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ABSTRACT

SYNTHETIC JET APPLICATION ON A FLAPPING AIRFOIL

Meltem ¢ KF T CK
M.S., Department of Aerospace Engineering

Supervisor: Assoc. Prof. DRi | ek FunBadeMiur t ul uk

July2014,93 pages

In this study, anactive flow control method is studied numerically by the application
of synthetic jet over SDT3 airfoil. Steady and unsteady flows over the airfoil are
computed by using a Navietokes slver. k-¥ SST turbulencemodel is employed

for the investigation fothe jet parameters at varioaaglesof attacks and Reynolds
numbes. The effect of the jet velocity and the jet angle are investigated to increase
the lift to drag ratio. The jet slot size and the jet location are kept constant during the
parametric stdy of the jet application. The parametric study has shown that the jet
velocity is the dominant variabl®loreover, it is observed that the application of jet
delays the flow separation on the suction side of the airfoil and increases the lift to
drag rato significantly atstall angles of attackHowever, for attached flows,
application of the jet i®bserved tde less effectiveUnsteady flow conditions are
employedin hover mode. The effect of zemetmassflux, vertical translation,
Reynolds number ahthe synthetic jet frequency are studied in figufeeight
motion. In spite of steady state flow conditions, it is observed that the application of
synthetic jet causes a slight deceeam mean lift to drag ratidncrease of the
vertical translationamplitude increases the picks and deeps aostantaneous

aerodynamic forcedn addition, t is observed that th&ynthetic jet frequency do not



alter significantly the instantaneous aerodynamic forcesttiergiven figureof-eight
motion.

Keywords: Flappmg Wing, Steady andUnsteadyAerodynamics, Synthetic Jets
Micro Air Vehicles Active Flow Control
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¥Z

¢l RPAN KANAT KESKTK | ZERKNDE YAPAY JET

Mel tem, ¢KFTCK
Y¢ksek Lisans, Havacél ék ve Uzay Mg
Tez Y°neticisi: Do- Bozdemir Di |l ek Fund

Temmuz 201493 sayfa

Bu -al ékmada, SD7003 kanat kesiti szer i
aktif akéek kontrol ¢, sayeéesal ol arak incel

dej i amewe zamanl a d&Stoken akek Nawvier

hesaplanméktéer. Yapay jete ait parametre
sayeéel areée i -1 n SSTtceerlbegnbnaeastiin dkeu |kl anél méekt ér
uygul ama a-€e€sé& incelemeleri séraseénda, k
iyilektiril mesi hedefl enmi Kt ir. Jete ait
geni kIl i7Ji ve jetinPleoawmmtr eabial é k ma b h mak
hezéenén baskeén bir par ametr e ol duj u an
duruml arda | et uygul amasénén perd°vites
geci ktirdiiJi vV e kal der ma vertegr ¢skdjelmed
g%zl emlenmi ktir. Kanat ¢zerindeki akéexkén
et ki si azal maktadér. Zamana bajl e akeéex |
I -1 n i ncel-retkmitadkied v &énet(®assf reau x ) d ¢xeryl i°jtie,l e

Reynol ds sayésé ve yapay | et frekanseé e
i ncelenmi ktir. Yapay jet wuygul amasénén k

azal maya sebep ol duju g°zlemlenmicktir.
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havadasa €l € dur ma hareket:i yapan kanat kesitini
noktal arénda dejikime sebep ol duju anl akeéel mée
kesitinin anl ék aerodinamik kuvvetlerinin vy

°1 - ¢de dkeediri K me me

Anaht ar Kel i mel er: ¢érpan Kanat, Zamana Baj

Yapay Jet Uygul amaseée.
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CHAPTER 1

INTRODUCTION

Micro Aerial Vehicles (MAV) and Unmanned Aerial Vehicles (UAV) are becoming
popular research areas in last decades because of their wide use such as in the
military, surveillance, and public safety applications or for personal usage like
amateur interestsThey can be used on the missions which can pose danger for
human beings, like risk of explosion or natural disaster. For all type of applications,
whether for military or civilian, it is important to have good control on UAV, and

this can be achieved byamipulating the air flow on wing. Flow control can be
explained as changing the flow field around airfoils using additional tools on the
airfoil, in order to improve or enhance lift or maneuverability. Different types of
applications can be used accordinghe studies done by G&d-Hak et al. [1], such

as changing the turbulence structure, or preventing the flow separation on wings [2].

Flow controllers can be classified in two broad categories: passive and active
controllers. If the system does not need any external energy, then these types of
systems are called passive flow control systems. On the other hand, for active flow
control, adlitional energy supply should be provided to the system. Without
supplying energy to the system, passive flow control can be achieved by changing
the geometry of the airfoil. For example, Lawggdy breakup devices (LEBU) [3],
riblets [4] and wavy walls cabe classified as passive flow controllers. According to
the studies done in Ref. [2], active flow controllers can also be divided into two
groups as predetermined (opgeonp) and reactive. In predetermined type of active

flow controllers, flow actuatorgre independently operated from the state of the



flow. As a result, these kind of active controllers do not require sensors. An example
of this type of controller can be found in References [5], [6], and [7]. In these studies
it is demonstrated that duringrculation control of wings, lift enhancement is
created by blowing a jet over a rounded trailing edge. This flow can create a coanda
effect. In reactive/passive flow control, the actuators are controlled using sensors.
The control loop in a reactive teaique can be opedoop or closedoop. OperAoop
controller, which is also known as négedback controller, is a type of controller
which uses only the current state information to compute the input of the system.
However, closedoop controller computethe output depending on the feedback and
current input of the system. It is understood in the research done by Mejia [8] that

most flow control applications are the clodedp applications.

In the last ten years, especially for Micro Aerial Vehicle W)Aand Unmanned
Aerial Vehicle (UAV) applications, synthetic jet applications are used as a way of
flow control. Most of the experimental studies have shown that synthetic jet
applications can offer good solutions to the flow separations or they candasuse
ways of enhancing the lift by changing the vortex structures. These applications can
be found in detail in References [9], [10], and [11]. Some devices such as synthetic
jets or control devices, involving zeretmassflux oscillatory jets have been
introduced in Ref. [12]. The purpose behind the synthetic jet applications is to
stabilize the boundary layer. This can be done by changing the momentum of the
boundary layer, such as air blowing or suction on the airfoil profile. In their study,
You and Mbin [13] statethat amplitude, frequency and the location of the synthetic
jets are the basic parameters to have an improved lift or more detached flow on the
airfoil. With the increased synthetic jet applications, unsteady computations become
important intime, since they can provide detailed simulations, and lower the need for
more experimental studies with wide range of parameters. In addition, when
compared with the experimental studies, simulations can be solved in more than one
case and results can lmempared with each other in order to identify different
solution methods and different flow cases. Because experimental studies need careful
and sensitive orientations, by the help of numerical simulation programs,

experimental setup cases can be modekfdrehand and setups can be improved



according to the results. This can be another way of saving time and providing a
forehand understanding of the experimental studies. As a result, simulation programs

may be used not just during the experiments butrbefod after the experiments.

1.1 Motivation and Purposeof the Study

For unsteady simulations, hover case for controlled flow fields may pose a new
challenge in the sense of zeretmassflux oscillatory synthetic jet applications.
Figureof-eight motion is studied for the current thesis. Computational Fluid
Dynamics (CFD)simulations are assumed to give an indication of tiesynthetic

jet application affects the airflow around an airfoil on hovering m&geathetic jet
application is investigated for both steady and unsteady flow condifitvesinitial
studies in thisresearch are performed for steady cases to compare controlled and
uncontrolled flow fields.Under steady state studies, effect of the jet velocity
according to the free stream flow field velocity is examined. In addition, effect of jet
angle is checked. Ehstudies are continued by investigating the effect of angle of
attack, and Reynolds mber on lift to drag ratioFor unsteady flow conditions,
effect of the zeronetmassflux syntheticjet is analyzed while applying figureof-

eight motion to the airfol. In order to examine the characteristic of hover motion,
effect of vertical translatiormnd Reynolds number asgudied with synthetic jet
applied airfoil, and lastlyeffect of the synthetic jet frequency is investigatetamer

mode

1.2 Scope of the Wok

This thesis has six chapters. Chapter one gives an introduction to this study. In
chapter two, literature survey is done with the main focus on active flow control in
steady and unsteady flow conditions with synthetic jet applications. In chapter three,
numerical methods are explained and equations for the hovering case and synthetic
jet are stated. Chapter four explains steady state studies done over synthetic jet
applied profile, and the effects of jet velocity, jet angle, angle of attack, and



Reynoldsnumber are investigated on the 3003 airfoil. Results of figuref-eight
motion of SD7003 airfoil in hover mode with synthetic jet applications are presented
in chapter five. In chapter six, concluding remarks are made and future work is

mentioned.



CHAPTER 2

LITERATURE SURVEY

Passive and active flow control systems are mentioned in the current chapter. Studies
related to synthetic jet applications are listed for flapping airfoil studies including

pitching and plungingirfoils.

2.1 Flow Control

Flow control is an area which focuses on reducing the undesired effects in the flow
field. |t can be defined by the definit
control is a process or operation by which certain characteridtagiven flow are
manipulated in such a way as to achieve improvements or a specific technical
performanceo. In other words, using | ow
by triggering the natural unsteadiness of the flow so that the flow devedtyslly

in the desired form [15]. That is why flow control techniques are applied generally
when a system does not operate under the design conditions. By using the underlying
physical mechanisms, flow separation or flow transition areas can be measured
experimentally and this knowledge can be used to control the flow. Some of the most
common reasons to use flow control are improving the lift, reducing the drag or

reducing the pressure fluctuations around an airfoil.

Flow separation and possible techreq areclassified by Fiekgr et al. [1]as shown

Figure 2.1.
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Figure 21 Flow management techniques and classification of flow field separation
[1, 16].

As seen in Figure 2.1, active flow control can be classified in two groups;
predetermined and reactive control loops. Predetermined control loops do not need
any sensor to operate because they operate without depending on the particular state
of the flow,and they supply steady or unsteady energy into the system. On the other
hand, reactive control loops have a sensor to continuously adjust the controller. Feed
forward or feedback control can be done by reactive control loops. These two

subgroups, active drpassive flow control, are classified by Rullan [16].

As mentioned in Chapter 1, flow control can be applied in two ways: passive and
active flow controls. Under passive flow control, airfoil design is changed by adding
some structures on airfoils; likeboundary layer control deviceand vortex
generatorsThe general purpose of these passive flow control devices is to achieve
hi gher angle of attack valpman ¢-dbanbe hh an
increased by Boundaryalyer Control (BLC) dvices.
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Figure 22 Different vortex generatoexampleg17].

The most commonly known passive flow control devices are Vortex Generators
(VGos) . VG6s can be applied in various s
they are in the shape of small vertical plate. They can be employed on an aafoil at

angle wih respect to the local free stream fldwlow control on the suction side of

an airfoil can be obtained by appropriat
Figure 2.2co-rotating and counterrotating types are presenteth general better

results are lotained withcounterrotatingt y p e [1M,G1.s

Under the active flow control part, detailed literature survey is presented according to

the improvements on the synthetic jet applications.

2.2 Active Flow Control

After Lundwing Prandtl did his pioneeringsearch on boundary layer manipulation

in 1904, wide range of techniques have been developed in more than a century of
flow control fields. Synthetic jets represent one line of boundary layer flow control.
These are used to delay the boundary layer separmati the suction side of an airfoil

by either injecting pulses of highomentum fluid into boundary layer or zemet
massmomentum effect. At this point, some attention should be paid to the control of
flow separation because the flasntrol for boundar layer separation and for
separated flow are different cases. The former description represents the flow field
control which experiences boundary layer separation from a wall. On the other hand,
the latter control type tries to prevent or delay separaadior reattach the flow

[16].



Synthetic jet application, also known as zestmassflux actuator, can produce a
succession of vortex rings without net addition of mass to the flow. Synthetic jets are
quite simple when compared with their counterpars tb their abilities such as
reducing the drag in turbulent boundary layer, thrust vectoring application of jets,
increasing the flow mixing in shear layer, reducing the flow separation, and heat
transfer augmentations. Synthetic jets have the abilityeate unsteady forcing. It is
known that this forcing is more effective when compared with steady forcing. By the
help of unsteady forcing effect, flow separation can be reduced on the upper side of
the airfoil at high angle of attack cases. MoreoveR-petmassflux jet applications

are important because they can eliminate the need for piping system or additional
energy supply system on an airfoil. These types of jets introduce linear momentum to
the system without net mass injections. Therefore, ttagy eliminate the systems
which are supplying constant suction or blowing to the system. In other words, the
need for the piping system on an airfoil can be eliminatéf [

Siegertet al [18] used a pulsed micro flap on the leading edge of a wing to control
separated flow. The study focused on the position, amplitude, and frequency of the
flap motion for high angle of attack values. It was found that periodic perturbations
can orgaize and improve the average strength of the shedding vortices and may
increase the lift in a time average sense by as much as 50%. A following study was
done by Hsiao et al. [19]. By making some modifications on their design, they found
that larger amplitdes of excitation motion produced a larger lift coefficient.

Miranda et al. [15] showed that a small oscillating flap which was placed on the
leading edge of a circular arc sharp edged can be used to create the necessary flow
disturbance. In order to affethe flow in a desired way, unsteady excitations were
created at the leading edge by the pulsing flap. This study demonstrated that the
maximum effect on separated flow can be achieved when the excitation frequency is
near the vortex shedding frequen¢jowever, in order to affect the formation of
vortices, the flap must penetrate the separated flow region. This explains why the
effect reduced when the angle of attack was increased. As a result of this study, it is

also found that oscillating flaps aretrdomited in their frequency domain. On the



other hand, an oscillating flap can generate a wide range of effective frequencies for
the control of separated flow over a sharp edged airfoil.

On a NACA 0015 airfoil, oscillatory blowing was applied to thaling edge by
Seifert et al. [6]. In the scope of that study, synthetic jets which are mounted on a two
dimensional slot located on the upper surface above the hinge of flap were activated.
The airfoil positioned at 20of angle of attack. It is concled that steady blowing
had no effect on lift or drag. On the other hand, modulated or pulsed blowing can

generate an increase in lift and cut the drag half.

A two dimensional piezoelectric diaphragm with the characteristics of 0.5 mm wide
and 76.2 mm longorifice was investigated by Allen and Glezer [20] Working
frequency was 1000 Hz and the maximum velocity at the orifice was 20 m/s. For the
studied orifice size and the peak value of the measured velocity, Reynolds number
was determined as 6000 for thiady.

Different multielement airfoils with the application of an oscillatory blowing
synthetic jet were studied by Seifert et al. [21]. In order to understand the parameters
affecting the performance of an airfoil, flow separations were observed on the
suction side of an airfoil. It is understood that if the separation was caused by the flap
side but not by the main body, then applying a jet blowing near the leading edge
instead of at the leading edge could decrease the separation ratio.

An experimentastudy on zersmetmassflux type synthetic jets was done on a round
shaped orifice by James et al. [22]. Turbulent water jet was used and actuated by a
resonantly driven diaphragm. By the application of zeFbmassflux synthetic jet,

the flow is formedby axisymmetrically entrained fluid. It is understood after the
study done by Smith et al. [23] that a synthetic turbulent jet could be achieved by a
train of vortex rings, which were formed at the edge of a circular orifice with a

vibrating membrane.



With the purpose ofhtust vectoring and small scale motion manipulations in
conventional air jets, synthetic jets were used in Ref. [24]. The actuators were
positioned along the long sides of the primary rectangular jets and operated at one
and two ordersawer magnitudes. The turbulent dissipation was improved and
directly exited small scale motions were achieved by the millimeter scale high aspect

ratio actuators.

Synthetic jet actuators can be chosen to achieve dynamic blowing and suction. The
syntheticjet actuators whose working principles are based on piezoelectric devices
are the most efficient ones at the resonance frequency of the device and limited by
the natural frequency of the cavity. A small positive displacement machine with six
reciprocatingcompressors was placed by Rao et al. [25] on a NACA 0015 airfoil.
This device was driven by two DC motors. These piston/compressors generated zero
netmassflux synthetic jets. It is found that flow separation control can be done as

high as 25angle of atack values, and 45 m/s free stream velocities [25].

Actuator types also can have two broad subgroups, piezoelectric and electro
hydrodynamic. The former group has wider application areas when compared with
electro hydrodynamic actuators. A piezoelectractuator which had a
piezoelectrically driven cantilever mounted flush with a flow wall was designed in
Ref. [26]. This design could be applied in large arrays to control the transitional and
turbulent boundary layers actively. The resulting flow distuckaover the actuator

is a quassteady pair of counter rotating streamwise vortices which has strengths
controlled by the amplitude of actuator drive signal. The electro hydrodynamic group
was introduced in Ref. [27]. Flush mounted electrodes were useflianplate which

is driven by a DC power supply. This type of actuator was used to create a plasma
sheet. This plasma sheet induced acceleration in the flow close to the surface, which

increases the momentum and introduce a faster reattachment.
Multiple synthetic jet application wasegormed experimentally in Ref{28].

According to this study, in order to produce a single coherent synthetic jet from a

multiple jet configuration which is positioned in an array, a minimum spacing
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between actuators was aued. The amount of coherent vorticity occurring in the
fluid could be decreased or increased by the combined effect of yaw angle and

orifice spacing of the multiple jets.

The application of synthetic jet on the upper side of an airfoil and smoke
visualization was performed on NACA0036 airfoil by Martin et al. [29]. The results

of this study are represented in Figure 2.3. As a result of this study, it can be seen
that even at zero angle of attack values, flow separation could be observed and
becomes moreesere at 19angle of attack. The flow separation could be decreased
by application of synthetic jet near the leading edge and flow reattachment could be

seen clearly for the zero angle of attack position.

10 deg: no control

0 deg: with control it y 10 deg: with control

Figure 23 Smokevisualization with and without active flow controldt 82and U
= 10°[29].

Many researchers have investigated the characteristics of synthetic jets as a function
of location of the orifice, size of the orifice, type of the blowing/suction waves,
frequency of the blowing/suction, and velocity of the jet. Most of these studies are
done both experimentally and numerically, but the models are designed assuming
that there is a cross flow over an airfoil. That is why the effect of the Reynolds
number isalso searched by many researchers for the linear flow regimes which

correspond to the low Reynolds numbers of ordér 10
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Some studies in the literature focused on the behavior of synthetic jet applications as
in Ref. [30]andDirect Numerical SimulatiofDNS) solutions were used to model
synthetic jets. In order to validate the results, they used the result of experiments
conducted by Smith and Glezer [23]. Except the corners, the velocity profile of the
synthetic jet can be well predicted with the apglsolution method. The comparison

of the experimental and numerical results is shown in Figude W/th the
application of DNS method, the velocity profile could be well predicted except at the

corners of the orifice as shown in Figuré.2.

Figure 24 Comparison of numerical and experimental studies of mean velocities in
terms of the distances from the orifice [30].

Mossi et al. [31] searched experimentally three different types of piezoelectric
actuators which are enclasen a cavity with a slot in order to produce a synthetic
jet. Bimorphs and pretressed curved unimorphs (thunder) are the actuator types
studied in this research, and a new type of actuator, which is called Radial Field
Diaphragms (RFD) with intedigitated electrodes, was designed. These studied
piezoelectric actuators have zeretmassflow rates, and were tested in a constant
size equipped cavity with a slot. In this study, the actuators were tested for different
types of wave forms a sine wave, aguare wave and a saw wave, and different
frequencies along with 2 mm fixed slot exit being used for all type of actuators. It is
understood from this study that all of the actuators showed maximum speed at 5 Hz

12



with a saw tooth waveform being related natlyoto the actuator displacement
performance but also to the cavity size and geometry.

An experimental study of flow separation over a synthetic jet applied to NACA 0015
airfoil is performed in Ref. [32]. Flow separation on a controlled, and uncontrolled
airfoil was performed, and the results are reported. During the experimental studies,
the NACA 0015 airfoil profile with 375 mm chord length was used. The slot of
actuator had a 2 mm width across the entire length of span and was placed at 12% of
the chordmeasured from the leading edge, on the suction side of the airfoil. The
location was determined to leave enough space for the synthetic jet actuator inside
the airfoil [33]. With synthetic jet application, the trailing edge stall is effectively
controlledand produces further enhanced lift coefficient up to the angle of attack
approximately 18 However for angle of attack values greater thaf, iBe
controlled airfoil has a sharp drop of the lift coefficient due to the leading edge stall.
This is causedoy the formation of a separation bubble near the leading edge.
Although the massive stall is reached, the synthetic jet application increases the
maximum lift coefficient when compared with the uncontrolled case, but the lift
augmentation amount is relagly small. In accordance with these positive effects of
the synthetic jet application, the mechanisms for separation control and boundary

layer modification by flow control have not been identified clearly.

Because the control performance of the syntheti€ rely on parameters such as
location of the actuation, frequency and amplitude, an extensive parametric study is
necessary for optimization of the control parameters. You et al. [33] performed the
parametric study and compared its results with themxgntal research data of the
Gilarranz et al. [32] for both controlled and uncontrolled situations of a NACA 0015
airfoil. Effect of flow control on boundary layer properties, flow separation, and lift

improvement were discussed within that comparison.
Synthetic jet application and optimization study was performed on NACA 0015

airfoil by Akcagoz [34]. Optimization was done by the method of Response Surface
Methodology (RSM). Over a-@rid application, unsteady, turbulent, Navitokes
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equations were seéd. The parameters affecting characteristics of synthetic jet were
studied such as jet velocity, frequency, location, and angle. Flow fields around airfoil
for angle of attack values of 1@nd 25 were compared with experimental results
and numerical callations (Figure ). It was understood that synthetic jet
applications for active flow control could be a good solution to the suction side flow
separations [34].

Figure 25Compari son of aver age =N& calue withombber cont o
(a) and with (b) synthetic jet application [34].

Kang et al.[35] compared experimental and numerical results for pitching and
plunging SD7003 airfoil profile at 1x$03x10" and 6x18 Reynolds numbers in a
water tunnel. In their studgomputational results for modified shear stress transport
(SST) and Original SST methods were compared with experimental results. The
experimental part of that study was carried out by University of Michigan (UM) and
Air Force Research Laboratory (AFRL}ing the phasaveraged Particle Image
Velocimetry (PIV). According to the pure plunging case results, the comparison of
original SST turbulence model and modified SST turbulence model showed that
modified version could provide better prediction for thetigal structure with
reattachment areas of the flow separation. The numerical results for that study are

represented in Figure 2.6.

14



N w .

u/U: 002040608 1 1214

Modified SST Original SST UMPIV AFRL PIV t/T :

Figure 26 Normalized mean streamwise velocity contours and streamlines over pure
plungng®7003 airfoil at k =*frém nRrbericalanodels, 0 . 0,
modified SST and original SST, and experimental results, conducted at UM and
AFRL [35].

In this figure, reduced frequency of pitch or plunge movements are represented with

k, k(Hp) f c /o= r epr e s e n tamplittda ® plungénduced angle ofp i t ¢ h
attack. According to this study, the agreements between the computational and
experimental results were favorable when the flow was largely attached to the upper
surface. When theldw started to experience massive separations, noticeable
differences could be seen in phase and also in the size of the flow separation. In the
same study, the pitching and plunging case results were also examined for k = 0 and
0.25 and o= @representedirtherFguedalt Res 6x1t
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Figure 27 Normalized mean streamwise velocity contours and instantaneous
streamlines over pitching and plunging SD7
Re=6x10 from numerical models, modified SST and original SST, and experiments

from UM and AFRL [35].

It can be concluded from this study that flow tends to separate substantially under
modified SST model because of different predicted eddy viscosity levelsoiwore

Re = 3x10 and Re = 6x1Dresults indicated that original SST model has more
attached flow simulation. On the other hand, experimental and modified SST model
results show that the flow was more separated than the result of original SST model.
This cauld be because original SST model limits the production of turbulence kinetic

energy, which reduces the eddy viscosity [35].

Another computational study was done Riazi [36] on SD7003 airfoil for low
Reynolds number application. Reynolds number was takefixad, and steady
uniform synthetic jet application was performed on the-ppessure side of airfoil.

For different angle of attack values ranging between 0 to 12 degrees, effect of jet

application was examined numerically. Applied jet orifice to chord ra#ie kept at

16



0.5. It was understood that synthetic jet application could improve the lift coefficient
value [36].
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CHAPTER 3

NUMERICAL METHOD

In this chapter, governing fluid equations, computational grid, boundary conditions,
and methods used are explained. After explaining the equation for incompressible,
two dimensional, constant properties Navier Stokes equation, User defined
functions (UDFs) and boundary conditions are defined. Structuretyp® grid
generation of hovering flight is performed on commercially available CFD Fluent

13.0. Hovering flights applied to the airfoiby User Defined Functions (UBJ:

3.1 Governing Equations

During figure of eight motionUnsteady Reynolds Averaged Navier Stokes
(URANS) equations are solvethcompressible, twalimensional, constant property

Navieri Stokes equations are given as [37].

— 0 T (3.1)
— 0 — 00 -— '— 0 (3.2)
Where t i's ti me, J i's densitynistheQi s pre

component of position vector, andis the velocity component i@ direction.

During parametric study of jet application Unsteady Reynolds Averaged Navier

Stokes (URANS) equatiormec oupl ed with Mensterds Shear

19



turbulence model. For incompressible, two dimensional flow, the URANS equations

with continuity egiationareas follows [14, 37]

— 0 T (3.1)

—6 —o66 — — % f — (3.2)

- —6Q — 17 Q— §F , 1 — (3.3)

cpP O " - (34)

f — (3.5)

tr "t = — -7 Q (3.6)

Wheret i s eddy viscosity, q i SQistthe wirbudebts ol ut e v a
kinetic energy,, is the specific dissipation rate, is the kronecker delta, arfd is

the stress tensoédh, h, Hhandf “are the modeling constants i
formulation [14, 42]."0 and"O are the blending functions which allows switching

betweenQ - model out of the boundary layer. In the prediction of adverse pressure
gradient fl ows, M e antiseas thesmos$ &lTancedoopratioh at i on st
turbulence model [14, 43]. The mass of the airfoil was ignored throughout the

equations. In addition, the working fluid was chosen as air. The body force term was

dropped from the governing equations. On movingdimeensional grid, the sets of

equations were solved with the pressure based finite volume solver. Convective and
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diffusive terms were treated using second order accurate schemes. The pressure and
velocity coupling were handled by SIMPLE algorithm [14, 44].

3.2 Computational Grid and Boundary Conditions

The main geometry in this thesis was chosen as SD7003 airfoil. The profile has the
Reynolds number application range between 0.5@t@ 2x18. The steady state

results were validated with experimental studid#enature [38, 39]

The applied grid domain for both steady state jet parametric study and hovering cases
was Otype grid. For steady state cases, mesh structure was stationary and there was
no motion prescribed for the mesh domain. On the other handhof@r motion

cases, User Defined Functions (UDFs) were applied to move the airfoil and grid
domain in the hover mode around a pivot point with a figafreight motion. The
surface of airfoil was chosen as-siip wall boundary condition. For steady state
cases, half of the free stream boundary was set as velocity inlet, and the rest of the
free stream boundary was set as pressutiet as shown in Figure 3.1. However, for
hover cases, the all free stream grid domain was set as presfieteboundary
condition. On both cases, jet application was placed on aerodynamic center of the
airfoil, 0.25 chords down from the leading edge of airfoil, and the boundary

condition was set as velocity inlet.

In Figure 3.1, hybrid grid structure, which consists of glanand rectangular
elements, is shown around SD7003 airfoil. For both steady state and hover cases, the
grid had a diameter 30 times bigger than the chord of the airfoil. In order to handle
boundary layer effect, on the mesh structure, dense structushlwses aplied near

the airfoil profile. The first cell on the airfoil has'walue equal to 1, and 30 grid

points which are normal to flow direction are applied for the boundary layer effect.
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Figure 31 Hybrid grid aroundSD7003, for farfield, and its distribution close to the
airfoil and jet location.

In addition to leading and trailing edge dense mesh applications, on the synthetic jet
area, dense mesh was performed to solve velocity aessyre changes more
adequatelyRatio of the orifice size @l to chord (c) was kept as 0.03. For hover
cases, overall outlet boundary condition was taken to be pressure outlet. Whole grid
domain was moved with the motion specified in User Defined Functions (UDFs). Jet
orifice was alwag defined as velocity inlet boundary conditions for both steady and
unsteady flowcases. Airfoil surface except the orifice was defined aslipowall

boundary condition.
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3.3 Grid Refinement Studies for Steady Cases

Refinement studies were carried out befassessing all the case studies. In order to

examine grid independency, three different meshes have been applied. Details

regarding the number of cells, and synthetic jet area mesh refinements applied in

three different meshes are listed in Table A Inedium grid distribution with 175

282 cells was refined and coarsened with ratio of 2 (Table3.1). The jet slot is defined

by 15, 20 and 30 point for the coarse, medium and fine grids, respec@vslpe

hybrid grid was applied for all cases. Schematiow the synthetic jet on the

airfoil is shown in Figure 2.

Table 31 Details of appliediifferent meshes for grid refinement study.

Number of cells in flow Number of cells on synthetic je
domain area
Coarse mesh 90 124 15
Medium mesh 175 282 20
Fine mesh 302 492 30
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synthetic jet
~

LE ote — TE

Figure 32 Schematic presentations of leading and trailing edges, aerodynamic
center, and position of applied synthetic jet (c/4) location.

For grid refinement study, Re = 6X1€ase was solved with coarse, medium and fine
meshes, and resultant lift and drag coefficients were compared to each other under
different angle of attack values. Lift coefficient to drag coefficient graph was
obtained. Theaumerical results obtained ihg present were compared with the wind
tunnel test results dory Ol et al. [38] and Selig et al. [39]. Related results are listed

in Figure 33 and 34. The lift and drag coefficient versus angle of attack results
revealed that the results obtained fromedium and fine grids are similar. Thus,
medium grid with 175,282 cells found adequate for the rest of this.study

24



1.2
i ~ Coarse grid: 90 000 cells
[~ Medium grid: 175 000 cells
- =« ==« + Fine grid: 302 000 cells
1H m Experiment (Ol etal.) P
| B Experiment  (Seligetal.)
« 08
= K
2 :
O i
o |
£ |
= 04}
0.2
0>...11..1...|...1...|H,|.H|.H|
-2 0 2 4 6 8 10 12 14
Angle of attack
008
B “— Coarse grid: 90000 cells
- Medium grid: 175 000 cells >
007 —=-=-- Finegrid: 302 000 cells
[ M Experiment  (Oletal)
s b3 Experiment (Seligetal.)
0.06 [~
= |
8005k
0 i
= 5
8004 =
o i
o 5
go.oa - :
s >~
i > Lo
- » =
. m "
0.01f 4
0*-xxl,A.l.xll..;lxx.l.,.l;;xlAA.l
-2 0 2 10 12 14

4 6 8
Angle of attack

Figure 33 Lift coefficient to angle of attack ardtag coefficient to angle adttack
comparison of grid sensitivity at Re = 6xX160 jet.
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Figure 34 Lift coefficient to drag coefficient comparison of grid sensitivity at Re =
6x10", no jet.

Equations of lift and drag coefficients are given inHBogiation 37 and 38 where (c)

is chord length, (V) is velocity, (q) is dynamic pressure and (L) is lift force.

Similarly, (D) is drag force, ()y) 1is

are gven in Equations 3.10 and 3.11.

CL CroTaL

Cp

Figure 35 Schematic presentations of lift, drag and total force directions on airfoil.

§ — (3.7)

5 — (38)
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3.4 Hovering Kinematics

For hovering-ofmogihomw, mofvieguemé was i mpl eme
has three degrees of freedom. Details of hovering motion are given in Chapter 5.

Figure of eight motion can be defined by [14],

wd cnOBTo “Ic (3.9
wo OOOBTO (3.10)
0 “T¢ “TcOBTo (3.11)

wherew 0 and w0 are instantaneous horizontal and vertical coordinates of the
pivot point in inertial frame of referencéis chord length of airfoil profile. is
circular frequency which can be definedias ¢“ "Qwhere™Qis frequency of the
hovering motion® is the amplitude of vertical translation of the airfoil. In these set

of equations, 0 defines the flapping motion of the airfoil, and these motions are
defined as Lissajous curve. General shape of Lissajous curves is defined by the
coefficients of aerms in the set of equations above. The amplitude and the vertical
and horizontal translation of airfoil can be controlled by the coefficien® Efl o

term. However, these coefficients do not change the general shape of hover motion,

but change only themplitude and translation in two dimensions.

Reynolds number (Re) and reduced frequency (k) are the two significant non
dimensional parameters in the flapping wing aerodynamics. Reynolds number is the
ratio of inertial force to viscous forces. Howeverhovering cases, free stream flow
velocity is determined by the maximum velocity of the hovering motion of the
airfoil, and can be calculated as using reference free stream flow vélcitygiven

in Equation 3.4 Reynolds number calculation for henng cases is given in
Equation 3.2. Reynolds number related to Jet velocity is giwerEquation 3.13.

The reduced frequency is the ratio of vertical velocity to the axial velocity and the
equation of reduced frequency for hovering cases is given iatiequ3.1 [14].
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YQ Y oF (3.12)

YQ @ @ QF 3.13)
Y COMp @ (3.14)
FoJ (3.15)

3.5 Time-Step Refinement Studies for Hover Cases

The time step refinement was performed for unsteadyrloages. Gridlomainouter

surface was applied as pressure outlet. Solver type was applied as laminar. The effect
of time-step size resolution was examined. Tistep studies were done for three
different time steps over one period of hover motion (T)., 28® and 800 time
steps ( opt) over one period hover moti on
coefficients of lift and drag predictions over one period of hover movement by using
different step sizes are shown in Figur®. During timestep refinement sdy,
Reynolds number was kept constant at £xIhe amplitude of vertical translation

(Y) of hover motion was kept equal to 1, and frequency of the hover motion was
taken as 0.1 Hz. Synthetic jet was kept as steady blowing oveil theme-step of
refinement studies and the velocity of the synthetic jet was kept equal to 0.1 times of
the referencevelocity of the motion of the airfollEq. 3.14. Since the lift and drag

forces in hover mode are the vertical and horizontal components of the net force
applied on the airfoil, extreme values of drag force when compared with
conventional fixeeing aerodynamics can be explained by that sign convention. As
shown in Figure 3.4, 400 and 800 thsieps were applied over nine period of the
hover motion to exame the changes of lift and drag coefficients. Based on the time
averaged lift and drag coefficient values over 1 and 9 cycles of hover motion, it can
be deduced that the resolution of the 400 isteps per cycle resolution is refined

enough and predictsaaveraged lifand drag coefficients within £8 of that using
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800 timesteps per cycle. As it can be seen in Figuée @ver one period of motion,

400 timesteps can be used to demonstrate the behavior of the coefficients of lift and

drag, and can be plied for further studies.
1.5j 1

— T/AtiZDl} T/ At=200
T/ At = 400 T/ At=400

T/ 2t = 800 L — T/ At=800

Lift Coefficient
o
T

Drag Coefficient
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8 82 84 86 88 9
T

Figure 36 Time histories of lift (left) and drag (right) coefficients with different
time-steps in hover motion over one period.

3.6 User Defined Functions

User Defined Functions (UDFs) are subrowindhat can program the solver
dynamically in order to improve the abilities of the standard features of commercial
code Ansys FLUENT [37]. They can be used to define specific boundary conditions,
initial conditions, material properties, mesh domain movép@nsource terms for
flow domains [40]. One UDFs file can contain more than one source file. They can
be either compiled or interpreted to the solver to apply or insert the solver type. In
this thesis, UDFs have been used to specify jet wave types.ajptettd, UDFsare
applied both to specify synthetic jet on the orifice and to move mesh domain

dynamically to supply hover mode in figuoé-eight motion.
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CHAPTER 4

STEADY STATE CASE STUDIES

In this chapter, results of jet applicatimm an airfoil are introduced. Different
solutions adaminar, k¥, and ky shear stress transformation (SST)iarplemented

and results are comparedth experimental studies [38, 39]. Constant blow and
constant suction jet application parameters are examined under steady state
conditions. Effect of jet velocity with respect to free stream velocity, synthetic jet

angle, angle of attack, and Reynoldsniers are introduced.

4.1 Validation Cases

Validation cases are conducted under steady state and unsteady flow conditions.
Numerical results of steady state case are compared with experimental results
obtained by Ol et al. [38] and Selig et al [39]. Synthgttcaapplication is performed
under unsteady flow conditions, and results are compared with the study done by
Nakhla et al. [41]

4.1.1 Steady State Case

Steady state simulation of SD7003 airfoil has been performed6Xadf, laminar

and turbulene models (k¥ anw XS T) ar .eFordhismtpdy nejet is

applied on the airfoilln Figure 4.1 comparison of lift coefficients versus to angle of
attack can be seen. According to this case study, it is understooethatkxS T mo d e |

can produceloserresultst 0 t he exper i mhe designlRe of 6&xfoul t s .
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convergence is difficult, and depends to some extent on user choice of paneling and

execution

parameter so

et al. [38], and Sg et al. [39].
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Figure 41 Comparison of lift and drag coefficients versus angle of attack values for

different model types.
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The unsteady flowfieldver SD7003 airfoiwith jet flow was computed using the
optimum grid size determined in grid refinement study. Flowfields after the
application of synthetic jet were compared with the numerical data of Nakhla H. et al
[ 41] Qand aURe= 5.8xT0SD7003 airfoil with a chord length of 0.025m was
used. The ratio of jet orifice width,do the airfoil chord length ¢ was fixedy/d =

0.005. The jet orifice was embedded 0.3 chord length downstream from the leading
edge on the airfoil suction side, whea laminar separation zone forms [41]. The

nondimensional actuation frequend® (Eq. 4.1) and the jet momentum coefficient

0 (Eq. 4.2) are defined as

0 — (4.1)

0 —_— (4.2)

where™Q is actuation frequencyp is the distance from actuator to the trailing
edge of the airfoil]Y is upstream flow velocity an® is jet velocity.It is stated

by Mc Cormick [43] that the jet momentum coefficient should generally exceed the
valueof 0.002 for any substantial effects on the flow to be obsei@dvas taken
equal to 1 and kept equal to 0.002. The expression in Eq. 4.3 was employed at the

orifice of the jet to obtain the fluctuation velocity.

W TW®OEN O (4.3)

where ¢“"Q was kept equal to 9. The actuator oscillation period was

Y 1 and oscillation frequencywa@ p& o
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(b)
Figure 42 Airfoil aerodynamic response with Active Flo@ontrol (AFC) on at t =
15, w (a) fromNakhlaet al.[41], (b) this study.

Resultsof aerodynamic coefficients obtained Nwkhla et al [41and results of this
study are compared in Figure 4.2. Synthetic jet is activated at t = 15. By the jet
application, an increase on the lift coefficient and a decrease on the drag coefficient
are obtained. The aerodynamic coefficient results show similarities to the results
obtained in Ref. [41]. Vorticity contours and streamlines are also compared in Figure
4.3. The size of the upper surface vortex and trailing edge vortex structures are
slightly bigger than the validation study. However, it should be noted that the
vorticity contours in Ref. [41] are not given, and the slight differences can be

explained byhat.
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Figure 43 Time snapshots of instantaneous vorticity cont@ms streamlines over
the actuation periofbr ] oj41]. (a) fromNakhlaet al. [41], (b)currentstudy.

4.2 Parametric Study for the Synthetic Jet Variables

A parametric study was carried out by varying the jet velocity, the jet angle, the
angle of attack and Reynolds number to investigate the sensitivity of the jet
parameters on lift to drag ratio, L/D. The jet slot size andehég¢ation were kept
constant.The jet slot size was chosen to be 3% of the chord length. In each
parametric study, thealue of a single parameter was changed while keeping values
of the other parameters constant. The jet velocity was changed betwddy dnil

0.5 Up velocities, where b corresponds to the upstream flow velocity. Constant
suction and constant blow jet ggowere compared with th® jetcase.The jet angle

was changed betweerf! Gnd 96 while jet velocity was kept at 0.Up Angle of
attack values was changed betweéha@d 12. Reynolds number effe¢ was
investigated between Relx10* and Re 6x10".
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4.2.1 Effect of Jet Velocity

A parametric st udy °faraamyingjet vetocitiesd Differertt jeta t
velocities were applied according to the free stream flow velocig). (Bteady,
uniform, constant blow and constant suction type jets were appthietthe orifice
which was located at aerodynamic center of the airfoil. Jet velocity was changed to
the following values, 0.15] 0.3U; and 0.5. Resulting lift and drag coefficient

values were compared with the condition of no jet application case.

Reynolds number was kept constant for all cases at*6&pplied angle of attack

was 10. Uniform, steady flow was applied on jet orifice and jet orifice was defined
as velocity inlet with different velocities for every different case. Airfoil was
assumeds neslip wall. Modeltype was choseas k-omega SST. Pressure based
NavierStokes equations were solved in two dimensional conditions. Half of the
outer surface of the grid domain was defined as velocity inlet and the remaining half
of that was definedas pressureutlet boundary condition. Resulting L/D for
different jet velocities are listed in Table 4.1. The parametric studyssithat L/D

ratio of the jet application increases as the suction jet velocity increkseever

L/D ratio of the jet velody decreasefor increaseatonstant blow jet velogés.

Table 41 L/D ratio for different jet velocitesatRe=6xiand 0. = 10
Constant Constant
blow suction

Re=6x10 |Vi«=05U [Viu=03Up|Vu=0.1l | Nojet |V=0.1U |Viex=0.3Up|Vie=05U

L/D 10.9 12.6 14.9 20 24.6 31.3 36.9
According to the results of jet velocity analysis, under constant blow jet application,

increase in the jet velocity can cause increase in the vorticity structutbe areas
close to trailing edge. Therefore, increase in drag coefficient and decrease in lift
coefficient can be observed. In addition, when the jet velocity insdesing edge
vorticity (TEV) grows
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Normalized u velocity Normalized vorticity
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No jet
Viee= 0.1U
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constant blow
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constant blow

Figure 44 Normalized u velocity (left), and normalized vorticity (riglsfntours of
different jet velocity applications at constant blow jet application. Re =%6x100 =

10°.

In the left column of Figure 4.4, left column streamwise velocity component is
presented. This component was normalized with free stream flow veMtign the
blowing jet was applied, vorticity structures started to be seen on the upper side of
the airfoil, and become dominant as the constant blow jet velocity increased. In the
right column of the figure, the owif-plane component of vorticity is refz@nted.

The vorticity was normalized with chord length and free stream flow velocity.
Normalized ucomponent velocity and normalized vortices are given f8ah@le of

attack value for constant blow jet applicatisvhen the constant blow jet is applied,
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separation point goes towards to leading edg¥jat 0.1 W, For increasing jet
velocities, upper surface vortex structures are observedVjger 0.3 W counter
rotating vortex structure is generated on the upper surface of the airfoil close to the
leading edge. Flow separates from the upper surface. In addition, more abundant

vortex structures are observed for high jet velocity condition.

In Figure 4.5 both normalized u component velocity and vorticity contours show that
there is a slight separatica t U ° without @t application. However, by the
application of constant suction jet, separated flow attaches to the upper side of the
airfoil. With increase of jet velocity for constant suction case, the separation point
moves towards the trailing eelgAt Vie:= 0.3 W, flow is fully attached on the airfoil

upper surface.
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Figure 45 Normalized u velocity (left), and normalized vorticity (right) contours of
different jet velocity application at constant suction jet application. Re =*6x100 =

10°.

According to the results of jet velocity analysis, under constant suction jet
application, increase in the jet velocity can cause increase in the lift coefficient. On
the other hand, increase in the constant blow jet velocity can cause decrease in the
lift coefficient. In Figure 4.6 shows the variation of L/D with varying jet velocities

for both constant blow and constant suction jet applications. When the suction jet
velocity increased, an increase onwWas obtained, and a decrease was obtained on
Cpb. Therefore, L/D ratio was increased.
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Figure 46 L/D variation with the constant suction jet velocibyer free stream
velocity ratia

4.2.2 Effect of Jet Angle

The parametric study was performed for the jet angle at Re #6x1@& r #(°. Jat
angle was varied betweefi @d 96. (° jet angle corresponds to blow or suction jet
which is tangential to the upper surface of the airfoil. Similarly, j@® angle

corresponds to blow or suction jet perpendicular to the upper surfaceaifftiie

Figure 47 indicates the variation of L/D with constant blow and suction jet.
Comparison of L/D reveals that L/D ratio is maximized as the jet angle is normal to
the upper surface of the airfoil under constant suction jet application. However,
reverse effect can bgeen under constant blow jet application. The L/D ratio of

constant blow jet decreas as the jet angle increase
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Figure 47 L/D variation with the various jet angles.

Figure 48 demonstrates normalized vorticity contoursugne SD7003 and closgp

view of streamlines over jet orifice. The results are shown at Re =$6x10J °= 10
and Ve = 0.1 W with constant suction jet. By the increase of jet angle, constant
suction becomes dominant and separated flow over airfoil atdcttee upper side.

This effect can be seen inthe clas vi ew of s t r°esaparhtiom e s .
point is observed around jet. When the jet angle increases, separation point on the
upper side of the airfoil goes towards the leading edge. In thiecogimn of Figure

4.8, closeup view of the stream lines are presented. The jet angle is represented with
and arrow for different jet angles. Velocity vectors are tangential to the streamlines.
When the jet angle increases, formation of the streamliters.al
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Figure 48 Normalized vorticity (left) contours with varying jet angkasd closeup
view of streamlines around jet orifice over SD7003. Re =§x10U ° = 10

4.2.3 Effect of Angle of Attack

Angle of attack effect was investigated in addition to the synthetic jet velocity and
the jet angle e#icts. SD7003 airfoil profile goes und&all conditions for angle of
attack values around 10To understand the effect of angle of attack, position of
airfoil was changed, and angles betwear@l 12 were computed. Free stream flow
velocity was kept constant at Re = 6%1@nd constant suon jet applied. Jet
velocity was taken 0.1 times of free stream flow velocity. Computed aerodynamic
forces and L/Dratio are presentedn Figure 4.9 and 4.10 fadifferent angls of
attack By the application of constant suction, jah increase on théftlicoefficient is
obtained. Similarlya decrease on the drag ¢@ent is observed. ift to drag ratio

is improved. Moreover, it is obtained that the effect of constant suction jet is not
dominant for the angles of attack smaller thd&n Mo we v e r §° effedt of U

constant suction jet becomes dominant on L/D ratio.
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Figure 49 Aerodynamic coefficient variations with varying angle of attack values at
Re = 6x10, Viet = 0.1W, constant suction jet application
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Figure 410 L/D variation with varying angle of attack values at Re = éxwet =
0.1Up, constant suction jet application.
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Figure 411 Normalized vorticity contours with°Gnd 12 angle of attack values for
no jet (left) and with constant suction jet (right) applications at Re ="6x4Q =

0.1Ub.
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attack values for no jet (left) and with constant suction jet (right) applications at Re =
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In Figure 4.11 and Figure 4.12 normalized u component of velocity counters for

different angles of attack with constant suctionggplication are presented. In the
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jet application conditions. On the other hahg,the application of constant suction

jet, separation point moves toward to the trailing edge, and flow attaches to the upper
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angles of attack, separation point gé@sards to the trailing edge of the airfoil by

the help of jet application.

4.2.4 Effect of Reynolds Number

Reynolds number effect study was performed for varying Reynolds number between
1x1¢*, 3x1(f, and 6x16. Angle of attack was kept constant af.10onstah suction

jet was applied, anthe jet velocity was taken as;y= 0.1, For each examined
Reynolds number, results are compared with and without synthetic jet appBcation

In Table 4.2, relations between three computed Reynolds numbers are compared in
terms of lift coefficients and anglef attack for the cases between with and without

jet application.

Table42Aer odynamic coéfficients at

u @10 CL Co L/D
Nojet, Re=1x16 | 1.0345 | 0.1350 7.7
With jet, Re = 1x10* 1.0072 | 0.1189 8.5
Change (%) -2.6 -11.9 10.6
Nojet, Re=3x1® | 0.8336 | 0.0943 8.8
With jet, Re = 3x1(' 0.9420 | 0.0597 15.8
Change (%) 13.0 -36.7 78.5
Nojet, Re=6x10 | 0.9491 | 0.0474 20.0
With jet, Re = 6x10' 1.0161 | 0.0412 24.6
Change(%) 7.1 -13.1 23.1

It is obtained that the effect of constant suction jet application is dominant at Re =
3x10". However, in all examined flow regimes and improvement on L/D ratio is

obtained.
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Figure 413 Normalized vorticity counters at Re 1x10¢f, Re = 3x1(%, and Re =
6x10¢ o f synthetic | et applicaf,Var0ldyn SD70
constant suction jet.

In Figure 4.13, normalized vorticity counters are listed for Reynolds numbef, 1x10
3x10", and 6x10. In the left column of the figure, no jet cases are presented. At Re =
1x10¢', upper surface vortex can be seen. WhReynolds number decreases,
separation point goes toward to the leading edge of the airfoil. In the right column of
Figure 4.13 results with constant suction jet is presented. By the application of
constant suction jet, vortex structures at Re = 1fa@esaway and separation point
moves towards to the trailing edge of the airfoil. It is also observed that for
increasing Reynolds number, separation point goes towards to the trailing edge of the

airfoil.

47



48



CHAPTER 5

HOVER CASE STUDIES

This chapter is devoted to the results of hover cases. The hovering motion is applied
as horizontal and vertical translation in addition to the pitching motion of the airfoll
around theguarter chord point. The hovering mode with figofesight motion is
investigated with synthetic jet application on SD7003 airfoil. Zero net mass flux
effect is compared with constant blowing, constant suction and without synthetic jet
cases. The figurefaeight motion is investigated in terms of the effect of vertical
translation and Reynolds number. Results of these cases are compared for the

situations with and without synthetic jet applications.

5.1 Hovering Kinematics

Effects of constant blowing jet, cdast suction jet and zemetmassflux synthetic

jet are studied. The hovering motion is defined similarly with the study done by
Gunaydinoglu [14]. The equations of motion are given in detail in Chapter 3.
Hovering motion is explained in Figure 5.1.
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Figure 51 Schematic view of hovering mode with figewé&eight motion, for Y =
0.5 amplitude. Each position is taken with 0.05T time intervals [14].

Cases of application without synthetic jet were compared with different types of jet
applications during the studies of hover motiddifferent jet applications are
presented in Figure 5.2. Effect of constant blowing, constant suction and synthetic jet
appications are compared under the study of zerbmassflux effect. In addition to

that study, effect of vertical translation was studied. In the vertical translation
equation, Equation 3.9, Y denotes the amplitude of vertical translation of airfoll
terms of chord length. These equations are also known as Lissajous curves. The
vertical translation effect are studied for the values between Y = 6. anl.5 at

Re = 1x16. Moreover, in order to examine the effect of Reynolds number, different
Reynolds mmbers were applied between 1000 and 5000 for Y = 0.5 case. Figure 5.3

illustrateshover motion for different vertical translation amplitudes.
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Figure 52 Schematiwiews of applied jets over one period of hover motion. (a)
constant blowing jet, (b) synthetic jet, and (c) constant suction.
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Figure 53 Hover motion fo varying vertical translatioamplitudes [14].
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5.2 Effect of Zero-Net-Mass-Flux

Constant blow jet, constant suction jet and zsbmassflux type synthetic jet
applications were investigated. Figure 5.2 shows the applied jets. Y was kept
constant at 0.5. Synthetic jet was chosen as velocity inlet boundary condition, while

the auter grid domain was applied as pressure outlet.

Normalized vorticity contour of hovering moti@re given in Figure 5.4nd Figure
5.50ver one period. SD7003 airfoil is not a symmetric airfoil, and during one period
of figure-of-eight motion, for theecond half of the period lower side of the airfoil
turns out to be the upper side. By this side change of airfoil, effect of asymmetry can
be observed. During downstroke steps, between 0.0 < t/T < 0.5, the movement of
airfoil squeeze the air around itsalid Leading Edge Vortex (LEV) hits to pressure
side of airfoil. Fo without jet application caséEV detaches from the surface and
moves towards trailing edge of the airfolit the period 0.4 < t/T < 0.6, detached

LEV on the lower side is squeezed.

During the first half of the hover motion, the synthetic jet is in the blowing regime.
At t/T = 0.1, small sized upper surface vortex is observed as seen in the left column
of Figure 5.4. Effect of the synthetic jet becomes visible at t/T = 0.2, and atoaind t
jet location, flow separation can be seen. On the lower side of the airfoil, normalized
vorticity structures are same for with and without synthetic jet application cases.
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Figure 54 Normalized vorticity contours of hovering motion for the first half period
of figure-of-eight motion at Re = 1000, Y = 0.5jeMnax= 0.1Uerand 0.0 < t/T 0.4
with no jet (left) and synthetic jet (right) applications.
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Figure 55 Normalized vorticity contours of hovering motion for the second half
period of figureof-eight motion at Re = 1000, Y = 0.5jeMax= 0.1Uerand 0.5 < t/T
< 0.9 with no jet (left) and synthetic jet (right) applications.
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Between t/T = 0.5 and t/T 6.9, the synthetic jet applied surface of the airfoil is
located on the lower side in the normalized vorticity contours, in Figure 5.5. In
addition, between the same time intervals, the synthetic jet is in the suction mode.
Thus, it is observed that flonnahe lower side of the airfoil is more attached to the
surface. It is obtained that in the left and the right columns of Figure 5.5, vorticity

structures are similar.

Closeup views of the different jet applications are presented in Figure 5.6 and
Figure 5.7. Between 0.0 < t/T < 0.5, the synthetic jet is in the blowing regime.
Hence, normalized vorticity contour structures are similar for the constant blowing
and the synthetic jet cases. After t/T = 0.1, effect of the jet application become
visible. At t/T = 0.4 it is observed that the location of the separation point on the
upper surface of the airfoil does not change significantly. In Figure 5.6, at t/T = 0.6
separation point on the lower side of the airfoil moves towards to the trailing edge. It
is obtaned that flow on the lower side of the airfoil becomes more attached to the
airfoil at t/T =0.7 and t/T = 0.8.
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Figure 56 Closeup views of normalized vorticity contours of hovering motion for
the first half period of figur@f-eight motion at Re = 1000, Y = 0.5;eMiax= 0.1Ues
and 0.0 < t/T < 0.4 with varying jet applications.
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Figure 57 Closeup views of normalized vorticity contours of hovering motion for
the second half period of figua-eight motion at Re = 1000, Y = 0.5;eMnax =
0.1Uefand 0.5 < t/T < 0.9 with varying jet applications.
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Figure 58 Time histories and mean values of lift coefficients over one period of
hover motion with different jet applications. Y = 0.5, Re = 1000 apdmn =
0.1Uer.

Figure 5.8 presents the time histories and mean values of dfticgent over one
period of hover motion for different jet applications at Y = 0.5, Re = 1000, and V
max = 0.1Uer. Synthetic jet application shows a similar pattern to the case of no jet
application. However, the applications of constant blow emuastant suction jets
cause slight shifts on the peak values. A slight increase ia @served during the
first half of the hover motion period with the application of constant blow jet.
Similarly, constant suction jet caused a slight increase on thke yaue of the
history of lift coefficient at the second half of the hover motion period. In addition,
mean values of lift coefficient are compared with each other. Constant blow jet
supplied the highest mean lift coefficient value, while the lowest wahseobtained

by constant suction jet. However, the cases of no jet and synthetic jet application

supplied the same value for mean lift coefficient over one period of hover motion.
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Figure 59 Time histories and mean values of drag coefficients over one period of
hover motion with different jet applications. Y = 0.5, Re = 1000 apdmn =
0.1Uer.

As seen in Figure 5.9, except the case of synthetic jet application, all the cases have
the simlar pattern over one period of motion. Since the synthetic jet does not have a
uniform flow over the orifice, the pattern of the history of drag coefficient has
different shape, and the peak value is shifted in time. When the mean values of drag
coefficient histories were compared, it can be seen that all jet applications caused an
increase on the mean value of drag coefficient. However, the least increase was

obtained on the synthetic jet application.

Table 5.1Mean values of aerodynamic coefficient &l over one period of hover
motion for varying jet applications at Y = 0.5, Re = 1000, aggh¥% = 0.1Uke.

Co CL L/D
No jet -0.01075 | 0.3%96 36.92
Constant blow jet 0.00487 | 0.40215 82.61
Synthetic jet -0.0238 | 0.3P9%4 16801
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Calculatedaerodynamic coefficients and L/D is presented in Table 5.1. Although all
the jet application cases caused an increase on the values of mean drag coefficient,

improved L/D is observed with jet applications.

5.3 Effect of Vertical Translation

In order to examinéhe effect of vertical translation, seven different Y values applied
between 0.0 and 1.5 at Re=1000 andMx = 0.1U.. Normalized vorticity contours
were for the cases with and without jet application. Applied jet was kept equal to
sinusoidal wave.Figure 5.8 and 5.9 present normalized vorticity contours at Y=0, 1,
and 1.5 over one period figuo#-eight motion. L/D values calculated from

corresponding mean lift and drag coefficient values were listed in Table 5.2.

Figure 5.10 and Figure 5.11 pees$ the normalized vorticity contours of hovering

motion for varying vertical transl ation val
vertical translation cause flow separation on the upper surface of the airfoil. At t/T =

0.3 upper surface vortex struatsrare oberved for Y =1 and Y = LAt t/T = 0.4,

created vortex structures get bigger and separates from the upper surface of the

airfoil.

In Figure 5.12 and Figure 5.13 normalized vorticity contours with the synthetic jet
applications over one periad hover motion are presented. At t/T = 0.3 in addition

to the counter rotating vortex structures, counter clockwise rotating vortex structures
are observed on the upper surface of the airfoil close to the jet location. In Figure
5.13, between 0.5 < t/& 0.9, the synthetic jet is in the suction mode. At t/T = 0.6 a

smaller vortex structure is observed on the lower surface of the airfoil.
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Figure 510 Normalized vorticity contours of hovering motion for varying vertical
translation (Y), at Re =00, 0.0 < t/T < 0.4 and no jet condition.
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Figure 511 Normalized vorticity contours of hovering motion for varying vertical
translation (Y), at Re 2000, 0.5 < t/T < 0.9 and no jet.

62



w.c/U,.; T T

<0 8 £ 4 2 0 2 4 6 8 10

Figure 512 Normalized vorticity contours of hovering motion for varying vertical
translation (Y), at Re = 1000, 0.0 < t/T < 0.4 andmix= 0.1Ue.
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Figure 513 Normalized vorticity contours of hovieg motion for varying vertical
translation (Y), at Re = 1000, 0.5 < /T < 0.9 angdmix= 0.1Uer.
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Figure 514 Close up views of normalized vorticity contours for different vertical translations; €T0< 02.
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Figure 515 Close up views of normalized vorticity contours for different vertical translations; €013< 05.
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Figure 516 Close up views of normalized vorticity contours for different vertical translations; @0Te< 09.
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Figure 5.14, 5.15 and 5.16 present the clgsesiews of the normalized vorticity
contours over one period of hover motion for different vertical trioskm

Table 5.2/D for different Y values at Re = 1000, with and without synthetic jet
application.

Y 0 0.25 0.5 0.75 1 1.25 15
L/D nojet | 42.4 56.6 36.9 28.7 7.1 13.3 19.5
L/D withjet| 37.4 39.6 1680 46.5 45.1 29.4 36.8

In Table 5.2, L/D over ongeriod of hover motion is represented with and without
synthetic jet applications. For Y= 0 and Y = 0.25 cases, application of synthetic jet
decreases the L/D ratio, while an increase is obtained for higher Y values. The
maximum L/D ratio was obtained dhe case where Y=0.5. The decrease on L/D at
Y=0 and Y=0.25 can be explained by having only horizontal motion on the hover
mode. During the figuref-eight motion at Y=0, only x component of the motion is
changing. Since the application of synthetic jedates additional drag the airfoil,

L/D was decreased with synthetic jet applicatibloreover, percentage changes on
L/D ratios for the cases with and without jet applications are obtained to be higher
than 126 in all different Y valuesAs the percentagehange is higher than 11%, it is
obtained that the applied tirstep in figure of eight motion is refined enoudsh.
addition, decrease of L/D at Y=0 and 0.25 was corroborated by normalized vorticity

contours in Figures 5.8 and 5.9.

In Figure 5.17, Figur®.18 and 5.19, time histories of aerodynamic coefficients are
presented for every analyzed Y values. It is obtained that aerodynamic coefficient
histories with and without synthetic jet applications have similar trend. Changing Y
values are changing theegks and deeps in the time histories of aerodynamic
coefficients. AtY = 0.5 and Y = 1, trends of the aerodynamic coefficients are slightly

different and shifted in time for with and without synthetic jet applications.
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Figure 517 Time histories of lift and drag coefficients for varying vertical
translations of hover motion at Re = 100Qy Wax= 0.1Uer, and 0.0 <Y < (.
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Figure 518 Time higories of drag coefficients for varying vertical translations
hover motion at Re = 1000 ,eMnax= 0.1Uer, and 0.5 <Y < 1.25.
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Figure 519 Time histories of drag coefficients for Y = 1.5 in hover motion at Re =

In Figure 5.20, time histories of lift and drag coefficients are presented for three
different Y values.Lift to drag ratios with and without jet applitan caseshas
similar trend adift and drag coefficient valueddoreover, the general trends of the
time histories are shifted forward in time for increasing in Y values. However it is

observed that the effect of jet application is dominant on the peakdeeps.

As seen in Figure 512 increase in vertical translation causes an increase in the
amplitude of time histories of drag coefficient. Moreover, peak values of drag
coefficient were shifted in time. On the other hand, increase in vertical transla
does not cause a regular pattern on mean values of drag coefficient. While Y = 0.25
condition has increasdatle mean drag coefficient with jet application, Y = 0.75 case

has a decreasing effect. In addition, jet application improved the mean valtsgof
coefficientat Y = 1.25.
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Figure 520 Time histories of lift coefficients for varying vertical translations of
hover motion at Re = 1000 je¥max= 0.1Uer.
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Figure 521 Time histories of drag coefficients for varying vertical translations of
hover motion at Re = 1000 jeMnax= 0.1Uker.
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5.4 Effect of Reynolds Number

Effect of Reynolds number is computed fodifferentvalues ranging betweer000

and 5000. During these computationsttical translation of figuref-eight mdion is

kept at 0.5Normalized vorticitycontours are given in Figure 3.%ith synthetic jet
application.For increasig Reynolds counter rotating and counter clock wisating
vortex vorticitiesbecome smaller on the upper side of the airfoil. From period t/T =0
to t/T = 0.15, positive (counter clockwise rotatjngprticities starts to form and
extend on the lower side of the airfoil.

Figure 5.22 presents Reydslnunber in terms ofJ.es(see Eq. 3.13) versus jet flow

Reynolds number trend curve (see Eq. 3.14) for present study.
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Figure 522 Jet Reynolds number versus Reynolds nunobbéihe motionat Y = 0.5,
Vietmax = 0.1Ues .

Time histories of lift and drag coefficients with and without jet application are given

in Figure 5.7 over one period of figre-of-eight motion
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Figure 523 Normalized vorticity contours of hovering motion for the first half period
of figure-of-eight motion at Re = 1000, Y = 0.5;eMhax= 0.1Uefand 0.0 < /T 0.4
with no jet (left) and synthetic jet (right) applications.
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