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ABSTRACT

NUMERICAL INVESTIGATION OF FLOW CONTROL
OVER AN AIRFOIL WITH SYNTHETIC JETS AND ITS OPTIMIZATION

Akcayoz, Eray
M.S., Department of Aerospace Engineering

Supervisor : Prof. Drismail H. Tuncer

September 2008, 73 pages

In this work, an active flow control method is studied numahicby using a synthetic jet over
a NACA 0015 airfoil. Unsteady, turbulent flows over the NACB1® airfoil are computed
using a Navier-Stokes solver. The Spalart-Allmaras tenbcg model is employed in all com-
putations. Unsteady flow solutions are computed in parallelg Parallel Virtual Machine
library routines in a computer cluster. The synthetic jetiplemented to the flow solver as a
boundary condition. Response Surface Methodology is eyegléor the optimization of syn-
thetic jet parameters at various angles of attack. The stiotjet parameters; the jet velocity,
the jet location, the jet angle and the jet frequency araxipéd to maximize the lift to drag
ratio. The optimization study is performed for a constanti@af jet power cofficient. The

jet slot size is used as a dependent parameter in the optiomzdudies.

The optimization study has shown that the jet velocity aredjét location are the dominant
synthetic jet parameters. The optimum synthetic jet anglebiserved to be increasing as
the angle of attack increases. The optimum jet location geoked to be moving through

the leading edge as angle of attack increases for the segdlaivs. It is observed that the

iv



application of the synthetic jet delays the flow separatiarttee suction side of the airfoil
and increases the lift to drag ratio significantly espegiatl post stall angles of attack. The

application of the synthetic jet is observed to be legBsotive for attached flows.

Keywords: Flow Control, Synthetic Jets, Optimization,dat Processing, Response Surface

Methodology
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_ _KANAT KESIDI UZERINE YERLESTIRILEN
SENTETIK JETIN SAYISAL OLARAK INCELENMES VE OPTIMIZASYONU

Akcayoz, Eray
Yuksek Lisans, Havacilik ve Uzay Muhendisligi Bolum™

Tez Yoneticisi  : Prof. Drismail H. Tuncer

Eylul 2008, 73 sayfa

Bu calismada, NACA 0015 kanat kesidi Uzerine sentetikujggulanarak aktif akis kon-
trolil sayisal olarak incelenmistir. NACA 0015 kanat kiedizerinde olusan zamana bagl,
turbllansl akis Navier-Stokes akis ¢ozucu kul@rak hesaplanmistir. Tum hesaplamalarda
Spalart-Allmaras turbulans modeli kullaniimistir. dana bagh akis hesaplamalari, Parallel
Virtual Machine kituphanesi kullanilarak paralel olangapilmistir. Sentetik jet, Navier-
Stokes akis ¢ozucusiune bir sinir kosulu olarakrekigtir. Eniyilestirme ¢alismalarinda, sen-
tetik jete ait parametrelerin eniyilestiriimesi saiaak kaldirma ve suriiklenme katsayilari
oraninin maksimum degeri almasi hedeflenmistir. Sénjetiparametrelerinin farkli hicum
acilarinda eniyilestiriimesi igin Yanit Yizey Yomte kullaniimigtir. Kaldirma ve suriklenme
katsayilari orani sentetik jetin hizi, konumu, agisi ek&nsi kullanilarak eniyilestirilmistir.
Eniyilestirme calismalari jet glic katsayisinin éegabit tutularak gerceklestirilmistir. Jet

ctkisinin genisligi bagimli bir parametre olaraklralimistir.

Eniyilestirme calismalarinda, sentetik jetin hizi wkmunun diger jet parametrelerine gore

daha baskin oldugu gorilmustir. En uygun sentetilaggsinin hiicum agisi arttikca arttigi
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gozlemlenmistir. Akis ayriimasinin oldugu durumlayden uygun sentetik jet konumunun
hiicum agisi arttikga kanat hiicum kenarina kaydigilgiuistur. Eniyilestirme calismalari,

kanat Uzerine uygulanan sentetik jetin 0zellikle petts acisindan buyik hiicum acilarinda
akis ayrilmasini geciktirdigini ve kaldirma ve surékine katsayilari oranini dnemli olguide
arttirdigini gostermistir. Kanat tizerindeki akigiizeye yapisik oldugu durumlarda sentetik

jetin daha az etkili oldugu gozlemlenmistir.

Anahtar Kelimeler: Akis Kontrolt, Sentetik Jet, Enagltirme, Paralel Coziim, Yanit Yizey

Yontemi
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Flow control used to manipulate the flowfield over an aerodyinéody using various tech-
nigues. The aim of the flow control can be to preyeritvoke separation, supprésshance
turbulence or delgqdvance transition to obtain benefits in the fields of Lift ta@ ratio
(L/D) enhancement, drag reduction, lift enhancement, mixiuggeentation and flow induced
noise suppression [6]. The science of the flow control dadek to Prandtl [7, 6]. In 1904, he
has presented an eight-page paper about boundary-laytais lwaper, he introduced the con-
cept of the boundary-layer, explained the physics behiadldhv separation and demonstrated
some experimental results where the boundary layer wasatiedt by applying a blowing jet

around a circular cylinder to delay flow separation [8, 9, 6].

After Prandtl’'s work, the physics underlying the boundbayer was understood much better.
However, the boundary-layer separation is still a majorceon in the aviation industry since
it entails great energy losses and limits the aerodynamioeance of an aircraft. It causes
several problems not only on the design but also on the dperaf the designed aircraft.
Thus, the control of boundary layer is still a major task fue aierodynamicists. Geometrical
shaping, turbulators, slots and slats are the most commaesey techniques to delay the
separation. Active flow control is a new phenomenon for toaag it is limited to military
applications using steady jets because of the complexithekteady jet systems and large

power requirements [10, 11, 12].

A transport aircraft is designed primarily for cruise flighiowever, an extra lift is required

during taked and landing. Control surfaces such as flaps, ailerons geenextra lift but they



also generate extra drag and cause large energy lossesy, a&tdast all conventional and
military aircraft use passive flow control where the consoifaces are employed to control
the flow over wings. Here, the word passive means that the ftowral is applied only by
deflecting the control surfaces and no energy is added to ale[8]. At high incidence,
the dtectiveness of the control surfaces decreases due to flowasiepawhich may cause
hazardous results. Current research indicates that tive dlcw control approach gives the

opportunity of controlling the flow without decreasing trez@dynamic iciency.

1.2 Active Flow Control

Flow control on a lifting device, either passive or activiensito modify the flow such that it
behaves in a dierent manner compared to no control and essentially inesehg @&-design
envelope or the ability of wing to function at extreme attiég [2]. Active flow control has
the ability to change the lift cdicient without changing the angle of attack or deflecting
the control surfaces. Here, the word active implies thetamdbf energy to the flow [13].
Steady suction or blowing and periodic suction or blowing sosme of the active flow control
techniques that have been used in past studies. These metharpe the shape of the airfoil
virtually and have the potential to avoid the flow separat®uaction or blowing type actuators
require large amount of power, large space and they are mieatlg complex, making them

practically dificult to implement [14, 15].

Recently, a better method of active flow control called sgtithjet has been introduced. The
synthetic jet is also called Zero Net Mass Flux (ZNMF) jetcsirit is created by oscillating
the fluid around the airfoil periodically. The net mass fluxéso due to periodic sucking and
blowing of the air surrounding jet orifice. The syntheticijeduces zero net mass flux how-
ever it generates momentum that changes the behavior obtheThe synthetic jet is created
by driving one side of the cavity in a periodic manner. Pddadotion can be generated us-
ing electromagnetically driven pistons, acousticallywen cavities or piezoelectrically driven
diaphragms [16]. Thus it does not require extra fluid sinedliid around the airfoil is driven
mechanically or using electric power. The synthetic jetitge an oscillatory periodic flow
that is sucked or blown through an orifice. Figure 1.1 illats the sketch of a synthetic jet
actuator. In suction phase the fluid is drawn into the cawvity ia the blowing phase the fluid

is driven out of the cavity and forms a vortex pair. As the grrpair moves away from the

2



Oscillating Membane

Figure 1.1: Schematic representation of the syntheticcieizdor

orifice, the diaphragm sucks the fluid into the cavity and mklowing phase, a new vortex
pair is created. The generated vortex pairs interact wittséparated flow region and causes
low pressure region in the interaction zone. The low pressegion around the synthetic jet
causes partial or complete reattachment of the flow. Rduattant of the separated flow is

responsible from the reduction in pressure drag [17].

The active flow control using synthetic jet is currently be@ag an active research field be-
cause of its advantages compared with the conventional ftoral obtained using lifting
surfaces such as flaps, slats etc. [SfeEtiveness of the conventional control decreases as the
angle of attack increases. However, the synthetic jet admtige shape of the airfoil virtually
and it can be used at high angles of attack to partially or ¢etely reattach the separated
flow. Very large control forces can be generated using aékbwe control devices that are
small in size, light weight and mechanically less complempared to conventional control
devices [14]. Not only does the synthetic jet prevent the fb@paration, but it also has a
stabilizing dfect tending to delay the transition of a laminar boundargidy a turbulent one
[18]. If the active flow control technique could be usétketively, there would be no need to

use the conventional control surfaces which cause signtfizaight penalty [5].

The improvements that can lead to drag reduction is very iapbif one considers that 1%
saving in world consumption of jet fuel is worth about $1.28lions a day [19]. Recent

experimental and computational studies show that if théhgyit jet is applied properly, the
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aerodynamic performance of airfoils can be increased mgef lift enhancement and drag

reduction [20, 11, 12, 13].

The active flow control methods can also be used in transdilay, separation postpone-
ment, turbulence augmentation and noise suppression 12052 However thesefkects are
not independent from each other. For example, if boundamgriaecomes turbulent, resis-
tance to separation increases and more lift can be obtatrf@dtaincidence. If transition is
delayed, skin friction drag decreases however flow semeatsily and increase in form drag
occurs. Once the laminar boundary layer separates, atiese-tayer forms and transition to
turbulence takes place at high Reynolds numbers. Increageginment of high-speed flow
due to the turbulent mixing may cause reattachment of theratgr region and formation of
a laminar separation bubble. At high incidence, the bubt#aks down either by a complete
separation or a longer bubble. In both cases, form dragaseseand causes a reduction in the
lift-curve’s slope [7]. All these physical phenomena slibebnsidered together which makes
the active flow control approach very complex. That's whyvactiow control is sometimes

called as the art of flow control [19].

Understanding the physics behind the synthetic jet intenaavith the flow over an airfoil
requires a lot of experiments over a wide range of parameitbish would be expensive in
terms of money andffort. Using a numerical simulation is complementary to expental
investigation. Numerical simulation is mor&@dable, practical, and systematic therefore it
can provide a wider understanding inside the control mesh@and can lead to the discov-

ery of critical fluid phenomena and pattern changes [22].

1.3 Literature Survey

There are numerous studies in active flow control field egfigdn the last decade. How-
ever, the use of active flow control in industrial aircrafsidm is still very limited. Recent
experimental and computational studies carried out for iontrol investigated thefiect of

synthetic jet on the flow over airfoils.

There are many studies that only concern the behavior ohstintjet. In the study of Ut-
turkar et al. [23], numerical simulations are performededirte the velocity profiles of two-

dimensional and axisymmetric synthetic jets. Lee and Geidg1] have performed Direct
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Figure 1.2: Mean velocity variation at various distancesrfthe orifice [1]

Numerical Simulation (DNS) solutions to model synthetitsjeThe results of the numerical
study are compared with the experimental data of Smith [ZhE plot of streamwise mean
velocities at various spanwise distances are shown in &ifj&. It is shown that the velocity

profile is well predicted along the jet slot except corners.

In the study of Mallinson et al. [15], the flow produced usingyathetic jet has been in-
vestigated. It is seen that flow over an airfoil with a synth@tt becomes periodic more
rapidly than the flow over an airfoil with a steady jet. It ipogted that rapid establishment
of synthetic jet is caused by turbulent dissipation, whiekgs a vortex near the orifice, thus

limiting the size of the turbulent core.

In the study of Lance et al. [2], an experimental study is qrened to evaluate theffec-
tiveness of a synthetic jet actuator for the flow control oritehing airfoil. The test model
is shown in Figure 1.3. The exit slot area is dynamically stdjble and the exit slot of the
plenum is curved such that the jet is tangential to the sarféaking the advantage of the
Coanda #ect. The synthetic jet actuation parameters included th@genentum cogicient

and the slot exit width. In all experiments, the airfoil wakcped from @ to 27° at a constant
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Figure 1.3: Wind tunnel model details and assembled aii2il

angular velocity in 1 second. The results of the experimentrshown that synthetic jet

actuation delays the formation of the dynamic-stall-vottehigher incidence angles.

Hamdani et al. [25] have studied the flow over NACA 0018 whderahting tangential
blowing/suction is applied. The active flow control is found to befiieetive for attached
flows. Suction is found to be mordtective than blowing. During suction, the boundary-
layer profile is fuller both at the upstream and downstrearthefslot. This is the reason
behind the variation in the force dbeients during alternating between blowing and suction
jet-applied airfoils. In that study, the jet location is el and the ffectiveness of the jet at
these locations is investigated. It is observed that wheneahslot is located before 75% of
the chord, the control isfiective and the flow separation is suppressed. However, the flo
control becomes irfeective when the slot is located at 0.75c which is at the dawast of
the separation point. Therefore, itis reported that theletation is very important parameter

for separation control.

Seifert et al. [10] have testedftérent multi-element airfoils using an oscillatory blowing
jet in order to prevent separation that occurs at increasioiglence. The purpose of the
flow control is to determine the most important jet paransetfiecting the performance of
the airfoil. They have shown that when the flow separates ttmrflap, not from the main

body, the blowing from the shoulder of a deflected flap is mucdhengtective than blowing
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Figure 1.4: Smoke visualizations wittithout flow control [3]

from the leading edge. According to that study, applicatboscillatory blowing jet can be
used instead of a conventional control since the presertiadeequires low power and its

mechanical installation is relatively simple comparedtéady suction jets.

Study performed by Martin et al. [3] aims to decrease hetieopylonfuselage drag by
active flow control. For that purpose, a thick airfoil, NACA3b is chosen as baseline 2D
test geometry. As can be seen from the flow visualization @saipown in Figure 1.4, flow
separates even af @ngle of attack. Separation is much more severe aah@le of attack.
When the flow control is applied, the displacement thickredthe separated shear layer was
reduced, but still, a separated bubble is observed nearditiad edge. The fect of the flow

control is much more clear af @ngle of attack case.
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SYNTHETIC JET OFF

Figure 1.5: Flowfield over the vehicle with synthetic jet if/on [4]

One of the recent research is the application of the sywtfegton a Unmanned Air Vehicles,
UAV. Parekh et al. [26] have applied the synthetic jet conamgr the wings of a UAV. It
is reported that the turn rate was increased by controllivegl¢ading edge separation and
the weight of the flight control system was reduced. Patel.efla] point out that as the
synthetic jet technology improves, active flow control canused in the development of
UAVs without conventional control surfaces with a purpo$éncreasing maneuverability,

reducing the observability and weight.

The synthetic jet is implemented in a concept car named aalRefltica. The synthetic jet
is located at the edge of the rear roof at the point where thedkparates from the vehicle.
A discreet mechanical system generates jets of air whiclaléeenately blown and sucked
through a 2mm wide slot. The structure of the flow over the eafgke roof is controlled and
it is reported that the drag is reduced by 15% at 130 kph witereargy consumption of just
10 Watts. Figure 1.5 shows the flowfield over the vehicle. Bhswn the thickness of the

separated flow region at the base of the car decreases whgynthetic jet is applied [4].

The Aircraft Morphing program at NASA Langley aims to desigm aircraft without con-
ventional control surfaces. Instead of controlling therift using control surfaces, thrust
vectoring, adaptive micro-machined surfadieetors and distributed devices are planned to
be used in the control of an aircraft undefterent flight conditions. As a part of this program,
a NACA 0015 profile is tested in a wind tunnel experiment. Me-timensional NACA 0015
model which has the dimensions of 91.4 cm span and 91.4 cnd ¢éhshown in Figure 1.6.

There are six locations over the model for the installatibthe synthetic jet. Experimental

8



results have shown that, thé&ect of the synthetic jet reduces when the actuation is applie
under the separated flow region. The stagnation line shlitswthe actuation is applied near
the leading edge such that it changes the overall lift as #esieffect caused by a small angle

of attack [5].

Vadillo [17] has made a numerical study on a 24% thick Clarkifoil by employing a
synthetic jet. He has observed that the maximum drag restuatith the minimum lift change

is observed at higher frequencies of the synthetic jet.

In the numerical study of Wang et al. [27], the active flow cohapproach is applied to an
NACA 633-018 airfoil at a stall angle of attack. The influence of jetquency, intensity and
location are investigated. It is found that, the ma$eeive excitation frequency is 1.5 to 2
times of the natural frequendW.,/c). The synthetic jet is lesdfective when it is located at
downstream of the natural separation point. Thieat of excitation on lift and drag reduces

when the jet is excited at a lower intensity since the locasgure field is influenced less.

Numerical investigation of the active flow control usingastg and synthetic jets over NACA
0012 and NACA 0015 airfoils is undertaken by Donovan et aB].[INavier-Stokes com-
putations are performed using Spalart-Allmaras and SUkeince models and comparison
is made with the experimental data. They have reported thiat imodels show very good
agreement before the stall, but deviate from the experiahelata after the stall in the un-
controlled case. For the controlled case, the computdtiesalts are not in exact agreement
with the experiment but they approximate the general trénis. also reported that in order
to get same post-stall lift enhancement obtained with lasoily jet, a steady jet with one to
two orders of magnitude larger blowing momentumflic&nt is required. It is observed that
for attached flow, actuators change the aerodynamic shapetbslly changing the camber.
For separated flow, the primary benefit of the actuator isrteddo be reattachment of the
separated flow partially. The studies over NACA 0012 airgbibwed that the actuators placed

near the leading edge had a strongée than the actuators placed farther aft.

Huang et al. [22] have performed a numerical simulationgisinction and blowing control
over a NACA 0012 airfoil at a Reynolds number of8 and at an angle of attack of48They
have changed three jet parameters; jet location, amplandeangle. They have observed that
suction has the advantage of creating a lower pressure gerlarea over the upper surface

of the airfoil hence, the flow is more attached, lift is enhethand the profile drag is reduced.



(b) Photograph of airfoil model on bench top

Figure 1.6: NACA 0015 two-dimensional airfoil model usedtie experiment [5]
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Blowing is often counterproductive with most control reasworse than the baseline airfoil.
Leading edge blowing increases the lift by generating grecitculation, but at the cost of
significantly increasing leading edge pressure, theretbeflow is more detached and the
profile drag increases. Downstream blowing can improve itherd drag characteristics,
but smaller amplitudes are better than larger ones. Fronmgiitade perspective, larger
amplitude blowing results in a larger impact on the flowfiglouad airfoil. For perpendicular
suction, it is reported that optimum control amplitudesgeubetween 0.01 and 0.2; values
exceeding 0.2 no longer manipulate the separation bubbl@dmendicular suction. For

downstream tangential blowing, smaller blowing amplisidepear to be mordfective.

The use of active flow control approach can be further imptaued fast response, closed-
loop control systems can be used to control unsteady flowaatige flow control devices
[14]. According to Seifert et al. [19], progress in systertegration, miniaturization, ac-
tuators, sensors and computation techniques enablesttugation of the fast responding
unsteady flow control techniques into a closed loop systéis.also emphasized that a lot of
experiments are required to use fast response controhsystereal-world problems. These
experiments are time consuming and in some cases they daothige repeatable results.
There are manyforts to model and solve the problem of these unsteady flowsy 3FD
however according to them; thesgaets are still remote from what the real-world engineer-
ing requires. Therefore much moré&a@t should be made before applying these innovative

control systems to real-world problems.

Kaya et al. [28] have employed the Response Surface MetbgddRSM) for the optimiza-
tion of periodically flapping airfoil parameters to maximithe thrust generation. In this
study, it is shown that optimization using the RSM is much engficient than the optimiza-
tion with the steepest ascent method. The RSM allows obgioptimum parameters with

similar accuracy by performing less number of computatienaluations.

1.4 Objective of the Thesis

The experimental and numerical studies performed on stiatjed applications over airfoll
profiles have proven that the aerodynamic performance ofrfwil @an be increased signif-

icantly. The parametric study performed earlier [29] shéia the synthetic jet parameters
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such as the jet velocity, the jet frequency and the jet anglstibe optimized to obtain the
maximum aerodynamic performance. ThEeetiveness of a synthetic jet depends on the jet
velocity, jet location, jet slot size, jet angle and jet fueqcy. In this study, flow control with a
synthetic jet applied over a NACA 0015 airfoil is studied.eTimsteady flow over the NACA
0015 airfoil is solved using a Navier-Stokes solver. Corapahs are performed in parallel
in a computer cluster. The jet velocity, the jet frequenbg, jet angle and the jet location are
taken as the optimization parameters. The jet slot size aseddependent variable and all
parameters are varied in a physically acceptable rangethatlthe power cdécient of the
synthetic jet is kept constant in each case. The RSM is usétkicalculation of the opti-
mum synthetic jet parameters. The optimization is carrigihdthree angles of attack values
(¢ =10, @ = 14, a = 18) starting from pre-stall angle of attack and going up to ystal
angle of attack. The objective of the optimization is to deiae synthetic jet parameters that

maximize the lift to drag ratio.
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CHAPTER 2

FLOW SOLUTION METHOD

2.1 Introduction

In this chapter, the Navier-Stokes flow solver used in thdysts introduced. The turbulence
model used in the numerical study is explained. The parphetessing and some impor-
tant issues concerning the parallelization are presenté@ computational grids and their

generation are explained. Finally, the boundary conditemployed are described.

2.2 Navier-Stokes Solver

The numerical simulation of the flow control is performed ®aNavier-Stokes flow solver.
The Reynolds-Averaged finiteftierence form of unsteady Navier-Stokes equations is solved
using a C-type grid over an airfoil. Flow variables are nam&hsionalized with the freestream
values of densityd.), speed of sound (g, viscosity {i.,) and airfoil chord length (c). The

non-dimensional flow variables are given as follows:

* u* e*
pzp—, u=—, e= > (2.1)
pOO aOO pooaoo
t* *
fo e o B (2.2)
c Hoo

wherep* is the densityu* is the velocity, & is the total energy per unit volumé, is the time

andu* is the viscosity.
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The governing equation for 2D Navier-Stokes Equations énciirvilinear coordinates ()

are given as follows [30];

A A ~ 1 4
01Q + 5§F + 5(G = R—eégs (23)

where the Reynolds Number is defined by:

Re, = Pxl=C 2.4)
Moo
wherepu,, is the freestream dynamic viscosity.
The pressure is calculated as follows using the equatiotatd# for an ideal gas;
p=(-1)[e-p?+w?/2] (2.5)

with u, w being the components of the velocity vector,

2.2.1 Turbulence Modeling

In the flow solutions, the flow is assumed to be fully turbulantd no transition model is
implemented. One equation Spalart-Allmaras turbulencdeh[81] is used. The Spalart-
Allmaras turbulence model solves a transport equatiorvfarich is related to the eddy
viscosity. The transport equation fois given by;

2—‘: = % [v . ((V+ V) VV) + Cyp (V\_/)Z] + 1 SV(L— +fip) —

\72

C
[Cwl fw — —bzl fio [d] + fiu (20)
K

(2.6)

where the eddy viscosity is given by;

3
X withy =

Vi =V, andfy = 3
X3 +c

<Il
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The functions and constants appearing in the transportiequere also given as follows;

= Y _|ovéu R ¢

S=S+ 55 S_‘éx 5 M=l 2.7)
:I.-l—C6 8 v

fo (r) = g| ——28 =r+cCup(r®-r r=— 2.8

w(r) 9[96+C36) g (rf-r) =om (2.8)

2
Wi 2
fio = czexp(—ciay) fi1 = Cuo eXp(—Ctz (th) (d2 + gtzdtz)] o= 3 (2.9)

61.0.1355  C;_0.622 cwlzc—bzl+(1+cb2) Jo w03 G2  (2.10)
K

Ciel  Coe2 call  cu2 k=041  cu7l (2.11)

2.3 Grid Generation

In this study, a structured, C-type grid is employed in thieitsgn of flows around airfoil.
High velocity and pressure gradients are encountered ayththetic jet location and at the

leading and trailing edges therefore the computational igriefined around these locations.

The grid generation is completed in a few steps. The airfoifile for the NACA 0015
is created using a NACA airfoil generator. The grid disttibn around airfoil is modified
by using an in-house code which allows rearranging the gsttildution in circumferential
direction. The grid resolution is increased around thegeation, at the leading and trailing
edges. Then using a FORTRAN routine, a wake is created whinés 10 chords away
from the airfoil trailing edge. The spacing between the frgioints of the wake is equal to
the spacing between the last 2 points of the airfoil trailetpe. The growth ratio is taken
to be 1.15. The volume grid is generated using a code callétiy®ERGRID which takes
the grid distribution in the circumferential direction asiaput and generates the volume grid
with a specified stretching ratio. The stretching ratio iscsfied implicitly by specifying the

total thickness, total number of points and the thicknestheffirst and the last cells. The
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input for the HYPERGRID is prepared such that a stretchiig i@ 1.15 is achieved. This
finalizes the grid generation process and Figure 2.1 showgi@at grid around NACA 0015
airfoil. Figure 2.1(b)illustrates the refined grid arouhe fet location (12% of chord).

2.4 Parallel Flow Solutions

Parallel processing is a technology which enables sohaingel scale and time consuming
problems by dividing it into many small tasks [32]. Idealpyarallel processing makes a
program run faster since multiple workstations are conmbiné a parallel computer. Run
time of a computational evaluation is very important in tHeDCapplications since it is used
instead of wind tunnel experiments. It is therefore destedbtain maximum number of
outputs in the minimum time. This becomes vital in an optatizn problem since many

computational evaluations are required.

In this study, Parallel Virtual Machine (PVM) message pagdibrary routines are used in
parallel computations. The idea behind the PVM is based @cdhcept of distributed mem-
ory. The PVM follows the master-worker paradigm. In a masterker program model,
there is a master node which divides the main work into piefesib-works and sends the
sub-domains to the workers. Then the job of each sub-donsa@tssigned to a processor
which is called as the worker [33]. The worker node computesfiow and exchanges the
boundary info with the neighboring sub-domains. In otherdgpthe master node acts as
an organizer. It assigns jobs to the workers, gets the pagsalts from each worker. The
PVM finally combines the results by applying the proper grittiface boundary conditions
to generate the solution of the whole problem. There are sssnes related to parallelization

that can &ect the computation time required.

2.4.1 Domain Decomposition

In the parallel solution of the problem, the domain decontmrstechnique is used. In the
domain decomposition method, the primary aim is to have g apnsisting of sub-domains
that have approximately the same number of points. Anoserei that should be considered
is the number of points in the direction perpendicular towladl. At the interface of each

sub-domain, the data coming from neighboring sub-domainsed. The communication
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time between the processors can be minimized by keepinguimder of grid points at the
interface of each block as small as possible [34]. This issaere important for unstructured
grids. A structured grid is used in this study therefore [®sitles of the block contains equal
number of grid points and the condition of having minimum femof interface grids is
automatically satisfied. While splitting the grid into a noen of blocks, dividing the grid
from the least critical locations is another important es$at should be taken into account.
The computational domain is divided into at least 3 and attfi@ib-domains. In order to
minimize the computational error at the grid interfaces, ginthetic jet location, the leading
and the trailing edges are kept in single blocks. The maxineffort is spent to equalize
the size of each block however a certain amount of load inmgalanay be observed in the
decomposed computational domain because of the sub-dertgihinclude highly refined
grid. A typical view of domain that is decomposed into 3 ble@k shown in Figure 2.2. Itis

observed that the jet location, the leading and the tragitiges are kept in single blocks.

Partition 2 Partition 3

HPartition 1

Figure 2.2: Computational domain decomposed into 3 blocks

2.4.2 Parallel Computing Environment

The parallel computing environment consists of network€s$ Running a Linux operating
system. There are 3 computers (atmaca 4x series) with dual f®cessors and 16GB total
memory. Each processor has 4 CPU’s with 2.33 GHz speed. Tthddaveen processors is

transferred by a 1 Gbps ethernet switch.
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2.5 Boundary Conditions

The numerical implementation of the boundary conditiomgiies a particular attention. The

following types of boundary conditions are used in the sotubf Navier-Stokes equations:

Wall boundary conditions

Grid block interface boundary conditions

Farfield boundary conditions

Synthetic jet boundary conditions

For a viscous fluid over a solid wall, the relative velocityveeen the surface and the fluid
at the surface is assumed to be zero which in common-teraggatorresponds to the so-
called no-slip boundary condition. Velocity componentthatwall surface given as=w=0,
where u is the velocity parallel to the wall and w is the velippierpendicular to the wall [35].
Also the density and the pressure gradients are set to zenalér to define the solid wall

physically.

Since the domain is split into certain number of sub-domahes solution in the physical so-
lution will depend on the flow in neighboring blocks. Themefothe information between all
sub-domains should be transferred correctly. The consesvidow and turbulence variables

at the neighboring cells are used as the interface boundagittons.

At the farfield boundaries, Riemann invariants which assdidlow at the outer boundary

are employed.

The synthetic jet is implemented as a boundary conditiorhéoffow solver. The velocity

distribution of the synthetic jet is assigned to the cellriieg the synthetic jet slot. The jet
velocity, the jet location, the jet angle, the jet frequeacy the spatial variation of the syn-
thetic jet are the parameters used in the representatitre sf/nthetic jet. The implementation

of the synthetic jet is further explained in the Chapter 3.
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CHAPTER 3

SYNTHETIC JET IMPLEMENTATION

3.1 Introduction

In this chapter, the implementation of the synthetic jetit® low solver is described. The
parameters used in the definition of the synthetic jet arerdesl. Various synthetic jet

profiles are implemented and compared against the experijehprofile.

3.2 Synthetic Jet Implementation

Realistic implementation of the synthetic jet to the flowvsolis an important issue in the
simulation of the flow control. The synthetic jet is definedaaboundary condition at a
specified location on the airfoil surface. The no-slip bamydondition applied on the airfoil
surface is not valid at the synthetic jet location since acig} vector is defined along the jet
slot on the airfoil surface. The parameters used in the nraglef the synthetic jet are given

below;

1. Non-dimensional jet velocity:jdi(s,t)

2. Non-dimensional jet location;jex

3. Non-dimensional jet frequency;jef

4. Non-dimensional jet slot sizejd

5. Jetanglewjet
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Figure 3.1: The synthetic jet representation

Figure 3.1 is a representative picture for the synthetioyet an airfoil profile. It is observed
that the grid resolution is increased at the jet locatiore jeilocation is defined with respect
to the leading edge of the airfoil. The size of the jet slotdsatibed with I:J.*et. The jetangle is
described as the angle between the surface of the airféieatiot location and the jet velocity
vector. The jet velocity is defined Wi”Telt' which corresponds to the maximum velocity for a

given jet profile.

In the implementation of the synthetic jet as a boundary itimms to the flow solver, the jet
parameters are non-dimensionalized except the jet angkefréestream speed of sound Ja
and airfoil chord length (c) are used in the non-dimensiaatibn. Xiet, Ljet, Ujet andF je; are

non-dimensionalized jet parameters and defined as:

% % % %
Xjet Liet Ujet FletC
Xjet = e jet = S Ujet = g, jet = o (3.1)

The jet velocity is composed of 2 velocity components, ngmetan and oscillating. An os-
cillatory motion is included by using a sine wave in the jdbegy expression. The expression

for the jet velocity is defined as follows:

Ujet = [UjetMean+ Ujetosci SIN(2TF jett)] « (9) (3.2)
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Three diferent actuators can be modeled with proper combinationseofrtean and the os-

cillating jet velocities;
a) Ugetosci= 0, Ugetmean# O for steady jet.

b) Ujetosci# 0, Ujetmean# 0 O Ujzetmean= O for oscillatory jet.
C) Usetosci # 0, Uzetmean= O for synthetic jet.

Spatial variation of the jet velocity (f(s)) over the slotisother parameter that can be varied.
Three diferent spatial variations are implemented and the correlpgret profiles are com-
pared with the experimental jet profile obtained by Donovaad.g13]. Following definitions

are employed in expressing the variation of the synthetieglcity over the jet slot;

1. f(s1
2. f(s)=sin(rs)

3. f(s)=sin?(n9)

The numerical jet profiles are compared with the experimgatarofile as shown in Figure
3.2. The first profile is called “top hat distribution” whichk the simplest and most widely
used jet profile in the literature. It is observed that thehapdistribution intersects with the
experimental jet profile only at the center of the jet slote T ét velocity at the 2 sides of the
jet slot is non-zero therefore a discontinuity appears ih lborners of the slot. The other jet
profiles, namely the sin€) and the siA(rs) profiles are observed to be similar with the ex-
perimental profile. The f(s)sin?(xs) profile is the one that is most similar to the experimental
jet profile. It is emphasized in the study of Donovan et al.] fhat the f(sksin?(xs) profile
behaves better numerically since velocity is equal to zeth lon the airfoil surface and at
the corner of the jet slot. The Sixs) profile is therefore chosen to be used as the jet profile

throughout the computational studies.

In Figure 3.3, Figure 3.4 and Figure 3.5 the schematic reptation of three dierent actua-
tors are shown. In all representative figures, the jet prififdotted at diferent time levels (t
is constant for steady jet) forstmear=0, Wetosc=2, Fjet=1 and f(s):sinz(ns). The represen-

tative figure for steady suction and steady blowing jetsmgiveFigure 3.3, shows that the jet
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Figure 3.2: The jet profile

profile does not vary in time. The representative figure ferdbcillatory jet is given in Figure

3.4. Itis observed that the jet velocity oscillates arourermean velocity. Finally, Figure 3.5
represents the variation of velocity profile for a synthéeicin time. It is observed that the
magnitude of the jet velocity changes in time and the air adailne actuator is sucked and

blown periodically.

The jet momentum cdicient is a term that is commonly used in the definition of thetlsgtic

jet. The expression for the jet momentum fiméent is defined as;

Cu = pjetLietUjet (3.3)

The power required to operate the synthetic jet is calcdlbieusing the expression for the

jet power coéicient per unit span which is defined as follows:

Cp = pjetl i UWieiFjet (3.4)
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CHAPTER 4

OPTIMIZATION

4.1 Introduction

In this chapter, the optimization method employed, nanfegsponse Surface Methodology
(RSM), is described. The optimization is based upon fittingggponse surface model to
the data generated using unsteady flow solver for variougtsnprhe response surfaces are
approximated in the defined design space. The optimum deaiggbles that maximize the

value of the objective function are estimated using theaesp surfaces.

4.2 Response Surface Methodology

RSM is a collection of mathematical and statistical techagthat are useful in the modeling
of a problem [36]. The RSM is based on the generation of respaurfaces for a set of
design variables. The response can be function of sevatiables and it can be obtained by
using experimental or numerical methods. In the generatiohe response surfaces, method
of Least Squares is employed. Once the response surfacdstarenined, the maximum or
minimum values of the response and the corresponding valugstimization variables can

be evaluated.

In the definition of response surface methodology, the Vahg terminology is encountered
frequently; optimization variable, response, responsetfan. Optimization variables are
procesgexperiment inputs whose values or settings can be cordrbiethe experimenter.
The response is the measured quantity whose value assurdegdeand on the values of op-

timization variables. The true value of the response, spording to any particular com-
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bination of optimization variables in the absence of anyeexpental error is denoted by
Therefore the response is function of optimization vagakhnd mathematically it can be

shown as follows:

n=f (X, X, X, .......X) (4.1)

The function f is called the response function and it is agsiito be a continuous function of
x.. The function f that fits perfectly to the real response isallgwnknown therefore it must

be approximated using a polynomial or some other type oftfong¢37].

The response surfaces are approximated by fitting a secded model to the response val-
ues. The model equation is a linear function of unknown patars forming coicient

vectorgs. For example, the quadratic model with 2 optimization Jaga is given by:

Vi = Bo + B1X1i + B2Xoi + B11 Xii + S22 X%i + B12 X1i Xoi + &j 4.2)

wherei = 1,2, ...n > 6 andBo, B2, B11, ... are constant cdicients, y is the measured response,
ande is a random error vector used primarily to account for madielability to approximate

the real response. The matdxand vectols can be written as:

i . .
1 X1 X1 Xf; X5, XuuXer

1 X2 X2 X2, X2, Xi2Xo2
12 % (4.3)

2 2
| 1 xan Xen X{, X5, XinXen |

and

o
i3
p=| " (4.4)
B
| ﬂlz ]
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In the second order model equation, the valuey;&nd matrixX are known. The model
is therefore fully described if the values of vecfran be estimated. The Method of Least
Squares is used in the estimation of ve@@oGiven the matrixX, a function of the optimiza-
tion variables X) and the vectoy of the responses, the vecis estimated by the method of

Least Squares as follows:

n
L= Zs,z =ge (4.5)

whereg’ is the transpose af. The sum of squares of the errors, L can be written as:

L =(y - XB) (y - XB) (4.6)

Then expanding the right hand side of that equation,

L =yy-(XB)y-yXB+(XB) XB (4.7)
L=yy-BXy-yXp+pXXp (4.8)
L=yy-28Xy+B8XXB (4.9)

The vectorB can be found by minimizing thie. The derivative oL with respect to vectgs

is calculated. Then partial derivative set equal to zerosamivkd forg;

oL , ,
i —2X'y +2(X'X)B (4.10)

then
X'X)B=Xy (4.11)

AssumingX'X is non-singular, we have the following least squares estiraa
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B=(XX)"Xy (4.12)

It is clear thatX'X is a square matrix an¥’y is a column vector [38]. Therefore the system

of equations can be solved @by using a matrix solver.

In this study, the response surface methodology is emplagaty MATLAB software for
the optimization of a problem with 4 optimization variablésquadratic response surface is
then approximated for/D based on the Least Square method. The quadratic equatiom is

function of the jet velocity, the jet location, the jet angled the jet frequency:

2 2 2 2
L/D = PoUjet + B1Fjet + Bojer + B3Xier + BaUjetF jet + BsUjer jet +
BeUijetXjet + B7F jet@jet + BgF jetXjet + Bo jetXjet + BroUjet +

+B11F jet + B2 jet + B13Xjet + B1a (4.13)

wherepo, B1, ..., B14 @are constant cdicients, /D is the measured response.

Once the model is created, itis required to check the goadrféake model [39]. The accuracy
of the RSM is validated by calculating RSM residuals which e diference between the
predicted and calculated responses. The RSM residual$otiedoagainst the predicted value
of the response as shown in Figure 4.1(a). The error in theappated quadratic model can
be evaluated by analyzing the RSM residuals and the predietieulated plot. The predicted-
calculated plot is illustrated in Figure 4.1(b). A perfectifie is observed which represents
the ideal design where the responses of the RSM model andothputed responses are
equal. There are two 95% confidence lines where the area detitliem defines the region
in which the errors in the predicted values are less than 5#%eofmid-response value. The
RSM residuals and predicted-calculated plots are gerenateach optimization step. Both

of the plots are analyzed to determine the accuracy of the RSM

The optimization procedure followed throughout this stigljflustrated in Figure 4.2. The
optimization process starts with the definition of the peoll The variables that have the
primary dfect on the response are determined and proper ones are ewotendesign vari-

ables. Then the design space is constructed using a Deskgxpefiments (DoE) approach.
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Figure 4.1: RSM validation plots

Database is generated using experimental or numericaba&tin this study, the database re-
quired for RSM is generated by performing a series of CFD agatpns. RSM is employed
for the generated database and the response surfaces eogimpped. The optimum values
of the design variables that maximize the response are aeallon approximated response
surfaces. Real value of the response is calculated for ttimom values of the optimization
variables using experimental and numerical techniques.€fior between predicted and cal-
culated responses is calculated. The optimization prasessminated if the relative error
is less than 1%. If the convergence criterion is not satishetew RSM optimization is per-
formed around the optimum point. The optimization processarried out until the error is

less than 1%.

4.3 Design of Experiments for a quadratic response surface

An experimental design for fitting a second-order model rhase at least three levels of each
factor. There are many Design of Experiment techniques ttondia second order model, so
it is important to choose the appropriate design. Designxpéements concerns distribution
of the points in the design space [36]. The point distritngidor Full-Factorial (FF) and

Box-Behnken (BB) designs are shown in Figure 4.3.

In the full factorial design shown in Figure 4.3(a), the desspace is covered completely.
Requirement to high number of computations and being lantieelow order models are the

disadvantages of the full factorial design.
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Figure 4.2: Optimization strategy

(a) Full factorial design (b) Box-Behnken design

Figure 4.3: Designs for 3 parameters
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° Box-Behnken design
n Full-Factorial design

Figure 4.4: Box-Behnken and Full-Factorial designs

In the Box-Behnken design shown in Figure 4.3(b), the depijnts are at the midpoint of
the edge and at the center. The convergence of the predigtetidn to real function is faster.
However poor coverage of the corners of the design spacasadv@ntage for the calculation
of the surfaces with a badly estimated design space. Theahtiumber of experiments to

the number of ca@cients should be in the range of 1.5 to 2.6.

The design points for the Full-Factorial and the Box-Belmé#tesigns are shown in the same
cube in Figure 4.4. The corners and face centers of the cebaatrincluded in the Box-

Behnken design.

The number of computational evaluations required for Nalads are shown in Table 4.1. Itis
observed that the Full-Factorial design requires sigmifiganore computational evaluations

as the number of variables increases.

Table 4.1: Number of computational evaluations required® and FF designs

# of computational BB FF
evaluations for N
variables
3 13 27
4 25 81
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CHAPTER 5

RESULTS and DISCUSSION

5.1 Introduction

Parameters defining the synthetic are optimized over a NAGK @irfoil to obtain the max-
imum lift to drag ratio for a constant jet power dheient. Optimization is carried out using
the RSM. Unsteady, turbulent flows over the NACA 0015 airfwibfile are computed using
a Navier-Stokes flow solver over a C-grid. The flow is assurodaktfully turbulent and the
Spalart-Allimaras turbulence model is employed. The coatputal domain is divided into
sub-domains and the computations are performed in pacalleinux operating system using

the PVM library routines.

In unsteady calculations, the solution is initialized witle freestream conditions. The un-
steady computations are carried out until a steady or adglierehavior in aerodynamic co-
efficients is observed. The computed flowfields are analyzedrmstef pressure céicient

distribution, aerodynamic loads, wall shear stress andifida over the airfoil.

The grid sensitivity study, carried out together with thdidation study, is performed by
changing the circumferential and normal grid distributiomith respect to a base grid. The
pressure cdécient distribution, lift and drag cdicients are compared and the grid at which
the computational solution becomes independent of thesizilis chosen as the optimum.
The validation studies are performed for the cases/without flow control at various angles

of attack.

A parametric study is carried out to investigate the saritsitof the solution to the synthetic

jet parameters. The influence of the jet velocity, the jeatimn, the jet angle and the jet
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frequency on the D is investigated. The results of the parametric study aesl uis the

determination of the design space for the optimizationystud

The synthetic jet parameters are optimized to maximize fie The optimization study is
performed at various angles of attack. The RSM is employdbdroptimization study. The
response surfaces for thgll ratio are approximated using a second order model basdtkon t
results of the numerical model. The optimum synthetic jeapeeters and the corresponding

L/D values are estimated using the approximated responsecsarf

5.2 Grid Sensitivity and Validation Studies

The grid sensitivity study is performed for grid distrilaris in the circumferential and normal
directions. The grid sensitivity study is performed by camipg the pressure distribution, lift
and drag cofficients obtained with various grid sizes. The validatiordgtis performed by
comparing the results of numerical study with the experiaetiata. In the grid sensitivity
studies, the flow over the NACA 0015 is computedrafl2° anda=22° without synthetic jet
actuation. Then the computations are performed=t6.6" for the cases with and without

synthetic jet.

5.2.1 Grid sensitivity study for y*

A grid sensitivity study is performed for the first cell sizermal to the airfoil surface using 3
different y values for the same surface grid distribution. The far fieldrimlary extends up to
10 chords away from the airfoil. Table 5.1 shows the grid,dizst cell size and corresponding
y* value for each grid. The results of the computational studycmpared against the
experimental data of [13] for the NACA 0015 airfoil. Figurdlshows the pressure dheient
distribution for M=0.15 and Re1.2x10° ate=12° which is a pre-stall angle of attack for the
NACA 0015 airfoil. It is observed in Figure 5.1 that the prasscodficient at leading edge
of the suction side is over-predicted and the pressurfficiemt at the pressure side is in good
agreement with the experiment when¥0.8. The pressure distribution over the airfoil shows
that further improvement of the first cell size does not cleatig solution significantly after
y*=0.8. The dect of y* observed to be reduced at the pressure side of the airfci $he

flow is attached to the airfoil.
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Table 5.1: Grid properties for the \grid sensitivity study

Grid# Firstcellsize y Grid size
1 0.00001 0.1 37884
2 0.0001 0.8 37867
3 0.001 7.5 37851

a + L] Experiment (Donovan et al.)
————— Grid 1: y '=0.1
s Grid 2: y '=0.8
Grid 3: y '=7.5

Pressure Coefficient, C

0 0.25 0.5 0.75 1
Chord, x/c

Figure 5.1: ¥ grid sensitivity, no jet (Re1.2x10°, M=0.15,a = 12°)
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The variation of the lift and drag céicients are shown in Figure 5.2. The calculated lift
and drag coicients are observed to be similar for the Grid 1 and Grid 2. dgtanum grid
distribution in the direction normal to the airfoil surfaisgherefore chosen to be the grid with

y*=0.8 to be used throughout the flow computations.
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Figure 5.2: Aerodynamic cdigcients aty = 12°

5.2.2 Grid sensitivity in the circumferential direction

A grid sensitivity study is performed for the grid distriar in the circumferential direction.
The results of a wind tunnel test over a NACA 0015 airfoil,aibed by Gilarranz et al. [20]
in a 3’ x 4’ wind tunnel, are used in comparisons with the pnéstudy. The experimen-
tal data is obtained at M0.1, Ue=0.231, Fet = 1.39 andaje=16.6". The synthetic jet is
applied from the 12% of the chord and the jet slot size comedp to 0.53% of the chord
length. The properties of the grids used in the study are showable 5.2. A medium grid
distribution with 331 grid points in the circumferentiakegtion is chosen as a base grid then
it is coarseneflefined with a ratio of 1.5. The jet slot is defined by 12, 18 a8d¢&lIs for the
coarse, medium and fine grids, respectively. In all grids,pireviously determined first cell
size (corresponds to'y0.8) value is employed. Figure 5.3, Figure 5.5, Figure 5@ Rigure
5.8 show the pressure dieient distributions at various angles of attack. It is obedrthat
the grid distribution is mostfiective atr = 22°. Figure 5.5 illustrates that the results obtained
with the coarse grid diers slightly more from the experimental data compared tortedium
and fine grids. However, there is ndiérence between the results obtained with the medium
and fine grids. The discrepancy between the numerical angriexgntal results at = 12°

without jet and atr = 16.6° with/without jet are negligible.
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Table 5.2: Grid properties for the grid sensitivity in theccimferential direction

Grid # of points around airfoil # of points across jet slot dsize

Coarse 221 12 2987

Medium 331 18 40967

Fine 497 28 58%67
a-6 L] Experiment (Donovan et al.)

————— Coarse-293x67

Medium-409x67

[P - Fine-581x67

Pressure Coefficient, C

Figure 5.3: Grid sensitivity for the surface grid density, jat (Re=1.2x10°, M=0.15,« =
12°)
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The time variations of the lift and drag déieients are shown in Figure 5.4. The lift dheient
calculated with the medium and fine grids are similar but thexr®e grid underestimates the

lift coefficient. The calculated drag déieients are observed to be same for each grid.
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Figure 5.4: Aerodynamic cdigcients aty = 12°
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Figure 5.5: Grid sensitivity for the surface grid densitg, jat (Re=1.2x10°, M=0.15,« =
22°)

The lift and drag cofficients presented in Figure 5.6 shows that the flowfield ove€NA
0015 is unsteady at = 22°. The lift and drag coficients show a periodic behavior on all

grids. The average aerodynamic ffoments estimated with the medium and fine grids are

observed to be same.

The pressure cdicient distributions atr = 16.6° are presented in Figure 5.7 and Figure
5.8 for the cases without and with the jet, respectively. THaeling edge suction pressure

decreases with the application of the synthetic jet in bogheixperimental and computational
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Figure 5.6: Aerodynamic céicients alw = 22°

studies. Itis thought that the synthetic jet delays the flepasation and therefore the pressure

codficient is enhanced significantly at the leading edge of theikfor the experimental

study.
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Figure 5.7: Grid sensitivity for the surface grid densitg jet (Re=822000, M=0.1, a =
16.6°)

The time variations of lift and drag cfiecients ate = 16.6° are shown in Figure 5.9. The
lift and the drag coféicient histories witfwithout jet reveal that the results obtained with the
medium and fine grids are similar. The flowfield over the dirfeiobserved to be steady
before the synthetic jet is implemented. The flowfield over #irfoil becomes unsteady
with the application of the synthetic jet. Both the lift aritbtdrag cofficients are observed
to oscillate at the same frequency with the synthetic jete $blution on the coarse grid

underestimates the average lift and the dradiments.
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Figure 5.8: Grid sensitivity for the surface grid densitythnjet (Re=822000, M=0.1, «

16.6°, Ujer=0.231, Fet=1.39,ajet = 15°)
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As aresult of the grid sensitivity study in the circumfeiahtlirection, it is decided to use the

medium size grid. The medium size grid has about 20 cellssadi® jet slot.

A grid convergence study is carried out in the circumfesngind normal directions and
the optimum values of the grid distribution in both direasoare determined. Numerous
computational grids are generated to be used in the patiansétidy for the synthetic jet
location and optimization study. The grid distribution letcircumferential direction and
the first cell size normal to the wall are adjusted such eaichtgs similar grid distributions
as much as possible. Théfext of grid clustering at the jet location is investigated ttoe
cases with no flow control. It is observed that the grid cltis¢earound jet location does not
cause any numerical discrepancy in the numerical resutis siime clustered grid is therefore

employed in the solution of the flowfields withithout flow control.

The accuracy and range of the validity for the numerical rh@determined by comparing
the numerical study results with the experimental datas @liserved that the results of the
present study are in good agreement with the experimergaltseof Donovan et al. [13]
however they are not in exact agreement with the experirheiata especially for the ex-
perimental results of Gilarranz et al. [20] when the synthgt is applied. The dierences
between the results of the experimental and computatidndies for the NACA 0015 airfoll
can be attributed to assumptions and errors that exist tecexperimental side and the nu-
merical simulation side. On the experimental side, thealfaton error in the airfoil model,
disturbance of the measurement device, interference bativee wind tunnel wall and the
airfoil body, freestream turbulence and boundary-layierdifects can create the errors of the
measurement. On the numerical simulation side, the syatfgtmodeling, the turbulence
model, the grid density, the computational errors and tinéditions of the two-dimensional

simulation can lead to numerical inaccuracies [22].

5.2.3 Flowfield around airfoil at @ = 18

The unsteady flowfield over the NACA 0015 airfoil is computeihg the optimum grid size
determined in the validation study. Flowfields before andrahe application of the synthetic
jet are compared with the experimental data of Tuck et al] 4@ post stall angle of attack
of « = 18 and at Re3.08<10*. A NACA 0015 airfoil with a chord length of 200 mm and
a span of 510 mm is used. The jet slot size is reported to bé/®df5the chord length.
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The experiments were conducted in a re-circulating watemeéliwith a cross sectional area
of 500mnmx500mm. In the experiments, the jet slot size has been mieiinia obtain the
maximum jet velocity. The jet slot is oriented normal to theface of the airfoil at the
leading edge, extending over the entire span of the airRatticle Image Velocimetry (PIV)

and Planar Laser Induced Fluorescence (PLIF) are employtbe ivisualization of the flow.

The averaged PLIF image and computationally obtained fléagfi@re shown in Figure 5.10.
Both, experimental and computational flowfields demorstthat the flow is separated at
the leading edge of the airfoil when there is no synthetic fgirmation of two vortices are

observed in the streamline patterns of the present studyé-ig10(b).

(a) Experiment (b) Computation

Figure 5.10: Averaged flowfield at= 18°, no jet

The flowfield through a period of the synthetic jet oscillatare shown in Figure 5.11, Figure
5.12, Figure 5.13 and Figure 5.14 for phase angfe®@, 180 and 270, respectively. In
the PLIF images shown, it is reported that the fluid ejectethfthe ZNMF jet orifice is
observed in the external flow field at a phase angle 6f Similarly, the streamline patterns
shown in Figure 5.12(b) obtained with the present study &ea@ angle of 90s the flowfield
corresponding to the instant where the synthetic jet isistato be blown out from the jet slot.
Examination of the flowfields obtained with the experimerd #re present study reveal that
the vortex structures observed in the experimefiedirom the ones observed in the present
study. This may be attributed to the fully turbulent flow asgtion without any transition

modeling and also one-equation turbulence model employed.

Figure 5.15 shows the averaged flowfields when the synthedtis ppplied. The PLIF image
shown in Figure 5.15(a) reveals that flow becomes attached tbe upper surface of the

airfoil when the synthetic jet is applied. The streamlinétgras obtained with the present
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(a) Experiment (b) Computation

Figure 5.11: Flowfield at = 18, phi=0°, with jet

(a) Experiment (b) Computation

Figure 5.12: Flowfield at = 18, phi=9(°, with jet
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(a) Experiment (b) Computation

Figure 5.13: Flowfield at = 18, phi=180C, with jet

(a) Experiment (b) Computation

Figure 5.14: Flowfield atr = 18°, phi=27C, with jet
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study given in Figure 5.15(b) shows that the 2 vortices fatroeer the suction side of the
airfoil for the case without jet(Figure 5.10(b)) reducesiie when the synthetic jet is applied.
The larger vortex observed over the suction surface formessimaller vortices similar to the

case observed in the experimental study.

(a) Experiment (b) Computation

Figure 5.15: Averaged flowfield at= 18, with jet

5.2.4 Flowfield around airfoil at o = 25°

The results of the computational study are also comparekl thé experimental study of
Gilarranz et al. [20] atv = 25°. The synthetic jet is applied from 12% of the chord length
with a slot size of 0.53%c. The experimental and the comjaurtal flowfields are shown in
Figure 5.16 and Figure 5.17. The flow is separated at a paeedb the leading edge both in
the experimental and the computational results. The flobseo/ed to be attached in Figure
5.17(a) when the synthetic jet is applied. The flow sepanadiothe leading edge is reduced
by the presence of the synthetic jet in the computationalyshowever the flow still separates
at a point close to the leading edge as shown in Figure 5.1¢ s¥ifithetic jet reduces the size

of the main vortex and leads to formation of a small vortex itlea leading edge.

A grid convergence study is performed for the grid distiifmas in circumferential and normal
directions. The flowfields over the NACA 0015 airfoil are caamgd with the experimental
flowfields ate = 18 anda = 25° where the flow over the NACA 0015 is massively separated
over the suction surface in both cases. The vortex structoipserved in the experimental
studies are not captured exactly in the computational stusigh may be attributed to the
solution of the flow using a RANS solver, lack of transition seband the turbulence model
employed in the computational study. A more sophisticatedehlike LES, DNS etc. can be

can be used to investigate the complex flowfields and vortextsires over the airfoil.
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(a) Experiment (b) Computation

Figure 5.16: Flowfield atr = 25°, no jet

(a) Experiment (b) Computation

Figure 5.17: Flowfield ar = 25°, with jet

5.3 Parametric study for the synthetic jet variables

A parametric study is carried out at= 18 by varying the jet velocity, the jet location, the
jet angle and the jet frequency to investigate the sensitdfithe jet parameters on thel.

In the parametric studies, the NACA 0015 airfoil is used assebine airfoil and the flow
calculations are performed at0.1, Re=8.96x10° andajer=23". The jet slot size is chosen
to be 0.53% of the chord length. The synthetic jet is appliethfthe 12% of the chord length
in the parametric studies performed for the jet frequertoy,angle and the jet velocity. In
each parametric study, the value of a single parameter igeldawhile keeping values of the
other parameters constant. The synthetic jet velocity &ghd between 0.05 and 0.5. The

synthetic jet location is changed between 5% and 90% of tbedcfThe synthetic jet angle is

44



changed between 1@nd 98 and the non-dimensional jet frequency is changed betwéen O.

and 5.

The flowfield over the NACA 0015 airfoil without applicatioffi thhe synthetic jet is presented
in Figure 5.18 with the initial synthetic parametersugh = 0.231, Xjet = 0.12, jet=23" and
Fiet = 1.39. Two vortices are observed over the upper surface of thalabne is starting
from 13% of the chord and extending until the trailing edge e other one is located at the

trailing edge.

Figure 5.18: Average streamline patterngat 18 without synthetic jet

5.3.1 The influence of the synthetic jet velocity

The synthetic jet velocity is the first variable used in theapzetric study. The synthetic jet
velocity is changed between 0.05 and 0.5. Figure 5.19 shwweaariation of I/D with varying
synthetic jet velocity. The parametric study for the jetoaitly shows that #ectiveness of
the synthetic jet increases as the jet velocity increasdge average streamlines shown in
Figure 5.20 illustrates the flowfield over the airfoil withnglgetic jet applied fouje = 0.05,
Ujet = 0.3 andujer = 0.5. The location of the separation point is observed to mokeutih
the trailing edge of the airfoil as the jet velocity incress# also appears that increasing the
jet velocity prevents the formation of trailing edge vortaxd reduces the size of the vortex
formed over the airfoil upper surface. Hassan et al. [41pdtzat the maximum velocity that
can be produced by the current synthetic jet actuators isndr0.25M which corresponds a

non-dimensional jet velocity of 0.25 sinceM0.1. The maximum value of jet velocity is
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therefore chosen to be 0.3 due to the physical limitatioatedt[41] and minimum value is

chosen to be 0.1.
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Figure 5.19: I/D variation with the velocity

Figure 5.20: Average flowfields with various jet velocities

5.3.2 The influence of the synthetic jet location

The synthetic jet location is varied between 0% and 90% ottwd length. The variation
of the L/D with the synthetic location is shown in Figure 5.21. Th®lincreases by 172%

compared to the case without jet when the synthetic jet stéatat 30% chord location. The
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synthetic jet applied from the leading edge of the airfoiiseed a reduction in the/D. It

is also observed that varying the position of the synthetidogtween 50% and 90% of the
chord does not cause a significant change in iz The flowfields forxje:=0.1, Xjet=0.3,
Xjet=0.5, andx;e=0.9 are illustrated in Figure 5.22. The synthetic jet lodad X;et=0.1
does not change the flowfield around the airfoil. Flowfieldtfu x;e=0.3 shows that only
one vortex is formed over the upper surface of the airfoil tredflowfield around airfoil is
attached better compared to the no jet case. Moving the eyniflet location to the trailing

edge &jet=0.9) does notfdiect the location of the flow separation point.
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Figure 5.21: /D variation with the location
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Figure 5.22: Average flowfields with various jet loactions
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5.3.3 The influence of the synthetic jet angle

Then, the parametric study is performed for the synthetiarjgle where the jet angle is varied
between 10and 98. Figure 5.23 shows the variation offb with varying synthetic jet angles.

It is observed that, the/D ratio is maximized when the jet angle is around.3Bhe synthetic
jet has a negativefkect on the IID when the jet angle is greater than°40rhe significant
difference, observed in theh ratios of the airfoil with varying synthetic jet angle, calso

be seen in the streamline patterns shown in Figure 5.24p#ap that the implementation of
the synthetic jet atrjet=10° andaje=83" does not change the flowfield over the airfoil and
two vortices still formed over the suction side. The trajledge vortex almost disappears and

the vortex over the suction surface of the airfoil reducesize whenje=38°.

12

----- No jet
With jet

Lift to Drag Ratio, L/D

ol v
0 20 40 60 80 100

Jet Angle, q

jet

Figure 5.23: I/D variation with the jet angle

5.3.4 The influence of the synthetic jet frequency

The last synthetic jet parameter used in the parametriy $sutle synthetic jet frequency. The
range of the jet frequency used in the parametric study iwdert 0.5 and 5. The variation
of L/D with varying synthetic jet frequency is presented in Fegbtr25. It is observed that
the synthetic jet frequency has a lowdteet on the IID but it can be said that the/D

increases as the jet frequency increases. In the expeahsuatly performed by Gilarranz et
al. [20], the frequency is reported to have a minfieet on lift codficient and the maximum

jet frequency applied is 2.39. The average streamlineshfojdt frequencies of 0.5, 3 and 5
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Figure 5.24: Average flowfields with various jet angles

are given in Figure 5.26. The point of separation is obsetwetiove downstream slightly
with the application of the synthetic jet however there isigmificant diference between the

flowfields calculated for dierent jet frequencies.
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Figure 5.25: I/D variation with the jet frequency
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Figure 5.26: Average flowfields with various jet frequencies

5.4 Optimization of the Synthetic Jet Parameters

An optimization study is carried out to predict the optimuynthetic jet parameters to max-
imize the lift to drag ratio. The jet optimization study isrfigmed for a constant value of
the jet power cofficient. The jet velocity, the jet location, the jet angle anel jet frequency
are the synthetic jet parameters used in the optimizatiotystin the optimization studies,
the NACA 0015 airfoil is used as a baseline airfoil and thetemdy flow calculations are
performed at M:0.1, Re=8.96x10°. The optimization study is performed for angles of attack
starting from pre-stall angle of attack, = 10° and going up to post-stall angle of attack,

a = 18. The cases that will be employed in the optimization studyliated in Table 5.3.

Table 5.3: Optimization cases

Case# «a(°)
1 10
2 14
3 18

The design space for the optimization study is determineddmgidering the results of the
parametric study together with the physical limitationgtraf synthetic jet. Table 5.4 summa-

rizes the design space for the synthetic jet parametersogegbin the optimization study.
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Table 5.4: Design space for the optimization study

Variable Minimum value Maximum value
Jet velocity 0.1 0.3
Jet frequency 0.8 3
Jet angle 10 50
Jet location 0.1 0.9

The optimization study is performed for a constant valuebppwer cofficient (Go=6x10"")
which is the function of the density of air at the jet locatitime jet velocity, the jet frequency
and the jet slot size. In the computation of jet powerfioent, pjet is assumed to be equal
to the freestream density. The lift to drag ratio is optirdizsy varying the synthetic jet
parameters in a physically allowable range while keepieg/tiue of the jet power cdigcient
constant. The jet slot size is calculated for each set ofropétion variables therefore it is
included to the optimization study as a dependent varidiiie.value of jet slot size observed
to be changing between 0.15% and 0.9% of the chord. The jatibocis changed between
10% and 90% of the chord length for all angles of attack valliae RSM is employed in the
calculation of the optimum synthetic jet parameters. Tlspoase surfaces are approximated

using a 29 order model.

In the optimization study, the Box-Behnken and the Fulltédal designs are employed in
the approximation of the optimum jet parameters and cooredipg L/D value ate = 18° to

understand thefiect of DoE method. The parametric study performed for thehstit jet

velocity revealed that the/D ratio increases with the increasing jet velocity. Themjation

studies are initiated by using 4 optimization variabledlaragles of attack. The optimum jet
velocity is observed to be maximum value in the defined raagelfangles of attack therefore
3 optimization variables are employed in the subsequemihagttion steps by keeping the jet
velocity constant at the maximum value. In the first step ef dptimization studies, the
Box-Behnken design is employed therefore 25 computatienaluations are required for 4
optimization variables. Then the Box-Behnken or the Fudtbaal designs are employed for

3 optimization variables.

In each step of the optimization, the accuracy of the moddétermined by calculating the
error between estimated and calculated values. The optiimizstudy is performed until the

error between the estimated and the calculated valuessitHaa 1%. If the error criterion
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is not satisfied, new computational simulations are peréarmround the optimum point. A
typical optimization step takes about 18-54 hours of waltkltime in a parallel computing

environment using 3 processors.

5.4.1 Choice of Design of Experiment

The optimization study is performed using twéfdrent DoE approaches to understand the ef-
fect of DOE in the estimation of the optimum synthetic jetgraeters. The Box-Behnken (BB)
and the Full-Factorial (FF) designs are employed for 4 sfithet parameters at= 18°. In

the Box-Behnken design, 25 computational evaluationseaeired for 4 design parameters.
In the Full Factorial design, 81 computational evaluatiares performed to approximate the
response surfaces. Table 5.5 shows the values of the optadesign parameters estimated in
each design. The estimated jet velocity and jet frequeneybserved to be same. The op-
timum jet locations are estimated to be 18% and 24% of thedctoorthe Box-Behnken and
Full-Factorial designs, respectively. The error betwdendstimated and calculated values
is observed to be smaller for the FF design which may be atéibto the large number of

computational evaluations.

Table 5.5: Box Behnken and Full Factorial Designs

Estimated Calculated

Design Uet Fiet  @jer(®) Xijet LD L/D Error (%)
BB 0.3 3.0 40.8 0.18 19.7 115 71.6
FF 0.3 3.0 50 0.24 133 15.8 -16.2

542 Caselw=10C¢

The optimization study for the synthetic jet parametersisied out first atv = 10° which is

a pre-stall angle of attack for the NACA 0015 airfoil. Theiagkation study is terminated in
2 optimization steps as listed in Table 5.6. The optimizattudy performed for 4 optimiza-
tion variables then the jet velocity is excluded and 3 optation variables are optimized in
the second optimization step. The errors between the dstihaad calculated values are ob-

served to be small in both optimization steps therefore ecgatjpnal evaluations performed
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in the first optimization step with the maximum jet velocityealso included in the second
optimization step. The optimum jet location is estimatet¢ol0%c which is the most for-
ward location in the design space. The absolute error foktbein the second optimization

step is calculated to be 0.3%.

Table 5.6: Results of the optimization stepsrat 10°

Optimization Estimated Calculated

StF;p ujet Fjet a’jet(o) X]et L/D L/D Error (%)
1 0.3 3.0 22.0 0.1 80.97 76.6 57

2 0.3 0.8 28.5 0.1 79.99 80.3 -0.3

The predicted-computed values and RSM residuads at10® shown in Figure 5.27 for the
second optimization step. The RSM residuals are observée tmall compared to RSM
residuals atr = 14° anda = 18. The enhancement in the/b after the application of
the synthetic jet is lower therefore the response surfacesraoother compared to the ones
obtained at higher angles of attack. The better approxamatf the response surfaces allows

estimating the optimum variables and the responses moteadety.

[ 95% confidence interval E
80 [ 15 -
———— Mean of the response . r
[ Perfect Fit

Predicted vs Calculated -2 :

78 -

Calculated L/D
Residual

76 - . -1k

Predicted L/D Predicted L/D

(a) Predicted-calculated values (b) RSM residuals
Figure 5.27: Optimization at" step atw = 10°

The response surfaces approximated at the second opionizé¢p are shown in Figure 5.28.
It is noted that the optimum/D is estimated at the constraint boundary for the jet vefpcit

the jet frequency and the jet location with=28.5.

The streamline patterns are shown in Figure 5.29 for thesdaesfere and after the application

the synthetic jet. The synthetic jet, applied from the 10%hef chord, is observed to be
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Figure 5.28: Response surfaces %t @timization step at = 10°

almost indfective on the flowfield around airfoil.

The flow separation is delayed when the synthetic jet is agplirhe location of separation
point is determined by the location of zero wall-shear str@he instantaneous skin friction
codficient variation over the upper surface of the airfoil showirigure 5.30 reveals that the
separation point moves from 93% of the chord to the 94.3%ettiord when the synthetic

jetis applied.

The variation of lift and drag cdgcients in time is given in Figure 5.31. The variation in the
lift and the drag co#éicients is observed to be very low. The variation of the avetdgand
drag codficients are given in Table 5.7. The reduction in the dradimient is observed to
be 6.2% and the enhancement in the lift f@éent is observed to 1.5%. The increase in the

L/D is 8.2%.
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(a) No jet

(b) With jet

Figure 5.29: Average streamline patternaat 10°
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Figure 5.30: Instantaneous skin friction @id&ents for the upper surface at= 10°
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Figure 5.31: Lift and drag cdkcient histories atr = 10°

Table 5.7: Aerodynamic céiécients atw = 10°

C Cq L/D
No jet 1.01 0.0137 74.2
Withjet 1.03 0.0128 80.3
Change(%) 1.5 -6.2 8.2

5.4.3 Case2u =14

The optimization study is performed at°ldngle of attack. Table 5.8 shows the values of
the optimum design parameters obtained through the 3 ggattion steps. The Box-Behnken
design is employed for 4 optimization variables in the fifgimization step. Then the jet ve-
locity is excluded and 3 optimization variables are optiiin the next 2 optimization steps.
The maximum jet velocity is again estimated to be the maxinmput value. The estimated
value of the optimum jet location is varied between 0.4c aind through the optimization
steps. The optimum value of the jet location is estimatecetd39oc in the final optimization
step. The optimum jet angle is estimated to be A2The error between the estimated and the

calculated values of the/D is observed to be 0.3% at the final optimization step.

The predicted-computed values and RSM residuals at the: skéip of the optimization are
shown in of I/D are shown in Figure 5.32. It is observed from Figure 5.38{a¥t of the
predicted responses are in the 95% confidence area. The R&diaks shown in Figure

5.32(b) reveals that the maximum residual is lower than®14D.
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Table 5.8: Results of the optimization stepsrat 14°

Optimization Estimated Calculated

Step Ujet F]et a’jet(o) XjEt L/D L/D Error (%)
1 0.3 3.0 46.0 0.5 49.5 46.1 7.4

2 0.3 0.8 40.2 0.42 48.2 47.5 1.4

3 0.3 0.8 42.5 0.43 485 48.4 0.3

2 Wl _ "

S u

44 ;:ec“(:md L/Dae 47 ) 42 44 Prediaceted L/ﬁ 50 52
(a) Predicted-calculated values (b) RSM residuals

Figure 5.32: Optimization at$step atr = 14°

The response surfaces approximated at the third optiraizatep are shown in Figure 5.33.

The optimum ID is estimated whenje;=42.5, Xet=0.42 and F=0.8.

Figure 5.34 shows the average streamline patterns arodfoil la¢fore and after the synthetic
jet application. It is observed that the vortex formed on shetion side of the airfoil has
reduced in size and moved through the trailing edge aftesyththetic jet is applied with the
optimum jet parameters. The small vortex observed at tllentraedge of the airfoil almost

disappeared.

The instantaneous skin friction déieient variation over the upper surface of the airfoil shown
in Figure 5.35 reveals that the separation point moves fr68 6f the chord to the 79% of

the chord when the synthetic jet is applied.

The variation of the lift and drag céiecients are shown in Figure 5.36. The application of
the synthetic jet is observed to cause an oscillation bothdrdrag and lift coficients. The

variation of the lift and drag cdgcients are shown in Table 5.9. The reduction in the drag
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Figure 5.33: Response surfaces dtd@timization step at = 14°

codlicient is observed to be 10.3% and the enhancement in thedticent is observed to

5.6%. The I/D ratio is increased by 17.9%.

Table 5.9: Aerodynamic céiécients atw = 14°

C Cq L/
No jet 1.27 0.031 41.1
Withjet 1.34 0.028 485
Change(%) 5.8 -10.3 17.9
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(a) No jet

(b) With jet

Figure 5.34: Average streamline patternaat 14°
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Figure 5.35: Instantaneous skin friction @a&ents for the upper surface at= 14°
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Figure 5.36: Lift and drag cdicient histories atr = 14°

5.4.4 Case 3 =18

The optimization study is finally performed at= 18 which is a post stall angle of attack
for the NACA 0015 airfoil. The optimization process is tenaied in 3 optimization steps.
Table 5.10 shows the values of the optimum design paramaterselative errors obtained
in optimization steps. In the first optimization step, thenflover NACA 0015 airfoil is
computed for various optimization variables and the optimpoint is calculated using Box-
Behnken design. The error in the first step is observed to I8/4.1In the second optimization
step, a new RSM is employed around the optimum point estiliatérst optimization step.
The error is reduced to 13.9%. In the first two steps, the gyiathet velocity is estimated
to be 3 therefore the jet velocity is kept constant and Fatitérial design is employed by
varying the values the remaining 3 variables. The relativerén the third step is calculated
to be 0.6% which satisfies the convergence criteria. Theevalihe jet angle is observed to
be increasing through the optimization steps. The optinetriogation is found to be 36% of
the chord length.

Table 5.10: Results of the optimization stepsat 18°

Optimization Estimated Calculated

Stpep jet F]et a’jet(o) XjEt L/D L/D Error (%)
1 0.3 3.0 40.8 0.18 19.7 11.5 71.6

2 0.3 0.8 41.4 0.23 17.0 14.9 13.9

3 0.3 0.8 44.7 0.36 18.3 18.2 0.6
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The predicted-computed values offLare shown in Figure 5.37 for the second and third
optimization steps. It is observed from Figure 5.37(a) thast of the estimated values fall
outside of the 95% confidence interval at the second optiioizatep. The number of points
in the 95% confidence interval increased at the third optition step as presented in Figure
5.37(b). The number of points in the 95% confidence intemnvaldases at the third optimiza-

tion step since the approximated response surfaces besonoesher as the design range gets

18 F
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(a) The second optimization step

(b) The third optimization step

Figure 5.37: Predicted-Calculated values at 18

The RSM residuals in the second and the third steps of thengatiion are shown in Fig-

ure 5.38. The residual values have reduced in the third @mtion since the accuracy of

the approximated response surfaces increases becauserefiticed range of optimization

variables.
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Figure 5.38: RSM residuals at= 18



In Figure 5.39, the response surfaces obtained in the feptaftthe optimization study are
illustrated. It is observed that the synthetic jet veloatyd the location are theffective
parameters for the value of thell. The response surfaces are maximized as the jet velocity

increases.

The RSM surfaces approximated for 3 optimization varialflesen ye=0.3) at the final
optimization step are shown in Figure 5.40. The RSM surféltestrates that the ID is

maximized whenv jet=44.7, Xet=0.36 and f=0.8.

Figure 5.41 shows the average streamline patterns arotfod lbéfore and after the synthetic
jet application. It is observed that the vortex formed on shetion side of the airfoil has
reduced in size and moved through the trailing edge. Thexatserved at the trailing edge

of the airfoil is almost disappeared.

The instantaneous flowfields along a period of the synthetiarg given in Figure 5.42 for the
optimum jet parameters. The velocity vectors at the jettlonaare also shown at each phase.
The synthetic jet starts blowing when tige:0. The jet velocity reaches to the maximum
value whenr/2 then suction phase starts. The streamline pattern artwenairfoil observed
to be almost same in a time period. It is observed that theepoesof the synthetic jet moves
the separation point downstream as observed from the avste@pmline patterns shown in

Figure 5.41 previously.

The instantaneous skin friction d&ieients on the upper surface of the airfoil for the cases
with and without jet are shown in Figure 5.43. It is observexhf the zoomed figure that the
flow separates at about 13% of the chord length on the sudtieno$ the airfoil without jet
application. The separation point moves to the 33% of thecclemgth when the synthetic jet

is applied with the optimum jet parameters.

The variation of lift and drag cdicients are shown in Figure 5.44. Itis observed that both the
lift and the drag coficients oscillate at a constant amplitude and frequency \shethetic jet

is applied. The frequency of oscillations is equal to thediency of the synthetic jet. Table
5.11 shows that the application of the synthetic jet hasesed the average lift cieient by
52.6% and reduced the average dragiocient by 51% which corresponds to 211% increase

in the L/D when compared with no jet case.
The optimum synthetic jet parameters are estimated usmd@R8M at 3 diferent angles of
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Figure 5.39: Response surfaces &taptimization step at = 18°
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Figure 5.40: Response surfaces at tledptimization step at = 18°

Table 5.11: Aerodynamic ciicients ate = 18

G Cy L/D
No jet 0.87 0.15 5.9
With jet 1.33 0.077 18.2
Change(%) 52.6 -51.0 211

64



(a) No jet

(b) With jet

Figure 5.41: Average streamline patterngat 18°

attack. The variations of the lift cffecient, drag cofficient, L/D and point of separation with
angle of attack are given in Figure 5.45. The lift and dragfocients are compared before the
jet application, after the jet application with initial angtimal jet parameters. It is seen from
Figure 5.45(a) that the lift cégcient increases when the synthetic jet is applied, howéfter |
increments were noted when the synthetic jet is applied ogtimal parameters. The stall
angle of attack is also delayed with the jet actuation. Th&tian of drag co#ficient with
angle of attack is shown in Figure 5.45(b). It is observed thiag codficient is reduced
significantly atw = 18°. The L/D variation shown in Figure 5.45(c) reveals that thiB lcurve
shifts upwards with the jet actuation. The increment jD lis significantly higher for the

optimal jet parameters as expected.

The separation point locations with varying angle of atthefore and after the synthetic jet
application are given in Figure 5.45(d). It is noted that dpplication of the synthetic jet
delays the flow separation at all angles of attack. The stiotiet is observed to be least

effective ato = 10°.
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(d) ¢=3n/2

Figure 5.42: The unsteady flowfieldat= 18°
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Figure 5.43: Instantaneous skin friction iagents for the upper surface at= 18°
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Figure 5.45: Results of the optimization study

To summarize the optimization study, the optimization @& synthetic jet parameters is ob-
served to be increasing the synthetic jet performance. @hation of the aerodynamic co-
efficients with angle of attack (Figure 5.45) proved that th@dgmamic performance of the
NACA 0015 airfoil increases significantly especially attigngles of attack when the syn-
thetic jet is applied with the optimum synthetic jet paraengt The variations of the aerody-
namic codficients and the separation point location with the applcatf the synthetic jet

prove that synthetic jets are morfextive at high angles of attack.
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CHAPTER 6

CONCLUDING REMARKS

The Active Flow Control using a synthetic jet over a NACA O0Giifoil is successfully stud-
ied. The influence of the synthetic jet parameters, the jkfcitg, the jet location, the jet
angle and the jet frequency are first studied parametriclg synthetic jet parameters then

optimized to maximize the/D.

Unsteady turbulent flows over the NACA 0015 airfoil are comspuusing a Navier-Stokes
solver. Computations are performed in parallel using PMaliy routines in a computer
cluster. The Response Surface Methodology, RSM is use iogtimization of the synthetic
jet parameters. The optimization studies are carried owaabus angles of attack. The
computational results are investigated by examining tiséaiitaneous and phase averaged

flowfields, load variations in time and the separation panation.

Effect of grid density is first investigated in the circumfeighaind normal directions and
optimum grid sizes in both directions are determined. THalaton study is carried out
together with the grid sensitivity study. The optimum grizesis used in the solution of the
unsteady flowfields at = 18° anda = 25°. The computationally obtained flowfields are then
compared with the experimental flowfields. It is observed tia separation point location is
predicted well however the flow separation at the leadingéslignot predicted accurately in

the computational study which may be attributed to the fulhpulent flow assumption.

In parametric studies, the sensitivity of the synthetipgtameters on the/D is investigated.

The synthetic jet parameters are varied in a wide range anthtist éective jet parameters
are observed to be the synthetic jet velocity and the jettimea The dfectiveness of the
synthetic jet observed to be increasing with increasingehgelocity. The variation of the

synthetic jet location is observed to be fifgetive on /D when the synthetic jet is located
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far downstream of the separation point. The synthetic gruency is found to be a weak

parameter in the defined operation range.

Box-Behnken and Full-Factorial design of experiment apphes are employed to approxi-
mate the response surfaces for th® LIt is observed that the two approaches estimate op-
timum points that are close to each other. The error in theorese estimated by the Full-
Factorial design is observed to be smaller than the errohenrésponse estimated by the
Box-Behnken design. The fact that the Full-Factorial desigguires more computational
evaluations in approximating the response surfaces igthta be the reason of estimating

the response with a better accuracy.

The optimization study is performed for an angle of attacigeain which mildly to massively
flow separation is observed. The optimization study is peréal for a constant power cibie
cient. The jet slot size is used as a dependent parametesyhtieetic jet parameters used in
the optimization study are the jet velocity, the jet locafithe jet angle and the jet frequency.
The Response Surface Methodology, RSM is used in the ogtiioiz of the synthetic jet pa-
rameters. The response surfaces are approximated baskd mstilts of the Navier-Stokes
solutions for the unsteady, turbulent flows around airf@Gihce the response surface is deter-
mined, the maximum value of the response and the correspgrdiues of the optimization

variables are evaluated.

The optimization study shows that the optimum synthetiegédcity is always the maximum
value in the design space at all angles of attack. The optisymthetic jet angle is observed
to be increasing as the angle of attack increases. The aptisyathetic jet location and the
location of separation point are observed to be moving tjindbe leading edge as the angle
of attack increases from 140 18°. The optimum synthetic jet frequency is observed to the
minimum value in the design space at all angles of attackhdukl be noted that a smaller
jet frequency corresponds to a larger jet slot size for atemget power coicient. As
expected, the synthetic jet is shown to be the mésicéve at post-stall angles of attack. It

enhances the/D significantly and delays the flow separation for separatagsi]
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