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THRUST GENERATION OF PITCHING AIRFOIL IN UNIFORM FLOW
SUMMARY

The objective of this thesis is to understand the general characteristics of pitching
airfoil aerodynamics. The flow over NACAO0012 airfoil, oscillating in sinusoidal
pitching motion is examined numerically in unsteady Navier-Stokes solver, written
in FORTRAN. Viscous, incompressible, laminar flow and moving body is simulated
with structured mesh scheme. Navier-Stokes equations solved by Galerkin Finite
Element Method with Arbitrary-Lagrangian-Eulerian (ALE) description together
with Fractional Step Method (Misirlioglu, 1998).

We run few simulations in order to determine the optimal mesh to fit our researches.
We use different meshes to collect wide range of data to compare. We found that the
mesh giving the best results are not resource-time effective, less detailed mesh is
used for the simulations.

Later, the code is run for different cases for validation. Simulations for the research
are performed for wide range of combination of reduced frequency certain pitching
amplitude mean angle of attack values. Behavior of vortex patterns observed and
determined for its drag generating, neutral wake and thrust generating abilities.
Results are compared with experimental and numerical data.

For the research, simulations are made for wide range of combination of reduced
frequency, pitching amplitude and mean angle of attack values. Reynolds number is
set at 10,000. Thrust generating abilities of the simulations is determined for the
cases. First simulations made for certain pitching amplitude and mean angle attack
values with wide range of reduced frequency values. Presented pitching amplitude
values are 0p=2.5, 0o=5, ao=7.5, and 0e=10". Angle of attack values with small
differences have a little effect on the results so we did not include them in the thesis.
Reduced frequency values are ranged from k=3 to k=20. After that, effect of the
mean angle of attack is examined for certain value of reduced frequency with wide
range of mean angle of attack values. Presented pitching amplitude values are
w=2.5, 0g=5, 0g=7.5, and ap=10" . Reduced frequency is set at k=10. Presented
mean angle of attack values is ranged from om,=0"to a;=45".

Vortex structure of the simulations is visualized for every case. Comparison of the
vortex structure is made for its thrust generating abilities and general vortex structure
behavior. Karman vortex street and reversed Karman vortex street is observed with
the explanation separating starting from the trailing edge of airfoil.

Our study clearly proves us that flapping wing simulations could be solved with
noncommercial FORTRAN code with using finite element method. Code can be
improved for future studies.
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SERBEST AKIMDAKI CIRPAN KANADIN iTKI URETIiMI

OZET

Bu caligmanin amaci saat yonii ve saat yonii tersi yonde sinusoidal salinim hareketi
yapan cirpan kanadin aerodinamik analizini hesaplamali akigskanlar mekanigi
araciligi ile yapmak ve kullandigimiz ticari olmayan FORTRAN kodunun
yeterliligini gostermektir. Calismamizda NACAOQ0012 kanat profili etrafinda diizgiin,
zaman bagli, viskoz, sikistirllamaz akis, kanat ¢evresinde olusturulan ¢oziim agi
kullanilarak ve Navier-Stokes denklemlerini ¢6zen FORTRAN kodu araciligi ile
sayisal olarak incelendi. Problemin sayisal ¢oziim algortimalari i¢in Galerkin Sonlu
Elemanlar yontemi, zamanda ayriklastirma i¢in parcali adimlar yontemi, akigkan ile
cisim arasindaki etkilesimi tanimlamak i¢in keyfi Lagrange-Euler tanim1 ve hareketli
siirlarda integral igleminin yapilabilmesi i¢in dort boyutlu uzay-zaman elemanlari
kullanilmistir (Misirlioglu, 1998).

Problemin bilgisayar ortaminda sayisal olarak ¢oziilebilmesi i¢in ¢esitli ¢dziim aglar
kullanilarak deneme amagh c¢oziimler yapilmistir. Coziim aglart farkliliklart ile
birlikte denenerek 113 tane, degisik yunuslama genligi, indirgeme frekansi ve hiicum
acist degeri iceren simulasyon calistirilmistir. Bu deneme amacli simulasyonlar
sonunda en iyi sonug veren ¢dziim aginin bilgisayar ortamindaki kaynak kullanim1 ve
zaman oranlamasi esas alindiginda ¢ok verimli olmadigi goriilmiis. Bunun
sonucunda daha az dogru sonug veren fakat daha hizli ¢6ziim sunan ¢6ziim aginin
kullanilmasina karar verilmistir.

Kodumuzun dogrulugunu tespit etmek igin, onceden yapilmis olan c¢alismalar
tekrarlanarak sonu¢ karsilastirilmistir. Simulasyonlar genis bir indirgenmis frekans
degerler aralig1 ve belirli yunuslama genligi degeri ile yapilmistir. Kanat profilinin
arkasinda olusan girdaplarin davraniglart gézlemlenmis, siirikleme, nétir ve itki
olusturan durumlar belirlenmistir. Simulasyonumuz yunuslanma genligi, =2 ve
Reynolds sayisi, Re=12.000 olacak sekilde kosturularak ilgili deneysel referansla
karsilagtirilmistir. Diger simulasyon ise yunuslama genligi, =25, Reynolds sayist
Re= 10.000 olacak sekilde kosturularak sayisal referansla karsilastirilmistir.
Caligmamiz deneysel referanstaki verilerle daha uyumlu sonuglar vermistir.

Calismamizdaki simulasyonlar genis bir indirgenmis frekans degerleri, yunuslama
genligi ve hiicum agis1 degerleri aralig1 ile gergeklestirilmistir. Reynolds sayis1 tiim
calismalar i¢in 10,000 olarak ele alinmistir. Yaptigimiz simulasyonlarda ki
durumlarin itki {iretme kapasitesi biliylik Ol¢iide goz Oniinde bulundurulmus ve
incelenmistir. Ilk ¢alismalarimiz sabit yunuslama genligi degeri ve sabit hiicum agis1
degerleri ile genis bir aralikta degisen indirgenmis frekans degerleri ile yapilmistir.
Calismada kullanilan yunuslama genligi degerleri, ao=2.5°, ao=5°, (xo=7.5°, ve ao=100 .

XV



Indirgenmis frekans degeri ise k=3 ile k=20 arasinda degisen degerler olarak ele
alimmistir. Sonrasinda indirgenmis frekans ve yunuslama genligi degerleri sabit
tutulmus, genis bir aralikta degisen hiicum agis1 degerleri ile simulasyonlar
yapilmustir. Itki sabiti degerleri belirlenmis ve grafiklerle gosterilmistir. Bu
calismada kullanilan yunuslama genligi degerleri ao:2.5°, (10250, ao:7.5°, ve 0L0210c
olarak, degisem hiicum acis1 degerleri de an=0" ile a;=45 olarak ele almmustir.

Itki katsayisinin kapsamli incelemesi agisindan calistirilan simulasyonlarda olusan
girdaplar belirli islemler i¢in gorsellestirilmistir. Bu ¢alismada kullanilan yunuslama
genligi degerleri, 0g=2.5 , #o=5, 0=7.5 , Ve o=10", indirgenmis frekans degeri ise
k=10 olarak ele alinmistir. Girdap yapilar itki tiretme Ozellikleri ve genel girdap
yapilar1 incelemesi agisindan karsilastirilmalart yapilmistir. Karman girdap caddesi
ve ters karman girdap caddesi yapilari gdzlemlenmis, firar kenarinda olusan akim
ayrilmalar1 gézlemlenerek agiklanmistir.

Calisma sonucunda elde edilen degerler yunuslama hareketi yapan kanadin
aerodinamik oOzelliklerini belirlemede yardimeci olmustur. Yunuslama genligi ve
indirgenmis frekans degerlerindeki degisiklikler itki iiretimini dogrudan etkileyen
faktorler olarak gozlenmistir. Bunun yaninda hiicum agisindaki degisiklikler belirli
bir seviyeye kadar onemli bir etken olusturmamistir. Hiicum agisindaki degisiklik
belirli bir seviyenin iistiine ¢iktiginda ise bu parametrenin baskin oldugu goriilmiis ve
kritik bir seviyeden sonra itki olusumunun imkansiz oldugu gériilmiistiir.

Firar kenarmin arkasinda olusan girdap yapilari hipotezde tahmin edildigi sekilde
olugmustur. Siiriikleme kuvvetinin baskinlik olusturdugu simulasyonlarda Karman
girdap caddesi gozlemlenmis, siiriikleme kuvvetinin neredeyse sifira yakin oldugu
durumlarda ise iz bdlgesinin {izerinde ve altinda esyapili, ters tonlii girdaplar
olustugu gozlenmistir. Yiiksek yunuslama katsayist ve indirgenmis frekansa sahip
kanat hareketinde ise ters Karman girdap caddesi olustugu gozlenmistir.

Sayisal stimulasyonlarimiz sonucunda, 2. dereceden ¢oziim yapilamadigi icin, firar
kenarinin arkasinda olusan girdaplar hizli bir sekilde kaybolmus ve kiiciik girdaplar
gorlintiilenememistir. Bu sebepden dolay1r sonuglarimiz referans degerlerimizden
daha yuksek sonuglar vermistir. Bu farkliliga ragmen sonug¢larimizda ki degisiklikler
referans verilerimizle paralel bir davranig gostermistir.

Calismamiz ¢irpan kanat caligmalarinin ticari olmayan bir FORTRAN kodu ile
yapilabilecegini kanitlamasi agisindan 6nemlidir.
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1. INTRODUCTION

Many successful flight attempts had been accomplished by the humanity even before
the Wright Brothers. In all these years, we have been inspired by the flying creatures
of nature and tried to create our own designs similar to them. However, we still do
not have the ability to replicate flapping flying animals. Over a million species of
insects and thousands of birds and bats fly by using their flapping wings.
Considering the facts that we made our aerodynamic improvements quickly in short
time, we can safely assume that humanity will solve the unknown phenomenon of
the flapping wing flight, redesign and improve it by our own. We have started to
understand nature of the flapping wing flight, with the help of multi-class scientific
research and the helps induced by developments in the technology. Present stage of
the study of this field resulted making small flying vehicles, known as micro air
vehicles (MAV). Due to their size and payload limitations, installing thrust
producing components is a serious problem. At this point, using the thrust producing
method of the oscillating wing flying creatures becomes the most efficient and cheap
solution. Analysis of the aerodynamic behavior of oscillating airfoils is a complex
procedure; therefore, understanding the fundamental physics is the main difficulty of
designing micro air vehicles. Oscillating airfoil in flow generates a wake structure
behind its trailing edge. Behavior of this situation is the main reason of thrust
generation. Low frequency oscillating airfoil generates wake structure type named as
Karman vortex street that consist of a row clockwise vortices above a mean line and
a row of anticlockwise below the mean line. This type of relation between two
vortices behaves as a drag generating wake. High frequency oscillating airfoil
generates a reversed Karman vortex street, which generates net thrust on the airfoil.
Thrust generating wake structure is also called ‘jet’, main cause of thrust generation
is the momentum demeanor behind the airfoil. There are two types of airfoil motions,
which generate wake structure. First motion is heaving or plunging motion. Airfoils
in heaving motion move up and down parallel to the horizontal axis due to certain

oscillation frequency. Pitching motion means, airfoils move clockwise, counter



clockwise around a point usually placed on itself. Heaving and combined heaving-
pitching motion have the highest thrust producing rate. Most of the researches

focused on these types of motions.

1.1 Purpose of the Thesis

Due to their thrust generating abilities, heaving and combined heaving-pitching
motions had been researched mostly. There are very few researches about pure
pitching motion in a uniform flow. Our goal on this paper is to research pure pitching
motion and its thrust generating nature that depended on wake structure behavior.
We studied the behavior of the variables that have major or minor effect on the wake

structure, such as; reduced frequency Kk, pitching amplitude ¢,, mean angle of
attack «,, and location of pitching axis. We hope that our work may give important

details about pitching motion behavior, to help other researches about both heaving-

pitching and practical usage of flapping wing thrust generation for manmade designs.

1.2 Background

Many researchers through the years study flapping-wing aerodynamics. Both
experimental and computational researches focused on dynamics of the wake and the
vortex. (Katz and Weilhs, 1978), dynamic stall(Choudhuri et al., 1994, Ekaterinaris
and Platzer, 1997, Isogai et al., 1999), flow control (Lai et al., 2002), hovering
(Ansari et al., 2006, Dickinson et al., 1999, Liu and Kawachi, 1998, Platzer and
Jones,2006, Zbikowski, 2002), ornitophter (Grasmeyer, 2003) and thrust and lift
production of the micro air vehicles (Ashley, 19998, Jones et al., 2001, Shyy et al.,
1999). Although most of the researches’ were computational, some researchers made
experimental studies by using particle image velocimetry (Adrian, 2005 Freymuth,
1988, Jones et al., 1996, Lai and Platzer, 1999, Lighthill, 1975 Triantafyllou et al.,
1993). Quick review on short history of aerodynamics would reveal us that Knoller
was the first person who showed an effective angle of attack for flight could be
generated by flapping foil (Knoller, 1909). This motion generates both lift and thrust

force. Katzmayr made an experimental verification by placing a stationary airfoil



into a sinusoidal oscillating free stream and managed to measure average thrust
(Katzmayr, 1922). Birnbaum made researches about thrust generation and
determined its applicable conditions (Birnbaum, 1924), he was the first one who
defined reduced frequency which is a useful parameter related to the flapping wing
aerodynamics. Theoretical explanation of drag and thrust production, based on
behavior of wake vortices made by Von Karman and Burgers. Karman Vortex street
with a momentum deficit in the time-averaged flow is occurred during the drag
producing with two alternating vortex rows, clockwise above and anticlockwise
below. In thrust producing, wakes transpose the vortex rows and this formation of
wake is called reverse Karman Vortex street. Garrick applied Theodorsen’s inviscid,
incompressible, oscillatory, flat-plate theory and proposed that thrust, produced by
plunging airfoil, occurs nearly every frequency range (Garrick, 1936), their
linearized theory proves that all types of plunging produce thrust. Silverstein and
Joyner make experimental verification of Garrick’s prediction (Silverstein and
Joyner, 1939). Bratt made experiments about flow visualization (Bratt, 1950). Non-
symmetrical, deflected wake pattern was recorded on Bratt’s experiments but was
never reported and discussed until Jones et al (Jones, K. D. and Dohring, 1996).
Birnbaun, Kuchemann and Weber made suggestions about flapping wing as a
propeller (Kuchemann, D. and Weber, 1953). During these researches, it has been realized
that large amount of energy was lost due to vortices shade in the wake. Schmidt
managed to save some of the energy, created by a flapping airfoil (Schmidt, 1965).
Bosch examined the flapping airfoils and the combinations and developed a linear
theory to predict propulsion (Bosch, 1977). DeLaurier and Harris made verification
of flapping—wing propulsion by doing series of experimental process. Koochesfahani
made experiments about thrust producing by pitching motions (Koochesfahani,
1989). Unlike plunging motion, pitching motion generates drag for low frequencies,
which could cause flutter. Appearance of the drag profile in the wake of the foil and
the motion amplification is the result of flutter, which is possible by extracting
energy from the flow. Liu used vortex lattice panel method to examine flapping wing
motion (Liu, 1991). Hovering insect is modeled by Liu and Kawachi (Liu and
Kawachi, 1998) by using pseudo-compressibility method and unsteady three
dimensional flow.Jones et al. made experimental and numerical progress and
managed to describe behavior of wake structures formation as an inviscid

phenomenon over a range of Strouhal numbers. Jones and Platzer used panel



methods to do numerical flapping-wing calculations and found performance
improving airfoil flapping and ground effect (Jones and Platzer, 1997) . Stall is also a
problem for aerodynamic vehicles and flying animals. If effective angle of attack
changes rapidly, leading- edge vortex appears, lift increases whereas pitching

moment decrease and sheds downstream, therefore stall occurs (Smith, 2005).



2. FORMULATION AND NUMERICAL METHOD

2.1 Governing Equations

Unsteady, incompressible, viscous, laminar flow conditions used in the present

study. Governing equations of the problem would start with continuity equation

Vu=0 2.1)

that is derived from the conversation of mass. Navier-Stokes equation

p% =F-Vp+ 1V

Dt (2.2)
derived from conservation of momentum and the constitutive relations for the shear
stress (White, 1974). In the equation, pis the fluid density, x is the viscosity, uis
velocity vector, pis pressure and F is the body force vector. This force becomes
dominant under the conditions of gravity, buoyancy, etc. We can safely neglect this
force in our study, so it is taken as zero. Navier-stokes and continuity equations are

non-dimensionalized for proper and easy numerical calculations. Non-

dimensionalized variables are:

c X% U -_pp
L Uy Lol

Vu=0 (2.3)
Du 1,

—=-Vp+—V-u 2.4
Dt P Re 24)

uand pare dimensionless versions of u“and p”.



Re is the Reynolds number:

RezﬁoI
y2i

p and u stand for density and viscosity of the fluid, U and d stand for reference

velocity and characteristic length.
Equations above need modifications in order to suit space-time formulation. ALE
(Arbitrary Lagranian e.) for a fixed coordinate system version of the governing

equations are:

V.(u—ug)zo (2.5)

for the continuity equation, Navier-Stokes equation as;

ou 1,
E+(u—ug).Vu=—Vp+%V u (2.6)

Where u s the absolute velocity vector and U, is the grid velocity at the point under

consideration.

2.1.1 Weak Formulation

Weak formulation of the ALE version of Navier-Stokes equation (2.6) would

become
IQL%Ndet = LJI [—(u —U, ) -Yu-Vvp +RieV2u}Ndet (2.7)

N is the arbitrary weighting function. We integrate the left-hand side of the equation

(2.7) for a fractional time step
J‘Q(u”*”2 —u" )NdQ = L}J}HM{—(U” —ug)~Vu” -Vp" +RieV2u”}Ndet (2.8)

If we integrate for the full time step where pressure is evaluated at n+1, (2.7)

becomes



n+l At n+l 1 2,
[(u-uNdQ=] [ [ u" —u, )-Vu" ~Vp +2o VA }Ndet (2.9)
Also we are taking the divergence of (2.6) and express it in a weak form outcomes in
ou 1
V. NdQdt=| | V-| —(u"-u, ) Vu—Vp+-—Vu NdQdt 2.10
LV 2 =], [ v (0" -, ) vu-vp+ 2 v (210)

Assumption is, U, remains constant for a time step, after left-hand side integrated

with respect to time, (2.8) changes into,

IV (u””J2 U, u“+ug)NdQ

N (2.11)
—I r mv{ u"—u )Vu“—Vp“+iV2u“}Ndet
Re
At the full step, after the integration, (2.8) becomes
fQV-(u“+1—ug —u" +u, )NdQ
(2.12)

_J‘ .[HMV{ u —u) u”—Vp"*1+RieV2u”}Ndet

After the subtracting (2.11) from (2.12) for the usage of continuity equation at n and

n+1 results in,

v-(ur2 —y INdQ=[ [[v?(p™ - p") INdQdt (2.13)
J.Q ( 9) IQL
Also, subtracting (2.8) from (2.9) gives,

u™ 2 INdQ =—{ [T v(pt - pr INdQdt (2.14)
Jal No=— [

Finally, equations (2.8), (2.13) and (2.14) are in the right form for discretizition with

introducing the auxiliary potential ¢,
¢: pn+1 . pn (2.15)

2.1.2 ALE Formulation

Integral form of the equations needs discretizeting for proper calculation procedure.
We choose N to consist of basic functions of approximation which are trilinear forms

of brick element. M, are the mapping functions. N stands for shape functions, which

used for basic functions of interpolation. Mapping function written as



M, =2 (1-7)N, =18

(2.16)

Mis =31+ )N i=1-..8

i+

Here, 7 is the time coordinate on the parent element that ranged between -1 and 1.
Parent element is shown in Figure 2.1. Four-dimensional cube (hypercube) in

&—n—¢ —7 dimensions, corresponding physical element in X—Yy—z—t coordinates

is also shown in the figure.

In the direction of a=X,Y, z, Galerkin Finite Element formulation of (2.8,2.13-2.15)

given as;

Mu*? = Mu” J{Ba +p,C, —(%4— D)ua} At (2.17)
Ap=—E, (ur¥?—uj)/ At (2.18)
MU = MuT™? — E_git (2.19)
Pt =p (2.20)

In the formulas, M is lumped element mass matrix evaluated at each time step using
the associated space element. A is the stiffness matrix, D is the advection matrix, C is
the coefficient matrix for pressure calculation, B is the vector related to boundary
conditions, E is the matrix related to incompressibility. Matrices given above are

evaluated over the space-time element. At a given time, element potential is
h=—— [ NgdQ,, i =18 (2.21)
vol(Q),) e

Q, N, are flow region and shape function respectively. Calculations of high

Reynolds number flows require second order artificial viscosity added to diffusive
terms for stabilization . So algorithm for the solution of the problem would be; Result
of the equation (2.17) gives the fractional step velocities which is needed for the
auxiliary potential in the equation (2.18). Equation (2.19) solves the new time

n+l

velocity field u™™. At last, equation (2.20) gives the new pressure field p™*.
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Figure 2.1. The parent element, hypercube and corresponding physical element,

adapted from Misirlioglu (1998).



2.2 Pitching Motion

The main idea of this section is to clarify its objectives. We aim to find thrust
producing abilities of the pure pitching motion, depending on the flow’s properties
such as reduced frequency, pitching amplitude and mean angle of attack. Airfoil in
pitching motion will move clockwise, counter clockwise due to certain oscillation
frequency, around a point usually placed on it. Vortex structure appears behind the
trailing edge of the airfoil. Type of the vortex structures depends on the frequency of

the oscillation. Several parameters are shown in the Figure 2.2.

Figure 2.2: Pitching motion.

C._ is the lift coefficient and Cp is the drag coefficient. N and D are normal and drag
forces which effects airfoil. ay is the mean angle of attack. U, is the free stream

velocity. Reduced frequency is formulated as:

k= <rIc (2.22)

Cp, drag coefficient is formulated as;

t+T

1
Co=7 [ oyt (2.23)

t

Where f oscillation frequency as hertz, ¢ is the chord length of airfoil. The angular

velocity of the pitching airfoil is formulated as:

o= a,kU_ cos(kU_t) (2.24)
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3. RESULTS

3.1 Verification

First, we made some simulations to compare our code with other published papers.
Comparations are far from being perfect but our results have similar behaivour
compared to the experimental results (Koochesfahani, 1989). Simulation is made for
Re=12,000 and pitching ampitude, ap=2". We made our simulations by using two
different meshes; low resolution mesh and high resolution mesh as shown in Figure
3.1 and 3.2. Blue curve represents low resolution mesh result, green curve represent
high resolution mesh results and red curve represents experimental data. At the point
k=3.5, experimental and low mesh results intersect and at point k=5.5 experimental
and high mesh result intersect. After that point, both numerical simulations give
higher thrust coefficient values than experimental results. Nevertheless, demeanors
of the results seem parallel. Considering that our simulation is made in 2D, first order
method, it is an acceptable error ratio. Our second validation simulations made for
Sarkar, Vankatraman results (Sarkar,Vankatraman, 2005). Simulations presented in
Figure 3.3 is made for Re=10,000 and Pitching ampitude, #o=2.5 . Results are totally
different in both values and behaivour. Considered that, values of Sarkar,
Vankatraman are also result of a CFD method, we may neglect their method and
accept the experimental results for our validation.
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Figure 3.2: High resolution mesh.
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=~ Sarkar, Venkatraman., Numerical simulation of
thrust generating flow past a pitching airfoil
Computers&Fluids pﬁ. 10-12,2005
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=== Koochesfahani,M.M., “Vortical Patterns in the
Wake of an Oscillating Airfoil,” AIAA Journal, Vol.
27, No. 9, pp. 1200-1205, 1989.
01
0,05
o
-0,05
0.1 -

Figure 3.3: Validation simulations with experiment and numerical results.

Table 3.1: Numerical results of simulations and experiment.

k Low Res. High Res. Kooc.
1 -0.04577 -0.04633 -0.03203
3 -0.03744 -0.04023 -0.03281
5 -0.00195 -0.02422 0.004297
7 0.059869 0.037295 0.028125
9 0.140595 0.111785 0.127344
11 0.250322 0.201985 0.157031

12



3.2 Zero angle of attack

Numerical simulation of the unsteady, incompressible, viscous flow passing a NACA
0012 airfoil, which has a sinusoidally oscillating pitching motion, is discussed. Main
parameters of the numerical simulations are reduced frequency and pitching
amplitude. Reduced frequency, which we used in simulations, differs from 3 to 20.
Pitching amplitude values are set for 2.5", 5", 7.5, 10". Mean angle of attack angle is
set for 0, 5 and 10, for low resolution meshes and it proved that mean angle of
attack has a minimum effect on the thrust producing. Reynolds number is set at
10,000. We also made additional numerical simulations for examining the effects
angle of attack. For these simulations, reduced frequency is set at 10, pitching
amplitude is set at 2.5°, 5, 7.5, 10" where angle of attack differs from 0" to 40°

degrees.

3.2.1 Pitching Amplitude 2.5

For pitching amplitude, ap=2.5", thrust coefficient and reduced frequency values are
researched. As the reduced frequency increases, maximum-minimum limits of the
drag producing values gets wider. Minimum value is changing dramatically
compared to maximum value. Minimum value ranges between 0.1 and 0.2,
maximum value ranges between 0.05, 0.8. Absolute values of maximum, minimum
points of angular velocity of the airfoil are equal, as the natural result of harmonic
motion. Highest absolute values of the angular velocity usually occur when airfoil is
in horizontal position. Average of the drag coefficient gives us the net drag rate. If
the net drag value is negative, there is a “jet” stream, which produces thrust. For k=
3, sinusoidal drag curve stays in entirely positive values, thus producing drag. For
both low and high-resolution meshes, at k=5, min value of drag curve goes down
about zero, for low resolution mesh, drag values of k=7 goes down below zero. For
high-resolution mesh, drag values of k=9.5 min value goes down below zero, nearly
balancing up with the positive values of the drag curve. Only drag producing wake
also known as Karman vortex street occurs for reduced frequency values lower then
7 and 9 for low and high resolution meshes respectively. For k=7 and k=9.5 for low
and high resolution meshes respectively, there is neutral wake, having zero thrust

producing rate. In this situation leading edge vortex barely pairs with the trailing
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edge vortex but does not interfere with each other. At k=10 average value of the drag
curve becomes positive, making it a thrust producing reversed Karman vortex street
pattern for both meshes. For values above k=10, leading edge vortex weakens. For
k=10 detailed vortex pattern graphics are given in the Figure 3.4. Images show a low
thrust producing, reversed Karman Vortex street which is similar to neutral wake.
We can clearly see that leading edge vortices started to get weak due to increased
value of reduced frequency. As frequency increases proportional to reduced
frequency value, leading edge vortices stretch and merge with the trailing edge

vortices rather than advecting it.

Figure 3.4: Detailed vortex pattern graphics, k=10.
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Figure 3.4 (contd): Detailed vortex pattern graphics, k=10.

3.2.2 Pitching Amplitude 5.

For pitching amplitude, 0=5, mean angle of attack, om=0’, thrust coefficient and
reduced frequency values are researched. Similar to previous pitching amplitude
examples, with the increasing reduced frequency, maximum-minimum limits of the
drag producing values are getting wider. Minimum value is changing dramatically
compared to maximum value. Min value is set between 0.05 and -3.5, max value
ranges between 0.05 and 0.5. Absolute values of max, min points of angular velocity
of the airfoil are equal as the natural result of harmonic motion. Highest absolute
values of the angular velocity seem to occur when airfoil is in horizontal position as
same as in the previous example. For k= 3, sinusoidal drag curve stays in entirely
positive values. At k=5, min value of drag curve goes down below zero, nearly
making small amount of thrust. We may assume this case as neutral vortex pattern.
For k=7 min value goes nearly down to -0.4, making the case a thrust producing
case. Reduced frequency values lower then 5, only drag producing wake also known
as Karman street occurs. For k=5, there is neutral wake, leading edge vortex barely
pairs with the trailing edge vortex but does not interfere with each other. Values for

above k=7, average value of the drag curve becomes positive, making it a thrust
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producing reversed Karman vortex street pattern. As frequency increases
proportional to reduced frequency value, leading edge vortices stretch and merge
with the trailing edge vortices rather than advecting it. For other reduced frequency
values until 20, thrust value is increasing proportional to k value as previous
examples. Thrust values are greater than 0p=2.5 cases. In the Figure 3.5, images of
k=10 are shown. For the 0o=5 case, leading edge vortices are stronger than the
previous cases. Results of low and high resolutions meshes are somewhat similar
compared to previous case. High-resolution mesh gives lower thrust coefficient
results as expected.

=

Figure 3.5: Detailed vortex pattern graphics, k=10.
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Figure 3.5 (contd): Detailed vortex pattern graphics, k=10.

3.2.3 Pitching Amplitude 7.5.

For pitching amplitude, 0p=7.5", mean angle of attack, om=0, thrust coefficient and
reduced frequency values are researched. Only high resolution mesh used for these
simulations because as pitching amplitude values increases, results of both mesh
types getting closer, leaving little concern for comparison. As we expect from the
previous pitching amplitude examples, with the increasing reduced frequency,
maximum-minimum limits of the drag producing values are getting wider. Minimum
value is changing dramatically compared to maximum value. Highest absolute values
of the angular velocity seem to occur when airfoil is in horizontal position. For k<3,
sinusoidal drag curve stays in both positive and negative values. At k>3 min value of
drag curve goes down below zero, nearly making small amount of thrust. We may
assume this case as neutral vortex pattern. For k=5 min value goes nearly down to
-0.4, making the case a thrust producing case. Reduced frequency values lower then
3, only drag producing wake also known as Karman street occurs. For k=3, there is
neutral wake, leading edge vortex barely pairs with the trailing edge vortex but does
not interfere with each other. Values for above k=5, average value of the drag curve
becomes positive, making it a thrust producing reversed Karman vortex street
pattern. As frequency increases proportional to reduced frequency value, leading
edge vortices stretch and merge with the trailing edge vortices. For other reduced
frequency values until 15, thrust value is increasing proportional to k value as
previous examples. Thrust values are greater than 00=2.5 and =5 cases. In the
Figure 3.6, images of k=10 are shown. For the 0,=7.5 case, leading edge vortices are

stronger than the previous cases.
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Figure 3.6 (contd): Detailed vortex pattern graphics, k=10.

3.2.4 Pitching Amplitude 10.

For pitching amplitude, ap=10", mean angle of attack, a,=0, thrust coefficient and
reduced frequency values are researched. Only high resolution mesh used for these
simulations for the same reasons explained in the previous case. As we expect from
the previous pitching amplitude examples, with the increasing reduced frequency,
maximum-minimum limits of the drag producing values are getting wider. Minimum
value is changing dramatically compared to maximum value. Min value is set
between 0.05 and -3.5, max value ranges between 0.05 and 0.5. Again, absolute
values of max, min points of angular velocity of the airfoil are equal as the natural
result of harmonic motion. Highest absolute values of the angular velocity seem to
occur when airfoil is in horizontal position as same as previous examples. For k= 3,
sinusoidal drag curve stays in both positive and negative values. At k=3 min value of
drag curve goes down below zero, nearly making small amount of thrust. We may
assume this case as neutral vortex pattern. For k=5 min value goes nearly down to -
0.4, making the case a thrust producing case. Reduced frequency values lower then 3,
only drag producing wake also known as Karman street occurs. For k=3, there is
neutral wake, leading edge vortex barely pairs with the trailing edge vortex but does
not interfere with each other. Values for above k=5, average value of the drag curve
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becomes positive, making it a thrust producing reversed Karman vortex street
pattern. As frequency increases proportional to reduced frequency value, leading
edge vortices stretch and merge with the trailing edge vortices rather than advecting
it. For other reduced frequency values until 15, thrust value is increasing proportional
to k value as previous examples. Thrust values are greater than all previous cases. In
the Figure 3.7, images of k=10 are shown. For the 0,=10. case, leading and trailing

edge vortices are stronger than the previous cases.

Figure 3.7: Detailed vortex pattern graphics, k=10.
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Figure 3.7 (contd): Detailed vortex pattern graphics, k=10.
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Figure 3.8: Pitching amplitude 2.5, 5, 7.5, 10.

In the Figure 3.8 we could easily see the effect of reduced frequency and pitching
amplitude compared to each other. For small reduced frequency values like k<5,
different pitching amplitudes make no significant difference. Thrust coefficient
results start to differ for the cases k>5. Both reduced frequency and pitching
amplitude parameters are proportional to thrust coefficient. Pitching amplitude
parameter has a significant effect for thrust generation. ap=10" case has the highest
thrust production rate compared to other cases. On the other hand ap=2.5" case does
not produce thrust rate for practical usage.

3.3 Effects of Angle of Attack

Several simulations are made to determine the effect of angle of attack for pitching
motion. Simulations set for k=10 and 0e=2.5, 0o=5, 0o=7.5 and ae=10". Angle of
attack values are set from 10 to 40", Values represented in Figure 3.9. For 4p=2.5"
case, thrust coefficient values decrease greatly after angle of attack um=10", having a
neutral case at angle of attack, ap=10". Greater angle of attack values generate drag
producing vortex patterns. For 0g=5  case, thrust coefficient values drops below zero

after angle of attack, ap=15". At this point, there is neutral case. Angle of attack
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values for greater than 25  gives drag producing vortex patterns. For ao=7.5" case,
thrust coefficient values decreases to negative values at the angle of attack ;=20
having a zero thrust coefficient at that angle. Higher values of the angle of attack
give negative values. For ag=10" case, thrust coefficient values decreases after the
angle of attack o,=27". Previous cases show that higher pitching amplitude cases
give higher thrust coefficient values than lower pitching amplitude values. Angle of
attack a,=40" cases give the nearly same result for all pitching amplitude values. It is
clear that occurrence of the stall at that angle, make the effects of pitching motion
obsolete. This behavior is still in use for higher angle of attack values, making it very
useful for extreme angle of attack conditions.

15 -
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as -
——10
=7 5
D —
50 5
——25
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Figure 3.9: Thrust due to angle of attack.
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4. CONCLUSION AND RECOMMENDATIONS

In this study, we managed to determine the characteristics of flapping wing in a
uniform flow, which in the pure pitching motion by using a homemade FORTRAN
code. Series of algorithms used for calculations, including; Galerkin finite element
method for solving viscous Navier-Stokes equation, along with the Fractinonal Step

Method in Arbitrary-Lagrangian-Eulerian (ALE) description (Misirlioglu,1998).

Thrust producing capability of the pitching motion is examined due to wide range
combination of reduced frequency, pitching amplitude and mean angle of attack.
Reynolds number is set at 10000; reduced frequency is set at 2.5, 5.0, 7.5 and 10.0;
mean angle of attack is set for O to 45 degrees. Vortex behavior behind the trailing
edge is observed for increasing values of reduced frequency. Results are compared

with experimental data.

Three types of vortex shedding occurred; drag, neutral and thrust producing.
Reduced frequency that higher than certain values for different properties setting,
resulted as thrust generating vortex street all the time. Drag generating vortex
behavior is dominant for lower reduced frequency values. Pitching amplitude values
are another main property of pitching motion. Airfoils moving in higher pitching

amplitude values, generated strong vortices therefore higher thrust coefficient values.

Mean angle of attack is a minor element for thrust producing in pitching motion for
small angles. However; as the angle increases, thrust coefficient values decreases
greatly, making it the key limit of the thrust generating. For mean angle of attack that

is higher than certain level, thrust generating is impossible.

Equations in the simulation are solved in first order. Because of this, small vortices
can not be generated. First order solution of the problem also affected the vortex
appearance. Vortices dissolved very quickly after they past the trailing edge. Our

resulted suffered greatly in precision. However, our results show similar behavior
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compared with experimental data. For getting accurate solutions, second order
solution of equations must be implemented in the code.

Finally, this study shows us, pure pitching motion flapping wing problem could be

solved in non-commercial homemade FORTRAN code with using finite element

approach.
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