to be separated from the upper surface of thé andcihus resulting in the

presence of a large unsteady wake in the trailing edge thereby cawsspgration bubble.
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Figure 1.6. Results from Aerodynamic testing of membrane wing at Ab& esing
DPIV(Digital Particle Image Velocimetry) [12]

When the flexible wing was subjected to similar flow conditioith Whe same angle
of attack, a totally different set of results were obtained ttanpared to the rigid wing. It
was found that due to the severe pressure difference betwegpptreand lower surfaces of
the wing, the wing membrane was found to experience a large trailjggdeformation from
its initial position of the membrane. This particular phenomenonwh@a deformation in
the trailing edge of the wing allows the boundary layer to stagleed to the surface of the
wing which considerably decreases the effective angle atlatf the wing. The wake
region of the wing showed a minimal amount of turbulence therebgaitilj the presence
of a reduced amount of drag than compared to its rigid counterpafidrnmation of the
membrane wing surface thus allows it to operate at higher georaegles of attack without
any significant loss of aerodynamic performance. A decriease effective angle of attack

also delays the stall of the wing allowing it to operatenath lower speeds and at higher
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angles of attack than conventional rigid wings. From these findihgsn be very well
concluded that wings with flexible membrane are ideally suitedvdbicles which operate

within the general flight envelope of a micro air vehicle.

One of the areas where the flexible membrane wings wezetigély employed was
in the case of the University of Florida MAV research group. Asqgfaheir studies into the
area of micro air vehicles, the MAV research group has adopted nabrarge wing
configuration. The design of their vehicle involved the use of carbonljddézns which are
later covered with a flexible membrane thereby providing shapgbetavings. Levels of
flexibility of the wing surface were varied in this casedmanging the number of fiber glass
battens which were used on the surface of the wings. Extensive ctiomaltaand
experimental studies were conducted on these designs [13] whichingéned towards

studying the process of flow separation over the body of the MAV.

Findings from the study concluded that the wing surface is capéhlbat is known
as 'passive shape adaptation' which thereby acts as a medakyostall. It was also
concluded that the membrane decreased the effective anglaak attthe vehicle thereby
allowing it to fly at much lower speeds with an increased gamretgle of attack than its
conventional rigid counterparts. High frequency fluttering was alsectésl in the membrane
of these wings during flight. Another aspect which is discussttdregard to this particular
system is its ability to absorb instantaneous turbulent flowsarfree-stream air during its
flight. This phenomenon is called 'gust suppression' by which the MAAble to fly in a

much more stable condition than MAVs of similar design and a rigid wing.
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Figure 1.7. University of Florida 15cm Membrane Wing Micro Air Vehicl@iBiting
Menbrane Flexibility [13]

Prevalence of such gusts in air can be seen very commonly outekmesially
between buildings where the wind velocity can suddenly vargrédin instances and the use
of membrane wings does not allow the vehicle to be blown awayitsooniginal flight path

due to these gusts of air.
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CHAPTER 2. FLAPPING WING MICRO AIR VEHICLESWITH

MEMBRANE WINGS

2.1. Experimental Setup and Micro Air Vehicle M echanism

To simulate bird flight many different methods have been use@dmarchers with
the use of various mechanical systems. But for this study, aheofhelf product was used
to test the flight characteristics of flapping wing MAVsyb@td P1 is a commercially
available ornithopter model which is popular among many model remotetairplane and
ornithopter enthusiasts. The flapping mechanism consists of two ¢crenks which are
connected together with the help of a main gear which in-tuconsected to a 370 series
brush-less DC motor which is very commonly used in remote contaillecft and toys due
to its high rpm. Before the motor is connected to the crank, thalimitor RPM is first
reduced using of a set of gears for reasons of structural tgtegrgure 2.1 shows the

mechanism used by the Cybird P1 to generate flapping motion during flight.

The wings of the ornithopter are clipped on to the holding posts whicthaven in
figure 2.1 which generate the flapping motion. The Cybird mechanisnsed by other
researchers for their studies on flapping wing micro air vehsxene of whom include Hong
and Hong and Altman [16] and Kim et al.[17] allowing them to iobta crucial
understanding of the aerodynamics of flapping wing flight and itsnpiad for application in

micro air vehicles.
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Figure 2.2. BK Precision 1760A Power Source [21]

During the course of the experiment, the motor of the flapping mesrhawas
subjected to a voltage range within the safe application limiiteomotor. The voltage range
during the experiment was varied from 1V to 7V with increments ofldihg each step to
vary the wing beat frequency of the flapping mechanism. The®4r supply which was

used during this experiment was the BK Precision 1760A, 4 diglé toutput power supply.
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With this particular power source, the output given to the systernhwhiused is very
precise with an accuracy of 0.01VDC. It is also capable of penfigr both constant current
and constant voltage applications but for the following experimentydhiage was varied
leaving a constant flow of current into the circuit. Another featiirthe power source was
that of parallel connection and combined tracking of the two power outpetSng the
output terminals in parallel connection allowed the power sourcesth rvoltages in excess
of 7 volts and also allowing the simultaneous tracking of the curreiattiea in the circuit.
The reading of the current flowing through the circuit is vesibl the secondary display
panel of the power source though the current flow through the towwesi measured with the
help of a multi-meter for better accuracy. This data of theentiffow would later be used to
calculate the efficiency of the motor at different flight cdiatis of the Cybird by which an
assessment could be made on whether the vehicle is producinghethoust to remain

airborne with respect to the amount of power it consumes.

Figure 2.3. Flapping mechanism mount

The flapping mechanism is screwed into place on top of a mounk wilicthen be

connected to a load cell. Owing to the fact that the aerodynarihtbe mount would come
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into picture, the cross sectional profile of the mount is that gfmaretrical airfoil. This
particular profile does not allow the creation of any exeessdditional aerodynamic forces
during the experimental process. A provision to change the angittack of the flapping
mechanism is also provided on the mount and the bottom of the mouatthesaded rod

which allows the mount to be bolted on to a force sensor.

Force measurements for this experiment are to be carried alltthe three axes in
space using a JR3 force measurement module model number 30E12A-140rcEhsensor
is capable of gathering data on the forces and moments in allakesewith a very high
degree of accuracy and a very high data acquisition rate. Desigraay of the force sensor

is within the level of 8.05% thereby allowing it to measure very low amounts of force.

45E15A4-U760-A

Figure 2.4. JR3 force sensor [18]
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For acquiring the data provided by the force measurement sens@h\dAEW
program allows the measurement of forces being applied on the sens@esor uses the
principle of Wheatstone’s bridge to calculate the forces actinty Moltages from each of
the directions are received by the data acquisition device separate channels in the order
of forces k, F, F, and moments i My and M. Each of the voltages from the channels are
then multiplied with a preset calibration matrix which is obtdirfder individual force
measurement units. On multiplying the output voltages from the Idladitrethe calibration
matrix, the output in terms of Sl units would be obtained and canvied sato data files.
During the experiment, data acquisition rate of the JR3 was 1f&the time period of 30
seconds thereby gathering a total of 30,000 data points. Gatheringeanlanber of data
points ensures that enough data is gathered with a good resolution anslftained period
of time there by allowing the average of the output to reduceffietseany of the noise or

inertial conditions which would be encountered by the load cell.
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Figure 2.5. Bill James Wind Tunnel

Wind tunnel testing for this study was conducted in the Wind SimulatidnTesting
Laboratory’s Bill James wind tunnel at lowa State UniverSitye test section of the wind
tunnel has a cross sectional measurements of 3ft x 2.5ft andazdnapeeds of up to 80m/s
[19]. A high power motor is used to propel the air through the wind tumaethee motor is
controlled by a programmable heavy duty power source which erswstesady rom of the

motor thereby ensuring a constant flow velocity in the test section of tb#. airf
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Being an open circuit wind tunnel, air is sucked into the testoseftom ambient
atmosphere and ejected through the exit of the wind tunnel compaaediased circuit wind
tunnel which re-circulates air which is already inside the wumthel into a closed loop.
During the current round of tests conducted on the flapping wing meohathis shutters
which are generally left open during operation at higher speedschesed. This was done
because of the current operating speeds of the wind tunnel which mexdd exceed a flow
velocity of 10m/s for these experiments. Despite the presenadabfof added advantages
and disadvantages of the application of both open circuit and closent ewnd tunnels
however for the tests in question, there are no serious issueswdudbth interfere with the

results obtained during testing.

Another sensor which was used during the testing phase wassarpresnsor called
the DSA (Digital Sensor Array). The DSA is a temperagersitive piezoresistive pressure
sensor which can measure pressures at the rate of 500Hz wattcaracy scale of within
+0.05%. These sensors come in a variety or ranges and the sendomabicsed for the
current set of experiment has a pressure range of 750psid. The alspsoas a 16 channel
input which can be connected to small diameter rubber tubing which carry theamagion
in pressure into the sensor. Data acquisition from the sensairiesdcaut through a local
area network (LAN) where the DSA has a designated IP adtmessgh which a computer
can remotely control the sensor and acquire data with preset parsnide calibration of
the Bill James wind tunnel was conducted by measuring thedesbn pressure using the

DSA pressure sensor with the help of a pitot static probe.
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Figure 2.6. Scanivalve DSA 3217 pressure sensor array [20]

In previously mentioned studies, varying the flexibility of thenmbrane over a wing
was done by changing the number of batons on the wing structures lpatticular set of
experiments, it would not be easy to add new spars owing to the ecostplicture of the
original Cybird wing frame. Hence, a much simpler approach wadtakéich the material
of the wing membrane would be varied causing the flexibilityhaf membrane also to
change. This is particularly easier as the original nylon onene which is glued to the wing
of the Cybird can be removed and a new membrane can be gluedrendorface of the
wing. The wing structure of the original Cybird wing was madé warbon fiber rods giving
it a characteristic shape similar to bat wings. For thealmset of experiments, the original
wing shape was used and the membrane material was chamggatisig different flexibility
levels. However a second round of experiments was conducted witlg glan form which

is similar to that of an elliptical wing.

The flexibility study of the wing was carried out by vaxyithe membrane present on
the wing surface. Test carried out with this aspect are corbwudtie the addition of a latex

membrane over one of the wings and also a rigid plywood plate vehptaced on the other
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wing. The skin flexibility is varied from the most flexibley this case latex to moderately
flexible being the nylon wing and finally the least flexiblerngethe rigid wood wing. While
replacing the wing membrane on the latex wing, special caré¢ohbs taken so that the
membrane structure is not wrinkled in any way. This could rastiite loss of rigidity of the
wing membrane by which the flexibility characteristics of thieg would vary. A latex
membrane was first stretched and then taped on to a wooden board. Supesgheplied
on the carbon fiber spars and the wing frame was placed on ttehattrenembrane. The
glue is allowed to cure for a few hours after which the membiamemoved from the
wooden board. Finally the wing profile of the original Cybird gvia cut out from the latex
membrane the structure is then reinforced with scotch tapeh&airgid wooden wing, the
wing profile of the Cybird wing was cut out from a wooden plate deah tglued to the
original Cybird wing by which the nylon membrane would provide adwisupport to the

relatively heavy wooden plates.

Table 1. Parameters of Membrane Wings

. Mass Planform Wingspan Chord Amplitude
Wing Area of (m Length [m] [deg.]
[a] Wing [m?] 9 g

Elliptical 8.8 0.045107 0.425 0.106 47.1

Rigid 59.7 0.09502 0.736 0.165 47.4

Nylon 15.1 0.09502 0.736 0.165 47.4

Latex 30 0.09502 0.736 0.165 47.4




Figure 2.7. Elleptical Wing

Figure 2.8. Nylon Wing
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Figure 2.9. Latex Wing

Figure 2.10. Rigid Wing
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On measuring the thicknesses of the wing membrane, the latexwasmdound to
have a thickness of 120um, the original nylon membrane of the wasgiaund to have a
thickness of 70um and the wood plate of the rigid wing is 200um. Tablshews the
parameters of the wings which are being tested in the currerdf sxperiments with

additional data gathered from Hu et al. [22].

In-order to build a new wing which is compatible with the existi@gbird
mechanism, various other options were considered but later but mgdafyiexisting wing
was later found to be a more feasible option. The reason for makimgw wing was
primarily due to test section dimensions of the Bill James windel. The original wing of
the Cybird has a span of 36.8 cm the on the other hand the Bill Jantetianel which was
used for testing has a test section dimensions of 3ft x 2.5ft wlnaldwnean that the wing-
tips would be moving close to the walls of the test section. Tos® dénteraction with the
wall of the wind tunnel and the wingtip would cause a distortiothe vortex structures
generated by the wing resulting in data which is obtained duesting) to be significantly
different from free-flight conditions. Due to these reasons, a wew was adopted for
testing with geometry different from the original Cybird ginAn elliptical was traced on
the body of original wing and the region around it was cut out of tiggnar wing. The
reinforcing spar on the surface of the wing, which is also acts @nnection to a ball and
socket joint on the rear end of the Cybird mount. Having a connectitreteear of the
mount allows the wing to have only a one degree of freedom motion whatsbignown as
plunging motion and also firmly fixes the wing on the mount. If tleeward fixture was not

present, during the flapping of the wing a rotational or pitchinganaiihich is commonly



31

seen in bird flight could be observed. Though this is an important fadtwh is to be
studied in detail when it comes to flapping wing flight howevddiag a rotational
component to the wing motion would cause the fixture to the wingtpestar considerably
over a period of time and leading to permanent damage toitigeafter extensive use. Also
the current study is restricted to only plunging motion of the wang the rotational
component is ignored. The original Nylon wing membrane was usdtidse tests as well,
the only change made was the shape of the wing and the siz#ipfica¢ wing profile was
chosen with an aspect ratio of 0.61, the total wing span of the wisigestaced to 425.4mm
and with a smaller root chord length of 105mm compared to the origimg. These
parameters make the modified wing a lot smaller than thenatigiing and thereby giving a
much larger wingtip clearance of approximately 247.65mm theribgtigely reducing the
possibility of the test section wall interfering with thengitip vortices which are generated

by the flapping wing.

2.2. Aerodynamic Testing

The aerodynamic testing of the modified Cybird wing was @araut by varying
parameters such as the orientation angle, the voltage inpubhéntystem and the incoming
flow velocity. These different parameters were selected $0 study the effects of the angle
of orientation which could decide on what direction the aerodynamicsfevoald be acting,
the input voltage which would show the effect of the increase aease of wing beat

frequency during flight and also the incoming flow velocity.

Though there is a calibration curve which specifies the relatibmeba the wind

tunnel motor frequency of the Bill James wind tunnel and the flow wglodhich is
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generated by the motor. It was found that such a calibration wdsausted on some of the
lower velocities which would be used in the current experimentsev calibration curve
was generated with the help of pressure measurements irstlsed¢gon of the wind tunnel
for a corresponding motor frequency input into the wind tunnel. A ScaniBA 3217
pressure sensor was used to gather the data in terms of static and totadqrébsupressure
sensor was attached to a pitot-static probe which is mountedt isetedfon of the airfoil.
Before the test was conducted, it was ensured that the m@itimt-ptobe is placed in the
middle of the test section and the head is placed parallel ttotheA data acquisition rate
of 400Hz was used with a total of 12,000 samples being gathered cweiagderiment with
each case lasting 30 seconds. The resulting pressure values awerage of all the
instantaneous pressure readings that were taken during the nexmeriDuring the
experiment, the motor frequency of the wind tunnel was increasedrements of 0.5Hz
giving a higher amount of resolution while making the curve fguf@ 2.11 shows the curve
fit between the motor frequency of the wind tunnel as a functioheofree stream velocity
inside the test section of the wind tunnel. Combining the two valde®aa fit was made so

as to predict the velocity for a given motor frequency.
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Velocity Vs Frequency
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Figure 2.11. Motor Frequency Vs Free Stream Velocity

A slight amount of curved nature can be traced in the velocity @rbbivever a
linear fit was placed on it making no significant variation invthkies which were obtained

during the calculation of velocity and a residual of close to 1 was also obtaimedfiin t

2.2.1. Soaring Flight

The first round of testing involved the study of the aerodynami@actaistics of the
wing during soaring flight. During this phase, the wing's aerodyndmaids are calculated
while it is not flapping so that a comparison can be made withui@entation of the thrust
and the lift with the wing flapping in comparison with while the wing do not undergo motion.
To test the aerodynamic characteristics of the wing duringngpdlight, the wing was
placed in the test section of the wind tunnel and is subjectedwov#locities from 1m/s to
10m/s with increments of 1m/s each. The orientation angleeoiving is also varied from -

10° to +20 with increments of 5in each case. With this study, the stall condition of the
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wing is assessed the orientation angle was variation wasctaut for a the entire range of
velocities for which the experiment was conducted. Figures 2.12 tosBdw the results
obtained from these tests thereby showing the aerodynamic penfoenof the wing during

flight.
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Figure 2.12. Lift Coefficient Vs Orientation Angle for Soaring Flight
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Figure 2.13. Drag Coefficient Vs Orientation Angle for Soaring Flight
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L/D Ratio Vs OA
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Figure 2.14. L/D Ratio Vs Orientation Angle for Soaring Flight

The figure 2.12 shows the distribution of lift coefficient with respect tortrease in
orientation angle of the wing. As it is seen in the figures,litheoefficient is found to
increase in all the cases with increase in orientation angleeter the lift coefficient curves
show only a constant increase in their values thereby indicatirgosence of stall. The
values of lift coefficient at different velocities do not exhiny increasing or decreasing
trend between each other, though they exist within a certain @ngelues though the
results are highly scattered. This scattering can hbw#d to the measurement uncertainty
of the sensor. When we consider the case of drag coefficient shofiguie 2.13, it was
found that the drag coefficient values first decreases witeaseran increase in orientation
angle at negative orientation angle. This is followed by an inen@asf the drag coefficient
with an increase in orientation angle. The lift values obtainddisnregion do not exhibit
any pattern either however all the plots follow the same toéride drag coefficient values

decreasing with increase in flow velocity. This steady tieadbe seen in all cases up to an
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orientation angle of 20When we try to understand the effects of these forces amtirige
wing, we have to divide the values of lift over that of drag so ttatpredominant force
comes forward. It is visible that the L/D ratio as shown inrégR.14, increases with an
increase in the orientation angle of the wing showing thatliftels generated by the wing is
predominant over the drag being generated by the wing. As the famtller increases
beyond the OA = 1) it was found that the L/D ratio begins to decrease with aserén the
orientation angle. This proves that the amount of drag produced byinlgeingreases at
higher orientation angles. This decrease L/D ratio shows aeakerrin aerodynamic
performance of the wing at higher orientation angles wheig lelrgins to play a significant
role. This assumption is reached as it was previously observeditiods tend to have an
increase in drag due to momentum deficit which is produced due to rasacin wake
region in the trailing edge of the airfoil. Gradual increaselrag is observed as an initial
phase to the stall of an airfoil though in this particular casesttieangle of the wing is not
found out as tests were not carried out at higher angles ok.attaalmost all cases where
the aerodynamic performance of the wing were matching up witimgavelocities in which
they were tested. A small anomaly can however be observed iaghemhere Y = 2m/s.
Lower L/D values are observed at lower flow velocities butuhalkies gradually tend to
increase in the flow velocity. The decrease in the aerodyntorie coefficients can be
attributed to the low velocity at which the test was conductedithaerausing the sensor to
operate in regions within its design uncertainty parameter. gttehiflow velocities, this
issue begins to disappear as the forces acting on the asentarger now and within the

operating range of the load cell.
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2.2.2 Flapping Flight For ce M easur ements

The next phase in the testing of the membrane wings using ythied Glapping
mechanism would be to test the aerodynamic characteristitse ofving during flapping
flight. The mechanism is powered by the BK Precision 1760A 4 digietoutput power
supply the specifications of both of these are mentioned in sectiodealihg with the
experimental setup. During the aerodynamic testing, the fept\wbuld be to remove the
initial weight applied by the testing rig and the mechanisnerwthe system does not
experience any external loads upon them which in this case wouldebaerodynamic
forces. This essentially is the instance where the weigtiteofest subject is removed from
the load cell so that the forces acting on it during the teptiage can be distinguished from
the forces acting on the load cell during static conditions. Dugetpresence of a zero drift
in the load cell, the load cell is recalibrated before the experimemtshisgiepeated regularly
before each individual case as the values were found to shiftdoyalk amount as the
experiment progresses, possibly due to the fact that the loabeggtls to show signs of
heating with time. During the initial phase of testing of eaabe where the velocity is

varied, the load cell is zeroed before the experiment begins.

Another factor which also requires consideration is the aerodyraro&s acting on
the body of the mount on which the wings are attached. Though the fuiteg on the
mount are not of a large magnitude, they are still taken in tadsvasion for the sake of
accuracy of the measurements. During the testing procesacbfaase, the aerodynamic
forces acting on the mount is measured by removing the wingseom during the testing

process. The measurements are taken in conditions simildapping flight where the
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change in orientation simulates varying geometric angle atlawf the wing at different
flow velocities and wing beat frequencies. Though the wingsremoved by opening the
door of the test section while the wind tunnel is operational, a rallgoamount of time is
given before the data acquisition is initialized again so as to allowiaenif amount of time

allowing the flow conditions to become steady after the apparenirlthsice caused by

opening the test section door dies down.

While conducting the force measurements on the flapping wing, ¢tli@tns placed
at a specific angle of attack measured by a digital ayylge and the wind tunnel is set to a
specific flow velocity as per the calibration curve which was géeararlier. As a first step
in the experiment the measurement of aerodynamic forces ohgdbght condition of the
wing is carried out. This is done in-order to calculate thealiftl thrust augmentation
generated by the wings due to flapping flight. The explanatidhese terms would be done
later in the chapter. Before each test case for the flagighg, the force measurements are
carried out on the wings in the soaring condition first so that thee gkthered would be
under the same ambient conditions. Voltage in the power supply idl vatieincrements of
1 Volt and the force data is gathered by the load cell for eattfeafases. The Voltage limit
for the experiment was restricted to 7 volts as it would preventriotor from overloading
and also to prevent the case of excessive vibration of the mount wagcbbserved when
tests were conducted simulating hovering flight. The loadgaghers a total of 30,000 data
points over a period of 30 seconds with an acquisition frequency of 1 kbt further

analysis of the data gathered during the experiment, it lsadaund that the application of
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up to 7 volts would lead to the system reaching a wing beat fregséghtly in excess of

10Hz.

The wing beat frequency was measured with the help dcntassteous time series
data. During the data acquisition of the aerodynamic forces Hgdldecell, the time history
of the force measurements are gathered by the wing areredgstered during the
experiment. By applying an FFT (Fast Fourier Transform)ralgua to the time series of the
force measurement, the frequency of the variation in the forcewdlapping flight can be
determined thereby the wing beat frequency of the test subjelgtérmined. To apply an
FFT algorithm on the data gathered during the experiment, a MBTtdde was used to
generate the FFT power spectrum. The x-axis value of the higgais which will be visible
after the analysis would represent the frequency of the sysigareR2.15 shows a sample
power spectrum and its corresponding frequency for one of the chstég current

experiment.
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Figure 2.15. Power Spectrum and Frequency for a sample case

During the analysis of the data, the forces generated byappgirig motion of the
wing is measured proportional to the wing beat frequency of thensy$tee results from the
experiments conducted on the Cybird mechanism is shown from figurés- 2.22. These
results will provide an outlook into the performance of a flapping wihde it is subjected
to varying flight speeds and angles of attack with increasing beat frequency is increased
in each of the cases. These results obtained are from conditions sialate flight

parameters and characteristics to which MAVs would be subjected to daroperation.
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(a) Mean Lift (b) Mean Thrust

Figure 2.17. Time averaged Lift and Thrust values at OA'= -5
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Figure 2.22. Time averaged Lift and Thrust values at OA’= 20

For the initial case, the mechanism was placed at an Afigittack of @ to study
the effects of level flight. During this case, it was obseéreat the system was found to
generate sufficient amount of thrust. On the other hand, the ligvavere found to be very
low and do not display any specific pattern, this is because affligheé flapping wings are
unable to generate lift forces and thrust is the only forcehwhimuld be produced. On the
other hand the thrust produced by the system was found to form aedpéttern. With the
increase in the free stream velocity values, the thrust evaslfto show decreasing values
though this was found to increase with increase in the wingfteggtency in each case. The
negative values of thrust are understood to be in the drag region.h&ls@ltes of thrust
which are observed in this case do not seem to be significagtigrhthan the lift values
though it is higher by a small factor. At higher flow velodti¢he wing performance was
found to be balanced towards the drag region with lift being producedbhigher flapping

frequencies. It can be concluded that the aerodynamic forceagjenem this particular
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orientation angle is the lowest. As the orientation angle isd/idny an increment of°5it can
be observed that the lift values generated due to flapping flightihereased significantly
with increase in flow velocity. Also with the increase in theswmtation angle, the thrust
values were also found to decrease with respect to the feaenstrelocity. However similar
to previous results, the lift and thrust values which are being dedeataring the experiment
were found to increase with increasing wing beat frequency.lifhelues in these cases
were found to be the maximum at highest free-stream veloamiégor positive orientation
angle, these lift values were found to increase with increasgeantation angle. As for the
thrust being generated, as the orientation angle increasesvdsafpund to be produced at
higher free stream velocities and this trend was found to ireresth an increasing
orientation angle. This trend is always observed in the case tivpazientation angles.
Another observation to be made would be that the motor of the Cybird ma&ohaas found
to lack the ability to flap the wings at higher orientation aaglhen the wing beat frequency
was the lowest. Such case where the motor does not generate é&ftough ignored and
force measurement data was gathered at the next possiblelesethe wings are able to

flap.

A different trend emerges with the use of negative orientatgtes. In the negative
region, the orientation angle of the wings were varied t@n8l -10. It was found that the
lift values generated by the wings were decreasing withe@se in free-stream velocity.
Another observation to be made is that the lift values were fourdbd¢mease with the
increase in wing beat frequency especially at higher frearstvelocities. On the other hand

the thrust values were found to have a similar increasing trendbserved with the



46

orientation angle increases. Though in this case thrust productsenasely limited except

for some cases when the free stream velocity is low anchanhigy beat frequency comes to

the picture. It could also be noted that the thrust values were not foumthahge

significantly during the course of tests conducted with negatigke ar attack. However the

lift values were also found not to vary in a similar downward trend with incneag@g beat

frequency is spotted in both cases though a large change cannot vealasethe angle of

attack in this direction is limited to only -10

Lift [N]
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Figure 2.23. Lift and Thrust values at different Orientation Angles

To summarize the results obtained from the above cases, fowas that the thrust

values decreases with increasing orientation angle. The lifevan the other hand were

found to increase with increasing angle of attack. At negatieamtation angles, the thrust

values were found to increase slightly at first then was found toease at positive

orientation angles.
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2.2.3 Advance Ratio

Another factor which is to be taken into account for flapping flight is the aerodtynam
regime in which the flapping wing flier operates. Aerodynamicsuch instances are divided
into two types namely the quasi steady regime and the ugstegiche. As an application to
MAV design parameters, Ho et al. [23] have conducted studies on hosvfltvsregimes
could be predicted with the help of controllable parameters. Thik difierence in the
aerodynamic regimes at which different flapping flyers ogecan be observed in the flight
characteristics of smaller birds such as the humming bird @dpo that of much larger
birds such as eagles. Smaller birds tend to flap their wingsratch higher frequency in the
order of several thousand beats per minute compared to bigger birdasstiee eagle that
have a much lower wing beat frequency and rely much more on soastaytairborne for
much longer period of time. In these studies by Ho et al. [23] theadisess was found to
be related to the wingtip velocity generated by the flapping Wirnvgas found that higher the
wing beat frequency; the unsteadiness of the flow also inae@sexpress unsteadiness in
the flow, a non dimensional parameter was introduced by Ho [@3&lcalled the advanced

ratio which is indicated by the formula

_ Forward Flight Speed 'V,
~ Wingtip Velocity @~ 2bf®

Where \, is the free-stream velocity b is the wingspan of the flappimg, f is the wing
beat frequency and is the sweep angle of the wing. The advance ratio can also be
interpreted as a comparison of the wing tip velocity with retsfmethe free-stream velocity.

This parameter is a lot similar to the inverse of the reduced frequency wheheisally used
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while describing systems involving oscillating or flapping bodies. rHuiced frequency k

which can also be expressed by the equation

w C

k =
2 |V

Whereo is the angular velocity generated by flapping wing,tbéschord length of the wing
and V, is the free-stream velocity to which the wing is subjected.

According to the previously mentioned study, when the value of advaticeis
greater than one (J > 1), the flow is considered to be quasisidad is the case when the
free-stream velocity is higher than the wing tip velocitpegated by the flapping. The wing
tip velocity is a function of the wing beat frequency as the othempeters are generally
fixed for flapping mechanisms. In this case the wake regioergeed due to flapping is
expected to be severely influenced by the free stream fldheagortex structures would be
severely damped by the free-stream flow at higher flawcitees. When the advance ratio is
less than 1 (J < 1), the flow is considered to be unsteady. Tihis tase when the wing tip
velocity is higher than the free-stream velocity. As the Mliaygs with this advance ratio, the
wake region generated would be very unsteady and the vortexustgitirmed would have
a limited interference by the free-stream velocity. Inseatergdy tend to fly in the unsteady
regime as their wing beat frequencies are much higher ¢berpared to larger flying
animals. Finally, when the advance ratio is equal to 1 (J =t@gnaition point is formed
between the quasi steady and the unsteady regimes of fligtitisimegion, the wing tip
velocity would be equal to that of the free-stream velocity. vidreex structures generated in

this advance ratio would be studied in greater detail in a later chapter.
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Another purpose of this study would be to observe the advantages ohddjpgint
on wings in comparison to similar conditions where the wing is stdgjdo soaring flight.
To bring forth this advantage, the augmentation of lift and thrust gededae to flapping
flight are calculated. The following formulae were used taudate the thrust and lift

augmentation generated by flapping flight.

ALFlapping = LFlapping - LSoaring

ATFlapping = TFlapping - TSoarl’ng

In both the cases, the lift and thrust values generated due to fldpgitigand the
soaring flight are subtracted from each other thereby givingdseltant forces observed
during flapping flight. The next step is to non-dimensionalise these parameters by
converting them into coefficients similar to lift and thrust @ogfnts. The lift augmentation

and thrust augmentation coefficients are calculated by the two equations stamwn be

AC _ ALFlapping _ LFlapping_LSoaring
L — 1 - 1
P VES P VES

_ ATFlapping _ TFlapping_TSOaring
ACT - 1 2 - 1 2
Epoo Vs S Epoo Vs S

In the above two equational is the lift augmentation due to flappingr is the
thrust augmentation due to flapping, is the density of the fluid and S is the wing plan form
area. The non-dimensionalisation of these terms provides thddrasisomparative study of
the forces being generated during flapping flight and the adwestaigeach case. Figures
2.24 — 2.37 shows the lift and thrust augmentation plotted against the@ctee advance

ratios.
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Lift Augmentation Coefficient [AC ]

Thrust Augmentation Coefficient [ACT]

AoA = -5° Lift AugmentationCoefficient Vs Advance Ratio
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Lift Augmentation Coefficient [ACL]

Thrust Augmentation Coefficient [ACT]
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Lift Augmentation Coefficient [ACL]

Thrust Augmentation Coefficient [ACT]

AoA = 5° Lift AugmentationCoefficient Vs Advance Ratio
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Figure 2.31. Thrust Augmentation AcA £ 5
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Lift Augmentation Coefficient [ACL]

Thrust Augmentation Coefficient [ACT]
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Figure 2.32. Lift Augmentation AoA = 10
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Figure 2.33. Thrust Augmentation AoA =°10
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Lift Augmentation Coefficient [ACT]

Thrust Augmentation Coefficient [ACT]

AoA = 15° Lift AugmentationCoefficient Vs Advance Ratio
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AoA = 20° Lift AugmentationCoefficient Vs Advance Ratio
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Figure 2.37. Thrust Augmentation AocA =20

From the above results, it can be observed that the results dbtaome the

experiments show an exponential decrease in lift and thrust ategioa values. As
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mentioned in Ho et al. [23] the lift and thrust coefficient valaes found decrease
exponentially as the advance ratio increases as it is egpad®@wv chord Reynolds number
flows in the range Re< 10This can be observed in each case throughout the results shown
above. On the other hand it can also be observed that at lower advarsetia lift and
thrust values observed are found to increase exponentially. When an exgoniene fit

was placed on the results shown above, the values were found to agrédeevitend fairly.

From preliminary observations into these results, it can be concludediue to the high
aerodynamic forces being produced in the region where J<1tloe insteady flow regime.

It can be concluded that higher flying in the unsteady regimednaog&limore efficient for
flapping flight as the lift and thrust values generated in thggoreis exponentially higher

than soaring flight.

Upon closer inspection of the lift and thrust augmentation values shown #bisve,
found that at lower advance ratios, the augmented aerodynamic fgeoerated by the
wings are much higher than compared to the ones generatedhat aityance ratios. While
observing the trend formed with increasing orientation anglenibeaconcluded that as the
orientation angle steadily increases frofmaith increments of $each, the thrust values are
found to decrease gradually on the other hand the lift values being generttedviygs are
increasing with the increase in angle of attack. When the afgigack reaches 1@ was
found that there has been a significant increase in lift produc#telwing which was found
to be consistently increasing after this particular castneasame time the thrust generation
continues to gradually decrease. This trend continues as the aagfigckfincreases with the

lift values increasing and the thrust values decreasing grgdéalsimilar trend is still
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observed in results obtained from tests conducted at negative doieratagles. The thrust
values were found to be the highest when the angle of attackeisteatiin the negative
region. It is also observed that the lift values are found to be towésis region. All these
observations are noted at the lowest advance ratios at which rtayraemic forces are
found to be the maximum for that particular orientation angle.cbhgarison of the lift and
thrust values being generated by flapping were done with nefer® the plots in figures
2.12 and 2.13 where the soaring results of the wings were calcuAstetther observation
which can be made on the results is that the majority of tlee pants were found to lie
within the region where the advance ratio is in the transition peinteen the unsteady and
guasi-steady regime. This indicated that the region where dpeirfly wing mechanism
would operate during flight. Similar results generated whildlthebility effects of flapping
mechanisms were studied also indicate a concentration in data poithie region around
where J = 1 these results would be discussed in a later chdpteredime is more efficient
as lower J values require higher flapping frequency which wouldreeguarger amount of
energy to be spent by the flapper. It is also observed in gbthe cases in the lift and thrust
augmentation graphs that certain values calculated do not followetieral exponential
trend and in some cases, the values were found to lie in the negafioe of the scales.
These peculiar cases can be attributed to the measuremenaimtget the force sensor as
the regions where the oddities are found specially where thes/&ll over to the negative

region were found be of very small magnitude and were present at low &a@ stelocities.
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2.2.4 Efficiency Studies

Owing to the much smaller size of the micro air vehicles, anatiea which is of
interest would be to study the efficiency of unmanned systemghiph the endurance of
such systems can be calculated and optimized. Early attengitglyothe efficiency of thrust
producing wings or oscillating airfoils was conducted by Anderggn Gallivan and
Delaurier[24] has also performed studies on a similar mannexhigh the propulsive
efficiency of flapping mechanism during wind tunnel testing walsulated. The studies by
Gallivan and Delaurier were specifically directed towardstiging flapping wing MAV.
While Gallivan and DeLaurier adopted these studies to comparé&ehgveness of different
types of wings during flapping flight and to find the effectswafig flexibility and their

influence on the propulsive efficiency of the flapping mechanism.

For determining the propulsive efficiency of the flapping wing, riedings of the
current flowing through the circuit during the experiment werasueed with the help of a
multi meter. During the experiment, the current flowing through the ciastfound to vary
within a specific range. This fluctuation is specially noticedigher orientation angles and
can be explained by the motor drawing more power to overcome theéyaamic forces
acting on the wings. On finding the average value of the curreng lmensumed by the

system, the power required to drive the motor will be calculated by the formula.

Power =V 1

Where P is the electrical power consumed by the system.theisoltage input which is

applied into the system. In the case of the current experimentpliage is varied through
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the power source. | is the input current reading which is measutiedhe help of a multi
meter connected in parallel to the circuit. The propulsive effigia the flapping wing is

calculated using the equation

rv 100
= X
1 Power

Where T is the thrust produced by the flapping mechanism andhé fsee-stream velocity

in the wind tunnel test section.

Augmented Propulsive Efficiency Vs Advance Ratio, OA = -10°
10
< oo * % o °
x o
= © o o oV=1m/s
2 ‘:Ap mV=2m/s
E o 3 o‘—"’ A, - AV=4m/s
o . [
2 ) ] 4 6 g 10 ev=6m/s
R N
& > oV=8m/s
e eV=10m/s
-10
Advance Ratio [J]

Figure 2.38. Propulsive Efficiency Vs Advance Ratio OA =*-10
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Figure 2.40. Propulsive Efficiency Vs Advance Ratio OA’= 0

61



Propulsive Efficiency [%]

Augmented Propulsive Efficiency Vs Advance Ratio, OA = 5°

14
°
® oV=1m/s
9 oo ®
.. o o 1 IV=2m/S
4 & M * ° " AV=4m/s
A,
%3- | : A ‘V=6m/s
1 < L. Y
0 y 4 6 8 19 CV=8m/s
. o V=10m/s

Advance Ratio [J]
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Augmented Propulsive Efficiency Vs Advance Ratio, OA = 15°
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Figure 2.43. Propulsive Efficiency Vs Advance Ratio OA £ 15
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Figure 2.44. Propulsive Efficiency Vs Advance Ratio OA £ 20

The propulsive efficiencies obtained from the calculations are shofigures 2.38 —
2.44 where the efficiencies are compared with respect to the adsaticein which they
operate. The results are plotted in a graph where the advaitces riat the x-axis and the
efficiency is portrayed as a function of the advance ratio. Sonteeaesults lie within the

negative axis of the efficiency scale and were deliberagehoved from the graphs as they
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are the drag produced by the flapping mechanism. In comparison with the work edralyct
Gallivan, the drive efficiency of the flapping mechanism was gth@s the current results

present a qualitative look at the effects of propulsive efficiency at vaoyiegtation angles.

The experimental data indicates that the wings are able to pradugbker propulsive
efficiency at higher free-stream velocities. This trendoistinued in all orientation angles at
which the experiments were conducted. The efficiency valuesfowxemne to increase in each
case with increase in the free stream velocity. In all thees; the higher amount of
propulsive efficiency was found in cases where the advancesatidhe transition zone (J =
1) or in the early stages of the quasi steady state. Thetsefié orientation angle on the
propulsive efficiency of the flapping wings is minimal for oregign angles ranging from
-10° to 10 where the propulsive efficiency follows the same trend of increaseneitbaising
freestream velocity. The efficiency values however are foondetrease by a very small
factor till an orientation angle of 10However the least amount of efficiency values obtained
is when the orientation angle is equal td.2Dhis can be explained by the fact that high
orientation angles and flow velocities would apply a significamdant of aerodynamic force
on the surface of the wings. This would require the wings to consuargeaamount of
power in order to keep the wings flapping at the same time prodinsufjicient amount of
thrust thereby decreasing the propulsive efficiency of theesysthe current data indicates
very low efficiency values being generated by the wing duriagpihg flight this large
decrease in the propulsive efficiency value can be attribgtemting the gear efficiency of
the flapping mechanism. The gear efficiency can be ignored asutient study is a

gualitative analysis of the propulsive efficiency as a functionhef ddvance ratio of the
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flapping wing. If the gear efficiency and the efficiencytloé motor were to be considered in

the calculations, a higher value of efficiency can be obtained.

2.2.5. Phase Analysis of Flapping Flight

For a better understanding of the flapping motion of wings, a deepédysis of the
force generated by the flapping wing can be obtained by observitightheeries of the data
gathered during the force measurements. The JR3 force meastimewdule was operated
at a data acquisition frequency of 1kHz during the tests whichdldst a period of 30

seconds in each case.
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Figure 2.44. First one hundred waves gathered during lift measurerm@ss=alo,
Vo, =2m/s
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The raw data from which the average force generated coosistgotal of 30,000
data points. These data points appears in the form of waves egpectak case of force
measurements conducted on flapping wings due to the variation dbrites from the
flapping motion of the wings. Figure 2.44 shows the first hundred wawesnsawhich were
formed due to flapping motion of the wings. The repetitive nature dbtiees generated due
to flapping wings can be analyzed by superimposing individual wavégpoof each other
which would reveal a pattern emerging. Figure 2.44 shows the syosach image of the
first one hundred waves gathered at an orientation angle’ efittDa free stream velocity of
2m/s. The image shows a clear pattern emerging from the d$gnes of the force

measurements conducted at that particular case.

To understand the aerodynamic force generation taking place dappghg motion,
a phase averaged wave pattern of lift is generated fromntleeseries force measurement. A
similar approach into understanding the phase averaged lift and genestation of flapping
wings were taken by Ho et. al. [23]. To generate a phase awkr#y profile, the
superimposed wave patterns are all averaged into a single wawaefage value of this
wave is determined and is considered as a baseline value to igerti& wave pattern
which was formed. Figure 2.45 shows the normalized wave patternsdfatndéferent flow
velocities ranging from V = 1m/s to V = 10m/s at a constaingvibeat frequency. This
would indicate an increase in advance ratio in each case. The gharmged wave pattern

formed at each of the flow velocities are shown in figure 2.45.
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Phase Averaged Lift Vs Phase Angle

Phase Averaged Lift [N]

0 45 90 135 180 225 270 315 360
Phase angle [4]

Figure 2.45. Phase averaged lift distribution during flapping motion at diffessnt fr
stream velocities at OA = 10

The individual phase averaged lift profiles shown in figure 2.45 aleulated at
different free stream velocities. All the waves exhibitnailar pattern which is indicative of
the profile of the flapping wing for the current experiment. fidiiee measurements obtained
in this case shows an increase in the lift values with inecrgdsee stream velocity. This is
not obvious in the graph shown above as the oscillatory motion of the waveadaedicate
any sudden increase in its amplitude however the average valuevahvbepattern formed
would indicate an increase in lift with increasing flow freeam velocity. Another point to
be focused is the unsymmetrical nature of the wave structure résteot the wave is found

to generate a higher amount of thrust than the trough. This istindicé the unsymmetrical
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flapping motion carried out by the wing as the Cybird flappinghaeism flaps with a larger
angle in the upward direction than in the downward direction. This foram&fmmetrical
flapping of the wings also causes the wings to produce a lifiltgprhich is not similar to

that of a sinusoidal wave.
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CHAPTER 3. EFFECTSOF WING FLEXIBILITY ON BIO INSPIRED

MEMBRANE WINGS

The importance of the flexibility parameter of membrane wihgve been discussed
thoroughly in section 2.4. It was concluded application of such a peamédlapping wing
micro air vehicles can increase the performance of such tensy€Experiments were
conducted to understand the effects of flexibility on flapping windgsnaersity of Florida’s
Research and Engineering Education Facility (UF-REEF) rfsar Force Research
Laboratory at Eglin Air Force Base, FL [22]. These experismamre conducted to compare
the aerodynamic performance of three different wings ofingrievels of flexibility and
thereby conclude an optimum level of wing flexibility which could emeaime performance
of the MAV. The Nylon wing which is available with the Cybird modemodified flexible
wing made of a latex membrane and a rigid wing which is mgdataching a wooden plate
over the surface of the Nylon wing. The three wings were siéojéc similar test conditions

and the resulting data obtained are discussed below.
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Figure 3.1. Aerodynamic performance of wing of different flexibiityv,, = 2m/s

Figure 3.1 shows the soaring tests conducted on the three windgseamdultant lift
and drag coefficients obtained during the experiments at differemitation angles of the
wing and a relatively low flow velocity of 2m/s. On analyzing ttega obtained from the
soaring tests, the following conclusions were reached. At lower\iiacities, the level of
deformation of the membrane wings was found to be almost nonexisterand the results
obtained at these velocities are almost similar for all hineetwings. This is an indication
that flexibility of the wing does not have any effect at lofwew velocities in the case of
stationary wings. In these tests the lift coefficient oflétex wing is slightly higher than the
Nylon wing due to a higher degree of flexibility of the membraneeandtex wing. However
due to the increased flexibility of the latex wing, the traileage of the wing tends to flutter

thereby causing a larger drag coefficient. The flutterintheftrailing edge of the membrane



72

is found to increase with an increasing orientation angle of ihg. \Boaring at lower flight
speeds will thereby give a deteriorated aerodynamic performance aftpe w

With an increase in the flow velocity, the effects of membriaability become
more apparent with the chord-wise profile of the membrane winggelatiue to difference
in forces acting on the upper and lower surface of the wing. Whighincrease in velocity,
the trailing edge of the flexible wings will experience arreased deflection in the trailing
edge which would cause the effective angle of attack of these wings to.rédisceeduction
in the effective angle of attack would cause the wings tbratath later than its rigid wing
counterpart. Figure 3.2 shows the results obtained from the aerodytestig of the
membrane wings at a free stream velocity of 8m/s.

From the results obtained at these flow parameters, it wasstoai@rthat the rigid
wing shows a higher drag coefficient than the Nylon and lateygsv The rigid wing

however exhibits lower drag coefficient values at negativentation angles than the latex

wing.
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The drag produced by the rigid wing at negative orientation angles isrsionikeat of

the Nylon wing. In terms of the lift coefficient values, theelaand the Nylon wings have

shown an increased lift coefficient values with increasingntation angle and is found to

increase way beyond an orientation angle df\@Bhout any indication of stall this can be
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attributed to the flexibility of the wing which causes the @fte angle of attack of the wing
surface to vary. Due to the lack of such a capability, thd wgng stalls at an orientation
angle of 26. On observing the lift to drag ratio graphs, it can be seen that the Nylon wing has
a slightly higher lift to drag ratio than compared to other wings at highertation angles.

The next round of tests conducted on the wings to understand the effgatying

flapping frequency of the wings at different flow velocities at a comstaentation angle.
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Figure 3.6 High Speed Image of Flexibility of a Latex Wingiihg Hovering Tes

During the experiments conducted at varying flagffrequenciest was found tha
the thrust generated by the wings decrease wittm@easing flow velocity. Thereby it
observed in all the cases that aerodynamic performanagbserved durir forward flight
decreases with increasing f-stream velocity.This could explain the reason why sma

birds which fly at relatively lower flight velocés tend to have a higher wing beat freque
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as they make effective use of their wings for propulsion. Orotier hand larger birds like
eagles and seagulls have the tendency to flap their wingsnaich lower wing beat
frequency thereby using them in a fashion similar to thatxefdfwing and having a much
higher component of soaring flight in their flight envelope. On comgahe performance of
each of these wings, the rigid wing was found to have the best tigneration performance
followed by the latex and the Nylon wings. Figure 3.6 showdléxbility displayed by a
latex wing while in flapping motion during a hovering test where=/Om/s. The overall
change in the wing profile is to be noted and a substantial wrgnkin the surface of the

membrane is also noted expecially in the trailing edge region.
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Figure 3.9. Lift and Thrust Augmentation of Latex Wing at OA £ 10

Figures 3.7 — 3.9 shows the lift and thrust augmentation results tifréeewings in
relation to the advance ratios at which they operate. All thes cds®y that the maximum
amount of thrust and lift values are generated when the vehicleteparahe quasi steady.
Thereby unsteady aerodynamics of the wing generates a higioemt of thrust and lift than
compared to quasi steady case. Each of the wings displayedpanential decrease in
augmented lift and thrust values with the results showing a curweith agrees with an
exponential function.

On comparing the performance of the three wings shown in figureiBvi@s found
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that the latex wing has the best thrust augmentation whilegidewing and the Nylon wing
displayed similar thrust augmentation characteristics. In tefif augmentation the rigid
wing showed a much higher performance by generating lift evéreajuasi steady regime
and also in the lowest amount of advance ratio while the Nylon witgyved the trend with

lift generation focused more on the unsteady regime then followed by the latex w
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The next level of comparative study includes understanding theseffecarying the

orientation angle at different free stream velocities duangpnstant wing beat frequency.

The data gathered from the experiments is shown in figure 3.llaslbbserved that the lift

augmentation of all three wings increases up to 6m/s. Atstream velocities above 6m/s

the values of lift augmentation were found to peak then decreasdandmaal performance

was exhibited by the rigid wing where the lift augmentatamefficient was found to

consistently increase in all cases from the lowest to theekigf free stream velocities. This

leads to the conclusion that the rigid wing exhibits the besgdfteration performance



80

consistently among all the three wings. The flexible wings wrealin these tests exhibited
the same kind of performance. With regard to the lift augmentatiphaglesd by the wings,
the Nylon wing exhibited the least amount of thrust coefficientoaer flow velocities
followed by the rigid wing and the latex wing. However as thHeoiy increases we see an
increase in thrust generated by the Nylon wing as it reati@ehighest amount of thrust
generated during flapping flight among all the three wings wWie least amount of thrust
being generated by the rigid wing at higher flow velocitieam all the cases observed
above, the maximum amount of thrust generated by all the wnegateen the orientation
angle is 0. A subsequent decrease in thrust and an increase in lift arevebserall the
above mentioned cases with increasing orientation angle.

On observing all the above results shown, the following conclusioneeaahed. A
higher amount of thrust is always observed in the case whereAtle® The latex wing is
found to generate the best values of thrust compared to all theee ¢dowever the Nylon
wing was found to produce the maximum amount of thrust in the quaslysregime. The
rigid wings in the experiment were found to generate a high amousuigrhented thrust
during relatively higher values of forward velocities. Desphis idded advantage of the
wooden wing, it was found to generate a high level of induced drag diappmng motion
which prevents it from being an efficient answer to membranebiliéx with regard to
flapping flight. From all the above results, it is once again elgrly observed that flapping

flight is much more efficient within the unsteady regime.
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CHAPTER 4.BIO INSPIRED TANDEM WING NANO AIR VEHICLES

4.1 | ntroduction

With progress in the areas of micro mechanics, semi conductorotegihnand
miniaturization of other systems and sensors commonly used in defgshgemote sensing
applications, the next step in the application of unmanned systemgingetleinclined
towards substantial progress in Nano Air Vehicles or NAVs. Itecnology forecast
conducted by the Center for Strategy and Technology [25] a sun&ygavaucted on the
potential applications and the feasibility of developing such systenfsiture applications
and predicts the operational deployment of NAVs in the near fukheesurvey also predicts
the use of NAVs as swarms rather than individual units to impitueie efficiency thereby
introducing new challenges in cluster application of autonomous robotse Bystms
would be integrated into a wider network of other airborne assetsbtheignificantly

improving intelligence gathering and war fighting ability.

According to current DARPA specifications, a nano air vehicleleined “as
airborne vehicle no larger than 7.5 cm in length, width, or heighglda of performing a
useful military mission at an affordable cost and gross takeafjht (GTOW) of less than
or equal to 10 grams” [26]. Another issue which is being addresslbd memo is the ability
of such systems to withstand gusts of wind within small confinecesp&ndurance is also a
high priority with the current requirements of 20 minutes in fligine and a command and
control radius of up to 1 kilometer, the system also comes with atioa@dlirequirement for
hovering while carrying a payload. The initial contract fordegelopment of such a system

was awarded to Aero Vironment with their concept NAV called N&S@OUT (Sensor
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Covert Observer in Urban Terrain). Future requirements would in@odeperating range
much larger than the current specifications and also the atalitgmain within a mission
area for extended periods of time. This would require the NAV to rechargelibard power
systems using solar or chemical means. Certain conceptsanttiaduse of such nano air
vehicles as precision guided munitions where by a high energytyerpiosive or a nerve
agent could be used to neutralize enemy personnel or unexploded mukiibna.working
model of such a system, the practical applications are Isnithath the possibility of some
systems being multi-role on similar lines with combat aircraft whietcapable of carrying a
variety of mission specific payload. Many bio inspired methodsbaneg considered as a
means to develop such technology. Insects are the best possible tesnftidauch a study
as they are the most efficient systems which naturally fly at egtydow Reynolds numbers
in their length scales. Many researchers have used inséotrgnas a means to study how
nano air vehicles would perform as they represent the moseeffityers due to years of

evolution.

Various approaches have been attempted on developing such systemsnkitiy w
models being produced by AeroVironment and TU Delft. As part of thBRE¥\contract to
produce a nano air vehicle, AeroVironment has developed a flappingnamgair vehicle
which is also capable of hovering flight. Another working model is the DelfrdAivhich is
developed by a research team from TU Delft. Flight test vidétdse NAV show the Delfly

carrying an onboard camera recording images and being controlled via remiote c
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Figure 4.1. Delfly Micro [27]

Both these working models are designed based on mechanicaloectsath as
motors, gears and cranks. Other methods have also been developed whighthmvoise of
piezoelectric actuators rather than mechanical systems to préidppeng motion. These
actuators have the capability to impart a much higher wingflegptency than compared to
their mechanical counterparts. The maximum wing beat frequencyvetdis& mechanical
systems is close to 25 Hz while using piezoelectric actuatans cause the wing beat
frequency to reach up to 100Hz making it similar to the wing foeqtiency of insects. With
recent advancements in high energy density piezoelectriciatstétr is capable to produce

actuators which can impart higher wing amplitude and still maintain ahgmfrequency.

Another promising work being carried out in the area of insect baaad air
vehicles is the Harvard Micro Robotics Laboratory’s Microflyogram which uses
piezoelectric actuators to power an NAV. This particular prograsmshown much progress
in the field of micro mechanics and piezoelectric actuatorstbghnan insect sized nano air

vehicle is designed. Though it is in the initial stages ofarete using the initial design a
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secondary system was created with a tandem wing confguratmilar to that of a

dragonfly.

Figure 4.3. Four-winged Microrobotic Dragonfly [28]

Though these vehicles are capable of flight, there are no onboand ofezontrol or
a payload. Further work would include incorporating these onboarensysind making a

working model of an insect size nano air vehicle.

Several other researchers have worked on propulsion techniques involving tife us
piezoelectric actuators for applications in the design of magrovehicles. Some of them

have studied the possible application of piezoelectric actuatortappirfig wings with
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multiple degrees of motion. Work done by Chung et al [29] involved thefysiezoelectric
materials to flap the wing in different phases. This involved thee afstwo different
piezoelectric actuators which are attached to a flexiblebnagne fan. With different phase
differences between the two piezoelectric patches, a twistiogjon to the flexible
membrane was achieved which could thereby be used in practicalasippls by providing
an improved control over the vehicle. The study however provided an insiglthe issues
which were later faced during the experimental phase of the.skwxery piezoelectric
material has its own unique physical properties as they arefactumed individually. This
would cause each actuator to have its own individual resonant frequéhcyanclose range
of its design frequency. Another factor which is to be considered wigard to the
uniqueness of each piezoelectric actuator is that they have to lellednindividually in
order to obtain a specific phase difference, this would mean tbaadtmators connected to

the same power source does not guarantee similar amplitudes or phase angle

Other research involving the use of piezoelectric fans includeottizidakhvidi [30]
where an extensive investigation was conducted on both computationakpadmental
realms to study the possible use applications of these fans iia aiicvehicle propulsion.
The propulsion concept in this study involves the use of piezoelectricifaa pusher
propeller configuration. Another working model designed by a group incliesse of a
light weight piezo-composite actuator (LIPCA) connected to a himgehanism which
amplifies the motion of the actuator to flap the wings [31]. Thaufaturing of a LIPCA
would involve the use of multiple layers of carbon/epoxy and glass/elpgrrs and the

actuator will give a maximum bending motion at its resonant frequdine LIPCA allows
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the vehicle to flap at a natural frequency of 9Hz with a flapgingle of 80 the wings
designed for this working model also rotates by an angle “oth&Beby making the flapping
motion quiet similar to that of insect flight by incorporating bpthnging and pitching

motion.

Though many different approaches have been taken to produce a woddeg oh
an insect inspired nano air vehicle have been made the design whiecbsi accurately
mimics insect flight is that of the Harvard Microrobotics Latory which was mentioned
earlier. The mechanism is powered with the help of a 10mm bi-m@#ih based high
energy density piezoelectric bending actuator [32]. The manufagtoratess for the central
structure of the NAV was performed with the help of a procededc@mart Composite
Microstructure (SCM) [33] by which laser a micromachining psscevas used to create
accurate micro scale structures on composites. Linkages andoestica the mechanism
were made by sandwiching the polymers between sheets ebfcagiposite materials where
the gaps in the sheets act as flexures. These methods havedatl@venanufacture of
precision micro scale components which are far efficient tloaventional manufacturing
process which have many shortcomings when applied in micro s&iledies on insect
physiology have shown that insects use mechanical advantage tdyathpir wing
amplitudes and also have a wing beat frequency equal to thealn&egquency of the
aeromechanical system. Using these principles the signiffcantbller amplitude of the
piezoelectric actuator was increased significantly [34]. Thegsviof the NAV is made of
carbon fiber reinforced composite beams covered with a polyesteonares) the attachment

on the wing has a capability to rotate the wing along its\&itis the help of intertial forces
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acting on the wing itself. The added rotation to the wing alonly plunging motion of the
wings allows the wing to mimic insect flight to a much higdegree when compared to

other systems which have only one degree of freedom.

4.2 Piezodectric Effect

Piezoelectric materials are essentially crystals lwipossess piezoelectric
properties by which they are able to generate small amouetsaficity when mechanical
stress is applied on these materials. Figure 4.4 shows aratiiloistof the basic phenomenon
that takes place during piezoelectric effect. These mitanalude crystals and certain

ceramics including bone [35].

To understand this phenomenon better, the concept of dipole has to be boudlet into t
picture; a molecule has a polarization by which the opposite ereisnolecule would have
opposite charges which are connected through an imaginary lind tedlgolar axis. Poly-
crystals are materials where the polar axes of their mielecare oriented in different
direction and a Mono-crystal is a material which has all iterpakes oriented in a single

direction.

Piezoelectric materials can be created by heating agogdyal with a strong electric
field. The heat allows the molecules to move freely and thériel&ield aligns the dipoles of
all the molecules in a single direction thereby causing therrahto have a single polar axis
throughout. When the treated material is compressed or expanded, thedanty as the
direction in which the body is deformed appears between tlotragdes to which it is

connected. The same effect can be observed conversely wheitaa siftage is applied on
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a piezoelectric material, a deformation can be observed due to the applige.vals® when
the circuit to which a piezoelectric material is connecteaht@C signal, the material would
vibrate with the same frequency as the input signal [36]. This phenomendd e the
primary application for piezoelectric materials by whicbatld be applied in fans which are

used to cool confined spaces and also for the use of piezoelectric materialstaatan. a
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Figure 4.4. Piezoelectric Effect

Figure 4.5. Piezoelectric Fan Blade [37]
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Apart from being a highly efficient in comparison to similarcimenical systems,
piezoelectric materials are also chemically inert, exhilhiigh level of hardness and stiffness
and are not affected by humidity or other atmospheric influengezodtectric materials
being applied for these applications are made of Lead Zircontateale (PZT) ceramics
which can be custom made for specific purposes [37]. To mimiflapeing motion of an
insect wing, a commercially available piezoelectric fan hasn used. These fans are
generally used to cool electronic devices such as laptop compDiédisplayers and some
concepts include the application of piezoelectric fans for coolmgbile phones. The
flapping motion of the fan is generated by a Bimorph actuator wkichpable of producing
flapping frequencies of up to 60HZ. In a bimorph actuator, two thianuer plates are
stacked together and applied opposite electric fields. Theestgukzoelectric plates when
exposed to opposite polarity causes the plates to deflect laterally. A filasis attached on
to the piezoelectric patch, the deflection caused by the stgukedelectric plates are
amplified by the lower plastic film thereby causing itflep in the pattern of the AC signal

given to the circuit [30].

4.3 Insect Flight

The fundamental principles of insect flight are quiet similathit of bird flight.
However insects operate at a much lower Reynolds number by wiachscosity effects
acting on them are much higher compared to birds. A review of insect fligistyaamics by
Sane [38] shows an in-depth study into insect flight aerodynamics. The prefarieading
edge vortex on an insect wing allows the insect to hover and maneffeetively. This

observation shows that the leading edge vortices play a very important part inglégbit.
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Lift is generated by the wing once again by an induced downwash pbthycthe
flapping of the wings. The difference in the direction of the floauses a downward
component which would result in the formation of lift which is gendrhtethe wing. To get
a much better understanding of lift generation, the concept of Kuttatioonsihould also be
brought into picture. As an airfoil experiences steady flow owesutface at a particular
angle of attack, nature adopts a value of circulatirby which the fluid smoothly leaves at
the trailing edge of the airfoil this phenomenon is known as the Kuattalition [39].
Additionally, Kutta condition ensures that when an airfoil is plade@inaangle of attack it

imparts a downward momentum to the flow.

The Kutta condition maintained by the wing imparts the momentum intfiotheas
the wing translates through the flow resulting in a substantegase in the lift generated by
the wings. The vortex sheets generated by oscillating wingsals® be explained by the
Kutta condition as the vorticity introduced into an inviscid flow bytigh the application of
Kutta condition should be accompanied with an equal and opposite vortex. Flow
visualization studies conducted in this chapter would corroborate thiompleaon as the
results will show similar to that of a von Karman Vortex stsdeedding from the trailing

edge of the wing during plunging motion.

4.4 Dragonfly flight

Dragonflies are considered to be one of the most agile and maaleleversects
known to man with an estimated top speed ranging between 30km/h to 60kmriditg on
the species of the dragonfly [40]. They have also shown the ability both forwards and

backwards with effect use of their tandem wings. In termsafieuverability, dragonflies



91

have shown that they are capable of makingt@fs in fewer than three wing beats [41].
This extreme maneuver is done by pivoting along the vertical atiswt the actual body of
the dragonfly rolling along its longitudinal axis. Owing to theesof the different species of
dragonfly, the wing beat frequency also varies within a broad r&ogexample the average
wing beat frequency of a dragonfly is 27Hz while the natural frecyuef the wings is in the
order of 170Hz [42]. With these capabilities, dragonflies are comrslder be a very likely
candidate on which a future bio inspired nano air vehicle designs beubdsed on. If a
system which can mimic the aerodynamic characteristics rsttigwthese insects, it would
prove to be a formidable advantage over other conventional fixed wimgtane scale

uninhabited air vehicles in terms of speed, agility and maneuverability.

Dragonfly wings have also proven to be a source of great curiasigngst both
biologists and engineers. They possess unique properties by whichexhdyt high
aerodynamic performance at lower Reynolds numbers. Experimenegdtigations into
dragonfly wings such as the one by Murphy and Hu [43] have shownhthairrugated
airfoil made from the cross sectional profile of a dragonflygndlsplays a higher lift and
delayed airfoil stall during low Reynolds number applications (Rel09,000). The
aerodynamics performance of the corrugated airfoil was found piagisio effect to the
varying Reynolds number. Flow visualization studies with the helfigital particle image
velocimetry (DPIV) have shown that protruding corrugation corneteeifving profile act as
boundary layer trips thereby allowing the boundary layer to reatsached to the surface of
the airfoil. This delays the flow separation over the airfoifesag thereby allowing it to

operate at higher angles of attack.
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Other studies on dragonfly wing morphology include that of Tsuyuki et al. [44hwhi
include flow visualization studies conducted on live insects to understeeid wing
performance. Observations made from the wing profiles of ingedtss study shows that
dragonfly and gadfly wings have a large V — shaped groovethedeading edge of the
wing. Another observation made during this study is the large unduiattbe center region
of the wing which was found to significantly increase the lédherated by the wing. The
flow visualization studies also indicate the presence of interabetween the fore-wing and

hind wing during flapping motion of a dragonfly.

A much more in-depth look into the effects of fore-wing and hind wingagonfly
flight has been shown with the help of computational studies by \Afath¢un [45] and also
by Huang and Sun [46]. These studies have mentioned work by Suraarj{d] where a
CFD analysis was conducted from 3D wing and original wing kinemddi@ from
dragonflies. The results show the vertical coefficients of-¥argy and hind-wing are twice
as large as quasi steady values and the mean vertioes fgpeoerated by the wings could be

used to balance the weight of the dragonfly.

The computational studies by Huang and Sun [46] have shown that fordywdig
wing interaction is strongly influenced by the forward fligpeed of the insect and also the
phase difference between the wings during flight. From the fdate obtained from these
studies show that the fore-wing shows only small signs of influbpc¢he hind-wing on the
other hand the hind-wing is heavily influenced by the motion of theevieng especially in
the case where the phase difference between the wingsgadivee A negative phase

difference would mean that the fore-wing has a lead duripgpifig motion over the hind-



93

wing of the dragonfly. Due to the interaction between the forepvand the hind-wing, the
aerodynamic force generated by the hind-wing is lower thandah#bte fore-wing. The

decrease in forces is produced when the fore-wing causefdbive angle of attack of the
hind-wing to decrease. A difference in the forces generatéldebywings would cause a drop
in the resultant aerodynamic forces generated by the wings casigewhere the wings are
flapping in a negative phase difference. As the wings flap wibsitive phase difference,
the mean total thrust of the fore-wing and hind-wing are slightlyemited by the interaction
between the wings. In conclusion it was found that having a negatiase difference would
lead significant loss in aerodynamic performance of a tanderg wonfiguration. This

explains why dragonflies use only a positive phase differenceebatthem during flight

which involves the hind wing leads during flapping motion than the forewing.

4.5 Wing motion in Dragonflies

Insects have unique motion of their wings during flight which could depending
on the necessary aerodynamic parameters which are required flightn Especially in the
case of a dragonfly a variety of flapping profiles are geadrhy the wing during flight. The
most common pattern followed by birds and insects alike is thep“@ta Fling” motion.
This particular wing motion was first proposed by Weis-Fogh §8& means to explain the

lift generation of thdencarsia formosa wasp.



94

Figure 4.6. Clap and Fling motion exhibitedHrycarsia formosa [48]

This motion would include the initial phase of the wings touching e#iter dorsally
during pronation or the highest point in the wing amplitude during flappioigon which is
known as the “Clap”. Figure 4.6 shows an illustration of the ctapfing mechanism by
Weis-Fogh. After the clapping motion of the wing the individual wirgisalong their axis
as the leading edges of both wings separate from each otherheitinatling edge still
remaining stationary making this motion look similar to that dfoak being flung open
hence the name “Fling”. Though first observed in insects, this plartizving motion is very
common among birds. The attached circulation on both the wings d@hewsto generate a
large amount of lift. The interesting fact is that most insects do not malké cisg and fling

motion despite its advantages.
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Another type of flapping motion observed in tandem wing insects iothatphase
and out of phase flapping. The motion of the tandem wings are ®dssif “in-phase” when
both pairs of wings are oscillating with a phase differencg of0°. This would mean that
the two sets of wings would move up and down in a sinusoidal pattgether. The other
pattern adopted by the wings during flapping motion is that of “oyfake” or “anti-phase”
motion. During this flapping motion, the wings would have a phase diffe@hge 180
which would mean that the wing would oscillate in opposite directiongshen one wing
strokes in the downward direction, the other wing would move in the rdpavection and
vice versa. Alexander [41] has studied the phase differenceonslaips exhibited by
dragonflies at different instances during un-tethered flight. Usinigh speed movie camera,
Alexander was able to observe that dragonflies flapped theirswanignarily out-of-phase
and the in-phase flapping motion was observed to take place ordytaindnstances. The
extended use of out-of-phase flapping by the wing could be explained bokeirg
aerodynamically more efficient and also the basic physiolodlyetiragonfly would prompt
its wings to flap out-of-phase. The transition between the diffgrleases occurs in as little
as 5-6 beats. In-phase flapping of the wings has found to providgeadarount of normal
force for instances such as takeoff or quick yaw turns. Howawghnase flight theoretically
would decrease the lift generated by the wings as the hind-wmngd have a reduced
effective angle of attack thereby reducing the meargéfterated by the wing. Due to this
reason, the in-phase flight is used only to generate large iespoidorces which would last
only for a few wing beats. However when a time averaged valtleedbrces generated by
in-phase flapping is considered, it would show a lower value asitigeinteraction can be

detrimental to the force produced by the wing. Another explanation for the use-ofifay —
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hind-wing phase difference would be the effective removal ofl’'sswer the tandem wings

[49].

4.6 Experimental Setup

The aerodynamic tests conducted on the tandem wing were carriedt dbe
undergraduate wind tunnel at lowa State University’'s Wind Sinomlaand Testing
Laboratory. A closed circuit wind tunnel is used for this expent by which the airflow
through the test section is not introduced from ambient air but ytlezt throughout the
experiment as the air within the test section is recycleagltine experiment. Particle Image
Velocimetry experiments in such wind tunnels are particulaeeasithe flow is consistently
seeded with smoke particles throughout the experiment. A Coronaaltetgrechnologies
Inc. Colt 4 smoke generator was used to seed the flow with smdiegsawhich would act
as a tracer for visualizing the flow through the test sectitve. 9moke generator burns a
petrochemical with insufficient supply of oxygen thereby genegatmoke particles of up
5um in diameter. The wind tunnel has a test section of 1ft xnldimension and has the

capability of reaching a top speed of 67m/s.

The set of tandem wings used in the experiment are two 115VAC, 66Hzefectric
fans made by Piezo Systems Inc. as shown in Figure 4.5. Each fainthédave a chord
length of 12.7mm (0.5”). Two of these fans were screwed on texagRis disk which also
allows the fans to move closer or further apart from each othiiasthe interaction due to
wing spacing could be studied. The structure to which the wingsffaredato also allows
the geometric angle of attack of the wings to be vari¢ld mispect to the free stream flow.

Figure 4.7 shows a photograph of the tandem wing configuration of theefgetzic fans



97

which is being tested in the current experiment and also struotwigich it is used to mount
the fans in tandem configuration. For the current experiment thendestoetween the two
fans is kept at 0.5C which would be 6.35mm (0.25”). This distance is nm&dtdoroughout

the current set of experiments.

Apart from the two piezoelectric fans, the experimental setupsterns a function
generator which generates a sinusoidal wave pattern whistmikar to the insect wing
flapping motion. The output wave pattern generated by the function gensratdrenough
to produce a significant amount of amplitude in the fans. To inctbasamplitude of the
fans, the output signal from the function generator is fed into an @&nplifiere the signal is
amplified by a factor of 1000. The amplified power from the functienerator is then
supplied into the fans. The phase difference between the fanseiagehby changing the
connection between the fans from series to parallel. When thafam®nnected in series to
each other, they exhibit a phase difference ©f@n the other hand when the circuit is
connected parallel to each other with opposite terminals connectingfdhe fans, they

were found to exhibit a phase difference of°180
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Figure 4.7. Piezoelectric Fans in tandem wing configuration
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Phase Angle Vs Wing Position ¢= 180°
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Figure 4.10. Wing positions at different phase angles for in-phase and anti-phase
flapping

Another output from the function generator is connected to the triggaeabanism
in the delay generator. By this function, the delay generatoirigger the image acquisition
by the camera in the PIV system thereby allowing the tasspecifically gather the images
of the flow structure at a particular phase angle of the wimgrevthe image would be “phase
locked”. In each of the cases, the fore-wing is considered as s$kbéneafor the phase angle
of the wing. The flow particles are illuminated with the helpadNewWave Gemini 200
Nd:Yag laser with a wavelength of 532 nm for this particular exymt. The image
acquisition was carried out by a Cooke 12 bit 1376 x 1040 pixel Pix&@Iy camera. Using
the phase lock method, a total of eight phase angles were ushd &xperiment. The
resulting wing positions at the individual phases for both in-phase and anti-phasegflagpi
shown in Figure 4.10. The results show that both the wings display a di@usave pattern

in both in-phase and anti-phase cases. A slight difference intadgpbetween the wings are
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observed during the experiment, however this would amount only to aeditée of about

half a millimeter between the fore-wing and the hind-wing aungdis. This small difference
in amplitude can be ignored for the experiment and is attributdeetartique nature of the
piezoelectric patches which makes them exhibit different perfuzenaharacteristics though

they are present in the same circuit.
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Figure 4.11.Wind Tunnel Calibration for Undergraduate Wind Tunnel

Flow velocities at different wind tunnel frequencies were catedl with the help of
data gathered from Clemons [50]. The average flow velocitidseatest section of the wind
tunnel were obtained through PIV measurements at different motor fregsie@uiing to the
requirements of having a low flow velocities to study nano air \elfflight, Particle Image
Velocimetry was used due to its high level of accuracy and narsimé behavior compared
to other flow measurement techniques such as hotwire anemoretrpressure
measurements using a pitot-static probe. The data gatherethisoexperiment is plotted in

figure 4.11 which shows the relation between the motor frequency ofitlkdetumnel and the
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flow velocity in the test section. The relationship between the wandel flow velocity and
the corresponding motor frequency is shown by the third order polghequation which is
obtained by a curve fit. Experimental results also show thatgtaph plotted above is

accurate to a high degree.

4.7 Tandem Wing Aerodynamic Testing

The current set of experiments was carried out in the wind twitied flow velocity
of 0.8 m/s. The wing beat frequency of the wings was charg@&8Hz thereby causing both
the wings to flap with amplitude of 6.44mm. The amplitude value wasraat by using the
sequence of images obtained from the PIV data. The velocity used theirexperiment
when calculated against the wing tip velocity of the flapping snvquld yield an advance
ratio (J) equal to 0.955. Though the design frequencies of the pidrcelengs are fixed at

60Hz, but higher amplitude was observed at an increased frequency of 65Hz.

With the current parameters, PIV experiments were conducted in batd ghweraged
and time averaged conditions. For the phase averaged condition, datmatheed from
different phases of the wings with the help of the triggeringhai@sm described in the
previous section. A total of eight different phase angles wereassedses for gathering data
during the experiment with each case having an increment’dh4be phase angle of the
fore-wing. In the phase averaged condition, a total of 166 imagesgatirered for each of
the cases. Finally the entire sequence of phase averagedscase®d into an animation.
For these experiments the fore-wird() was taken as a reference value for the phase angle
in all cases. The phase averaged cases are repeatedyiog ywometric angles of attack of

0° and 10 for both in-phaseand anti-phase conditions. For time averaged cases, the
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triggering mechanism of the experimental setup is shut off lamddal time video of the
flapping wings is recorded. The purpose of having two differergscts this experiment is
due to the high flapping frequency of the piezoelectric fans. Thadflly camera which is
used in this experiment has a maximum image acquisition frequéricly Hz. Due to this
large difference between both the frequencies; the phase averagas egecuted so that the
wake pattern of the entire flapping sequence can be capturech geniod of time. The
turbulent kinetic energy measurements were also obtained fronoetuh cases and a time
averaged result of these readings are also shown in the resigits. The phase averaged
results for the wake sequence and the time averaged velociie foofAoA = O° is shown

for both in-phase and out of phase measurements in figures 4.12 — 4.16.
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Figure 4.12. Phase Averaged results for AoA=G= 180 different fore-wing phase angles
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Figure 4.13. Phase averaged results for AoA %9 (f at different fore-wing phases
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Figure 4.17. AoA =04 = Time Averaged Mean Vorticity

The image sequences shown in figures 4.12 and 4.13 show vortex strotiseeved
by Koochesfahani [5] where the presence of a dual vortex steuctur be observed in the
upper and lower planes of the vortex sheets. When the AoA = 0 duriqghase flapping, a
prominent vortex of alternating magnitudes are formed betweelorgeving and the hind-
wing. The size of this vortex decreases as the hind-wing at¢evath it and the vortex is
then shed into the free-stream. Immediately after the firsexas detached the following
vortex in the wake pattern splits the previous vortex into two .palis causes the wake
structure to have a double vortex configuration with alternating magst In the case of in-
phase flapping at the same angle of attack, a prominent vortebs mduserved between the

fore-wing and the hind-wing. The vortex produced by the fore-wing maway from the



109

hind-wing due to the presence of this alternating vortex. Thexvpreduced by the hind-
wing is again split into two parts. The resulting wake would show diternating vortices
being formed followed a smaller vortex which was formed by tmewing of the tandem
wing configuration. Figures 4.14 and 4.16 shows the time averaged mearnyvptotie
produced due to both in-phase and anti-phase flapping of the tandem widjsangfe of
attack, the time averaged mean velocity profile shows the peeseintwo jets being
generated by the flapping wings directed towards the upperoara regions of the wake.
These jets indicate the generation of thrust by the flappingsain both phase differences.
Figures 4.15 and 4.17 shows the time averaged vorticity pattern foeingd in the wake
region due to both in-phase and anti-phase flapping of the tandem Wheggatterns clearly
indicate vortices of opposite magnitude being shed in the upper amed ptanes of the
wake. This dual vortex pairs are observed in both the upper and lcaverspdf the wake

region.
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Figure 4.23. AoA = 19 ¢ = (° Time Averaged Vorticity

Figures 4.18 and 4.19 show the sequence of vortices being shed for both iamhase
anti-phase flapping motions at an angle of attack &fTlie results in the anti-phase flapping
motion indicates the presence of a prominent vortex being formedagage between the
fore-wing and hind-wing similar to the case where AoA°=10 this case, the hind-wing
sheds a vortex of a very large magnitude which is later spdittivo parts by the following
vortex which is of an opposite orientation. The resulting wake pasteows an alternating
dual vortex pattern on both the upper and lower plane of the wake strutha velocity
vectors in the flow field indicate the formation of a jet pattehich is directed downward
indicating the presence of a larger amount of lift than sedmeicdse where AoA =°0 On
the other hand a much more complex wake structure is observed iddpihgse flapping of
the wings. As observed earlier when AoA % @ vortex pair of opposite magnitudes are

spotted between the fore-wing and hind-wing. The vortex shed from theviog moves
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away from the hind-wing due to the presence of a vortex of opposifeitonde however this
vortex later mixes with the resulting vortex structure formgdhe hind-wing. The wake
formed in this case is very complex and a definite pattern ifoootl. While observing the
velocity vectors in this case, along with the jet which is directed in the dawmiaction of
the flow field a higher magnitude velocity along the axis oftkinast generation is observed.
This is indicative that the in-phase flapping would generate ahagheunt of thrust than

the anti-phase condition.

Figures 4.20 and 4.22 shows the time averaged mean velocity paifiksgth in-
phase and anti-phase flapping at AoA =<.10n both the cases, the velocity jets are more
prominent in the downward direction, indicative of a higher amount dfdifig produced as
the angle of attack of the wings increase. In the cases wititeeased angle of attack, it can
be noticed that the jet formed in the upper region of the wake ifesinasize then the lower
region. In the case of in-phase flapping it is to be noticed tha¢ttve the upper region is of
a larger size than that of the same jet in the anti-phapeiria condition. This would
indicate that a higher amount of thrust is being produced by in-phase flappirapthphase
flapping of the wings. Figures 4.21 and 4.23 show the time averageityarii¢the wake
region for in-phase and anti-phase flapping at AoA % T@e vorticity profile is directed
downward and also shows the presence of dual vortex pairs of oppogitéutes being

shed in the wake region.

4.8 Velocity Profile Analysis

To have a deeper understanding of the wake structure, and its effethe force

generation by the tandem wings a velocity profile was geeérat the wake region of the
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flow field. Using the existing PIV measurement data that gatbered to understand the
vortex structure of the airfoil, a velocity profile along the Ysawf the flow field was
obtained. A probing location along the flow field was selected atstardie of 100mm
downstream from the leading edge of the fore-wing. The approxlocgon of the velocity
profile can be classified as 7.87C where C is the chord length &€ = 12.7mm). This
location was chosen as a more stable velocity profile can be tghexs the phasing
between the two wings could cause large amounts of turbulence tader tandem wing
configuration. As the flow moves much further downstream the effettthe wing

interaction would have dissipated by a small level.

Once the velocity profile is gathered at this location the vadwmeshormalized with
the free stream velocity. To determine the free strealwcity, the first column of velocity
vectors from the PIV data is gathered and averaged. The magndtidies vectors are
averaged and the resultant velocity value is concurrent to thectaekdielocity from the
calibration curve. The average velocity of first row of vdlpasiectors from the incoming
flow is approximately equal to 0.8m/s. This velocity value is usedivide the subsequent
velocity values in the array thereby generating the normaliziediwe profile of the wing.
The time averaged results obtained from the PIV measuremenissad to calculate the
normalized velocity profiles for each of the cases. Figure 4.24sstt@wnormalized velocity
profile at AoA = @ for both the anti phase and the in-phase flapping motion. The nordhalize
velocity profile for AoA = 16 for both in-phase and anti phase flapping is shown in figure

4.24.
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AoA = 0°: Normalised Velocity Profile
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Figure 4.24. Normalized Velocity Profile for AoA £ for In-phase and Anti Phase Flapping
Motion

The velocity profile shown above in figure 4.24 indicates the momestufeit as
described in the reverse Karman Vortex Street or thrust gemgevatrtex. However the wake
structure is a lot more similar to that described by Koochasfdb]. The presence of a dual
peak surfeit corresponds to the generation of a dual pair of e®iticeach of rows of the
vortex street. The wake structure shows a larger momentum sefed displayed by the
anti-phase flapping phase difference than the in-phase condition.isThantrary to the

observation from past studies that the in-phase flapping is useddoagea higher amount
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of thrust by tandem wings. This analysis was observationfuviger confirmed when the
thrust in the X — direction of the flow field was calculated with help of the momentum
flux in that particular direction. Using the principle of massservation, the following

eguation can be used to obtain the thrust produced in a 2 dimensional flow field.

r=» | uG) W) — U dy

Figure 4.25 shows the normalized velocity profile of the flow fieldboth the in-phase and
the anti phase condition for AoA = A0The preliminary flow profile shows a momentum
deficit especially in the region which forms a jet which is direatetie downward direction.
This indicates the presence of drag in the flow profile. This gh#en is quiet similar to the
results obtained from the flapping wing micro air vehicle experimand the comparative
study of wing flexibility which indicates a decrease in thrgeherated by the wing with
increasing geometric angle of attack. Despite of the geoerat drag by the tandem wings
at higher angle of attack, the thrust generated by calculdtengelocity profile of the flow
field shows a lower amount of drag being generated by in-dlegg@ng in comparison to
the anti-phase flapping. This could indicate that the in-phase flaploieg provide a slight

increase in the thrust generated by the wings at higher angles of attack.
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AoA = 10°: Normalised Velocity
Profile
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Figure 4.25. Normalized Velocity Profile for AoA =far In-phase and Anti Phase
Flapping Motion

In the case of dragonflies and other insects with tandem wingsittiagon where an
in-phase flapping is employed is cases such as take off and) daxireme maneuvering.
Either of these cases do not take place at zero anglesa¥ lattathey rather would include
the wings to have a higher than usual geometric angle ofkaffdms could lead to a
speculation on the effectiveness of in-phase flapping during fieglet. However with an
indication that the anti phase flapping generates a higher amotinmtusf during level flight

could explain why dragonflies would prefer using an anti phase flappitgon than in-
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phase flapping in such conditions. However this observation is not concasive span-
wise velocity component of the flow during flapping flight is reegéd while calculating the

thrust values.
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To avoid any discrepancy between the time averaged and the phagedveslts
gathered for calculating the velocity profile of the flowldiethe time and phase averaged
results were compared. The eight phases generated during the d#asunements in the
phase averaged case was once again averaged and was then plottedna tharszer as the
time averaged results. Figure 4.26 shows the comparison betweame¢haveraged and
phase averaged results of the velocity profile. The velocity profileost pases was found to
match very closely with each other. The only anomaly was founl& womparing the time
averaged and phase averaged profiles of the zero degree anglekoffaitzther observation
made along with this anomaly is that the thrust generatédeirphased average in-phase
flapping is found to be slightly more than that of anti phase flapdihts observation is
contradictory with the results obtained for the same case wélpliase averaged data.
However this particular set of data concurs with the assumptiomtpaase flapping would

increase the thrust generated by tandem wings.

These contradictions from the measurement data in the flowcieild be attributed
to the highly three dimensional nature of the vortex structures Bemged in flapping
flight. The additional component of wing tip vortex generation alserfietes with the wake
structure generated by the wings. Another factor to be takeragtount is that the thrust
equation which is used to calculate a qualitative value of thettbrisg generated at
different cases would be severely influenced by the three diomaisnature of the flow
field. Unless out of plane measurements are made with the hefperoscopic PIV
measurements, a complete picture cannot be obtained on the wake estgecterated by

flapping of tandem wings at various phase differences.
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CHAPTER 5. GENERAL CONCLUSIONS

The studies conducted in the flapping wing micro air vehicles hhears the
following results. The augmented thrust and lift values in eash ltave shown that a higher
amount of thrust and lift are generated when the vehicle would tlyinrnthe unsteady
aerodynamic region. The qualitative efficiency studies alsoateticthat the flying at lower
advance ratios exhibit a greater propulsive efficiency. When a catiyga study was
conducted on the effects of flexibility of the wings, it was fotimat the wing with moderate
flexibility or the Nylon wing was found to have a higher parfance in terms of
aerodynamic characteristics. The latex and the rigid wirlg®oiéed better characteristics in
both lift and thrust individually though the combined performance in béittand thrust

generation showed that the Nylon wing performed better compared to the aher tw

PIV measurements of the tandem wing configuration showed the voatérns
which are formed with high amplitude to chord ratio — high frequevings. The study also
proved an interesting understanding into why a dual vortex parrisefl in the wake of the
flapping wing is due to interference between the vortices béied som the hind-wing. The
velocity profile observations and the thrust calculation proved confliatesults. This is
likely to be due to the highly three dimensional nature of the vettexture formed due to
flapping of wings as the PIV measurements taken in thisrezglected the out of plane flow

measurements.
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CHAPTER 6. RECOMMENDATIONS FOR FUTURE WORK

The current experiments have given a greater understand into tbemaerce of
flapping wing micro air vehicles and the effects of flextilof the membrane wing which
can be used to enhance the overall aerodynamic performance wéhicte and also the
efficiency study allows us to decide specific flight paramsebsyy which the battery life can
be extended. However in the current study, the wing is only restricted to plungfitog nOn
the other hand, pitching motion along the axis of the wing is not consigetad study
though it is a very important part of flapping flight. Future redeanto flapping wing flight
would include the use of a model which would also have a pitching motiomeofving

during flapping flight.

Nano air vehicle wings which have been used in these experiarensgmilar to flat
plates. The next step in the study of flapping wing nano air ehicigs would involve the
design of a wing structure of a micro scale. The geometdyi®imting would be based on an
insect wing. Another issue which has come into light during tverReéasurements of the
flow field is the presence of a large out-of-plane velocity compiorighe next step in the
flow measurement would include gathering from Stereoscopic BRIM) measurements.
This technique allows the measurement of out-of-plane velocity componbitis plays a
key part in the aerodynamics of flapping flight. A further underding on the aerodynamic
forces being generated by the wings can also be obtained wittelinef the out of plane

velocity component.
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