


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

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ERAY AKÇAY ÖZ
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Signature :

iii



ABSTRACT

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

Akçayöz, Eray

M.S., Department of Aerospace Engineering

Supervisor : Prof. Dr.̇Ismail H. Tuncer

September 2008, 73 pages

In this work, an active flow control method is studied numerically by using a synthetic jet over

a NACA 0015 airfoil. Unsteady, turbulent flows over the NACA 0015 airfoil are computed

using a Navier-Stokes solver. The Spalart-Allmaras turbulence model is employed in all com-

putations. Unsteady flow solutions are computed in parallelusing Parallel Virtual Machine

library routines in a computer cluster. The synthetic jet isimplemented to the flow solver as a

boundary condition. Response Surface Methodology is employed for the optimization of syn-

thetic jet parameters at various angles of attack. The synthetic jet parameters; the jet velocity,

the jet location, the jet angle and the jet frequency are optimized to maximize the lift to drag

ratio. The optimization study is performed for a constant value of jet power coefficient. The

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

The optimization study has shown that the jet velocity and the jet location are the dominant

synthetic jet parameters. The optimum synthetic jet angle is observed to be increasing as

the angle of attack increases. The optimum jet location is observed to be moving through

the leading edge as angle of attack increases for the separated flows. It is observed that the
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application of the synthetic jet delays the flow separation on the suction side of the airfoil

and increases the lift to drag ratio significantly especially at post stall angles of attack. The

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

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

Methodology
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ÖZ

KANAT KESİDİ ÜZERİNE YERLEŞṪIRİLEN
SENTEṪIK JETİN SAYISAL OLARAK İNCELENMEṠI VE OPṪIM İZASYONU

Akçayöz, Eray

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölüm¨u

Tez Yöneticisi : Prof. Dr.̇Ismail H. Tuncer

Eylül 2008, 73 sayfa

Bu çalışmada, NACA 0015 kanat kesidi üzerine sentetik jet uygulanarak aktif akış kon-

trolü sayısal olarak incelenmiştir. NACA 0015 kanat kesidi üzerinde oluşan zamana bağlı,

türbülanslı akış Navier-Stokes akış çözücü kullanılarak hesaplanmıştır. Tüm hesaplamalarda

Spalart-Allmaras türbülans modeli kullanılmıştır. Zamana bağlı akış hesaplamaları, Parallel

Virtual Machine kütüphanesi kullanılarak paralel olarak yapılmıştır. Sentetik jet, Navier-

Stokes akış çözücüsüne bir sınır koşulu olarak eklenmiştir. Eniyileştirme çalışmalarında, sen-

tetik jete ait parametrelerin eniyileştirilmesi sağlanarak kaldırma ve sürüklenme katsayıları

oranının maksimum değeri alması hedeflenmiştir. Sentetik jet parametrelerinin farklı hücum

açılarında eniyileştirilmesi için Yanıt Yüzey Yöntemi kullanılmıştır. Kaldırma ve sürüklenme

katsayıları oranı sentetik jetin hızı, konumu, açısı ve frekansı kullanılarak eniyileştirilmiştir.

Eniyileştirme çalışmaları jet güç katsayısının değeri sabit tutularak gerçekleştirilmiştir. Jet

çıkışının genişliği bağımlı bir parametre olarak kullanılmıştır.

Eniyileştirme çalışmalarında, sentetik jetin hızı ve konumunun diğer jet parametrelerine göre

daha baskın olduğu görülmüştür. En uygun sentetik jet açısının hücum açısı arttıkça arttığı
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gözlemlenmiştir. Akış ayrılmasının olduğu durumlarda, en uygun sentetik jet konumunun

hücum açısı arttıkça kanat hücum kenarına kaydığı görülmüştür. Eniyileştirme çalışmaları,

kanat üzerine uygulanan sentetik jetin özellikle perdövites açısından büyük hücum açılarında

akış ayrılmasını geciktirdiğini ve kaldırma ve sürüklenme katsayıları oranını önemli ölçüde

arttırdığını göstermiştir. Kanat üzerindeki akışınyüzeye yapışık olduğu durumlarda sentetik

jetin daha az etkili olduğu gözlemlenmiştir.

Anahtar Kelimeler: Akış Kontrölü, Sentetik Jet, Eniyileştirme, Paralel Çözüm, Yanıt Yüzey

Yöntemi
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Flow control used to manipulate the flowfield over an aerodynamic body using various tech-

niques. The aim of the flow control can be to prevent/provoke separation, suppress/enhance

turbulence or delay/advance transition to obtain benefits in the fields of Lift to Drag ratio

(L/D) enhancement, drag reduction, lift enhancement, mixing augmentation and flow induced

noise suppression [6]. The science of the flow control dates back to Prandtl [7, 6]. In 1904, he

has presented an eight-page paper about boundary-layer. Inthis paper, he introduced the con-

cept of the boundary-layer, explained the physics behind the flow separation and demonstrated

some experimental results where the boundary layer was controlled by applying a blowing jet

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

After Prandtl’s work, the physics underlying the boundary-layer was understood much better.

However, the boundary-layer separation is still a major concern in the aviation industry since

it entails great energy losses and limits the aerodynamic performance of an aircraft. It causes

several problems not only on the design but also on the operation of the designed aircraft.

Thus, the control of boundary layer is still a major task for the aerodynamicists. Geometrical

shaping, turbulators, slots and slats are the most commonlyused techniques to delay the

separation. Active flow control is a new phenomenon for todayand it is limited to military

applications using steady jets because of the complexity ofthe steady jet systems and large

power requirements [10, 11, 12].

A transport aircraft is designed primarily for cruise flight. However, an extra lift is required

during takeoff and landing. Control surfaces such as flaps, ailerons generate extra lift but they
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also generate extra drag and cause large energy losses. Today, almost all conventional and

military aircraft use passive flow control where the controlsurfaces are employed to control

the flow over wings. Here, the word passive means that the flow control is applied only by

deflecting the control surfaces and no energy is added to the flow [8]. At high incidence,

the effectiveness of the control surfaces decreases due to flow separation which may cause

hazardous results. Current research indicates that the active flow control approach gives the

opportunity of controlling the flow without decreasing the aerodynamic efficiency.

1.2 Active Flow Control

Flow control on a lifting device, either passive or active, aims to modify the flow such that it

behaves in a different manner compared to no control and essentially increases the off-design

envelope or the ability of wing to function at extreme attitudes [2]. Active flow control has

the ability to change the lift coefficient without changing the angle of attack or deflecting

the control surfaces. Here, the word active implies the addition of energy to the flow [13].

Steady suction or blowing and periodic suction or blowing are some of the active flow control

techniques that have been used in past studies. These methods change the shape of the airfoil

virtually and have the potential to avoid the flow separation. Suction or blowing type actuators

require large amount of power, large space and they are mechanically complex, making them

practically difficult to implement [14, 15].

Recently, a better method of active flow control called synthetic jet has been introduced. The

synthetic jet is also called Zero Net Mass Flux (ZNMF) jet since it is created by oscillating

the fluid around the airfoil periodically. The net mass flux iszero due to periodic sucking and

blowing of the air surrounding jet orifice. The synthetic jetinduces zero net mass flux how-

ever it generates momentum that changes the behavior of the flow. The synthetic jet is created

by driving one side of the cavity in a periodic manner. Periodic motion can be generated us-

ing electromagnetically driven pistons, acoustically driven cavities or piezoelectrically driven

diaphragms [16]. Thus it does not require extra fluid since the fluid around the airfoil is driven

mechanically or using electric power. The synthetic jet creates an oscillatory periodic flow

that is sucked or blown through an orifice. Figure 1.1 illustrates the sketch of a synthetic jet

actuator. In suction phase the fluid is drawn into the cavity and in the blowing phase the fluid

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

Cavity

Oscillating Membrane

Figure 1.1: Schematic representation of the synthetic jet actuator

orifice, the diaphragm sucks the fluid into the cavity and in the blowing phase, a new vortex

pair is created. The generated vortex pairs interact with the separated flow region and causes

low pressure region in the interaction zone. The low pressure region around the synthetic jet

causes partial or complete reattachment of the flow. Reattachment of the separated flow is

responsible from the reduction in pressure drag [17].

The active flow control using synthetic jet is currently becoming an active research field be-

cause of its advantages compared with the conventional flow control obtained using lifting

surfaces such as flaps, slats etc. [5]. Effectiveness of the conventional control decreases as the

angle of attack increases. However, the synthetic jet changes the shape of the airfoil virtually

and it can be used at high angles of attack to partially or completely reattach the separated

flow. Very large control forces can be generated using activeflow control devices that are

small in size, light weight and mechanically less complex compared to conventional control

devices [14]. Not only does the synthetic jet prevent the flowseparation, but it also has a

stabilizing effect tending to delay the transition of a laminar boundary layer to a turbulent one

[18]. If the active flow control technique could be used effectively, there would be no need to

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

The improvements that can lead to drag reduction is very important if one considers that 1%

saving in world consumption of jet fuel is worth about $1.25 millions a day [19]. Recent

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

reduction [20, 11, 12, 13].

The active flow control methods can also be used in transitiondelay, separation postpone-

ment, turbulence augmentation and noise suppression [20, 21, 15]. However these effects are

not independent from each other. For example, if boundary layer becomes turbulent, resis-

tance to separation increases and more lift can be obtained at high incidence. If transition is

delayed, skin friction drag decreases however flow separates easily and increase in form drag

occurs. Once the laminar boundary layer separates, a free-shear layer forms and transition to

turbulence takes place at high Reynolds numbers. Increasedentrainment of high-speed flow

due to the turbulent mixing may cause reattachment of the separated region and formation of

a laminar separation bubble. At high incidence, the bubble breaks down either by a complete

separation or a longer bubble. In both cases, form drag increases and causes a reduction in the

lift-curve’s slope [7]. All these physical phenomena should considered together which makes

the active flow control approach very complex. That’s why active flow control is sometimes

called as the art of flow control [19].

Understanding the physics behind the synthetic jet interaction with the flow over an airfoil

requires a lot of experiments over a wide range of parameterswhich would be expensive in

terms of money and effort. Using a numerical simulation is complementary to experimental

investigation. Numerical simulation is more affordable, practical, and systematic therefore it

can provide a wider understanding inside the control mechanisms 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 especially in the last decade. How-

ever, the use of active flow control in industrial aircraft design is still very limited. Recent

experimental and computational studies carried out for flowcontrol investigated the effect of

synthetic jet on the flow over airfoils.

There are many studies that only concern the behavior of synthetic jet. In the study of Ut-

turkar et al. [23], numerical simulations are performed to define the velocity profiles of two-

dimensional and axisymmetric synthetic jets. Lee and Goldstein [1] have performed Direct

4



Figure 1.2: Mean velocity variation at various distances from the orifice [1]

Numerical Simulation (DNS) solutions to model synthetic jets. The results of the numerical

study are compared with the experimental data of Smith [24].The plot of streamwise mean

velocities at various spanwise distances are shown in Figure 1.2. 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 using asynthetic jet has been in-

vestigated. It is seen that flow over an airfoil with a synthetic jet becomes periodic more

rapidly than the flow over an airfoil with a steady jet. It is reported that rapid establishment

of synthetic jet is caused by turbulent dissipation, which keeps 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 performed to evaluate the effec-

tiveness of a synthetic jet actuator for the flow control on a pitching airfoil. The test model

is shown in Figure 1.3. The exit slot area is dynamically adjustable and the exit slot of the

plenum is curved such that the jet is tangential to the surface, taking the advantage of the

Coanda effect. The synthetic jet actuation parameters included the jet momentum coefficient

and the slot exit width. In all experiments, the airfoil was pitched from 0o to 27o at a constant
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Figure 1.3: Wind tunnel model details and assembled airfoil[2]

angular velocity in 1 second. The results of the experiment have shown that synthetic jet

actuation delays the formation of the dynamic-stall-vortex to higher incidence angles.

Hamdani et al. [25] have studied the flow over NACA 0018 when alternating tangential

blowing/suction is applied. The active flow control is found to be ineffective for attached

flows. Suction is found to be more effective than blowing. During suction, the boundary-

layer profile is fuller both at the upstream and downstream ofthe slot. This is the reason

behind the variation in the force coefficients during alternating between blowing and suction

jet-applied airfoils. In that study, the jet location is varied and the effectiveness of the jet at

these locations is investigated. It is observed that when the jet slot is located before 75% of

the chord, the control is effective and the flow separation is suppressed. However, the flow

control becomes ineffective when the slot is located at 0.75c which is at the downstream of

the separation point. Therefore, it is reported that the slot location is very important parameter

for separation control.

Seifert et al. [10] have tested different multi-element airfoils using an oscillatory blowing

jet in order to prevent separation that occurs at increasingincidence. The purpose of the

flow control is to determine the most important jet parameters affecting the performance of

the airfoil. They have shown that when the flow separates fromthe flap, not from the main

body, the blowing from the shoulder of a deflected flap is much more effective than blowing
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(a) α = 0◦

(b) α = 10◦

Figure 1.4: Smoke visualizations with/without flow control [3]

from the leading edge. According to that study, applicationof oscillatory blowing jet can be

used instead of a conventional control since the present method requires low power and its

mechanical installation is relatively simple compared to steady suction jets.

Study performed by Martin et al. [3] aims to decrease helicopter pylon/fuselage drag by

active flow control. For that purpose, a thick airfoil, NACA 0036 is chosen as baseline 2D

test geometry. As can be seen from the flow visualization images shown in Figure 1.4, flow

separates even at 0o angle of attack. Separation is much more severe at 10o angle of attack.

When the flow control is applied, the displacement thicknessof the separated shear layer was

reduced, but still, a separated bubble is observed near the trailing edge. The effect of the flow

control is much more clear at 0o angle of attack case.
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Figure 1.5: Flowfield over the vehicle with synthetic jet is off/on [4]

One of the recent research is the application of the synthetic jet on a Unmanned Air Vehicles,

UAV. Parekh et al. [26] have applied the synthetic jet concept over the wings of a UAV. It

is reported that the turn rate was increased by controlling the leading edge separation and

the weight of the flight control system was reduced. Patel et al. [14] point out that as the

synthetic jet technology improves, active flow control can be used in the development of

UAVs without conventional control surfaces with a purpose of increasing maneuverability,

reducing the observability and weight.

The synthetic jet is implemented in a concept car named as Renault-Altica. The synthetic jet

is located at the edge of the rear roof at the point where the flow separates from the vehicle.

A discreet mechanical system generates jets of air which arealternately blown and sucked

through a 2mm wide slot. The structure of the flow over the edgeof the roof is controlled and

it is reported that the drag is reduced by 15% at 130 kph with anenergy consumption of just

10 Watts. Figure 1.5 shows the flowfield over the vehicle. It isshown the thickness of the

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

The Aircraft Morphing program at NASA Langley aims to designan aircraft without con-

ventional control surfaces. Instead of controlling the aircraft using control surfaces, thrust

vectoring, adaptive micro-machined surface effectors and distributed devices are planned to

be used in the control of an aircraft under different flight conditions. As a part of this program,

a NACA 0015 profile is tested in a wind tunnel experiment. The two-dimensional NACA 0015

model which has the dimensions of 91.4 cm span and 91.4 cm chord is shown in Figure 1.6.

There are six locations over the model for the installation of the synthetic jet. Experimental
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results have shown that, the effect of the synthetic jet reduces when the actuation is applied

under the separated flow region. The stagnation line shifts when the actuation is applied near

the leading edge such that it changes the overall lift as a similar effect caused by a small angle

of attack [5].

Vadillo [17] has made a numerical study on a 24% thick Clark-Yairfoil by employing a

synthetic jet. He has observed that the maximum drag reduction with 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 control approach is applied to an

NACA 633-018 airfoil at a stall angle of attack. The influence of jet frequency, intensity and

location are investigated. It is found that, the most effective excitation frequency is 1.5 to 2

times of the natural frequency(U∞/c). The synthetic jet is less effective when it is located at

downstream of the natural separation point. The effect of excitation on lift and drag reduces

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

Numerical investigation of the active flow control using steady and synthetic jets over NACA

0012 and NACA 0015 airfoils is undertaken by Donovan et al. [13]. Navier-Stokes com-

putations are performed using Spalart-Allmaras and SST turbulence models and comparison

is made with the experimental data. They have reported that both models show very good

agreement before the stall, but deviate from the experimental data after the stall in the un-

controlled case. For the controlled case, the computational results are not in exact agreement

with the experiment but they approximate the general trend.It is also reported that in order

to get same post-stall lift enhancement obtained with oscillatory jet, a steady jet with one to

two orders of magnitude larger blowing momentum coefficient is required. It is observed that

for attached flow, actuators change the aerodynamic shape byvirtually changing the camber.

For separated flow, the primary benefit of the actuator is reported to be reattachment of the

separated flow partially. The studies over NACA 0012 airfoilshowed that the actuators placed

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

Huang et al. [22] have performed a numerical simulation using suction and blowing control

over a NACA 0012 airfoil at a Reynolds number of 5.105 and at an angle of attack of 18o. They

have changed three jet parameters; jet location, amplitudeand angle. They have observed that

suction has the advantage of creating a lower pressure on larger area over the upper surface

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

9



(a) Cut-away view of the airfoil model

(b) Photograph of airfoil model on bench top

Figure 1.6: NACA 0015 two-dimensional airfoil model used inthe experiment [5]
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Blowing is often counterproductive with most control results worse than the baseline airfoil.

Leading edge blowing increases the lift by generating greater circulation, but at the cost of

significantly increasing leading edge pressure, therefore, the flow is more detached and the

profile drag increases. Downstream blowing can improve the lift and drag characteristics,

but smaller amplitudes are better than larger ones. From an amplitude perspective, larger

amplitude blowing results in a larger impact on the flowfield around airfoil. For perpendicular

suction, it is reported that optimum control amplitudes range between 0.01 and 0.2; values

exceeding 0.2 no longer manipulate the separation bubble for perpendicular suction. For

downstream tangential blowing, smaller blowing amplitudes appear to be more effective.

The use of active flow control approach can be further improved and fast response, closed-

loop control systems can be used to control unsteady flows viaactive flow control devices

[14]. According to Seifert et al. [19], progress in system integration, miniaturization, ac-

tuators, sensors and computation techniques enables the integration of the fast responding

unsteady flow control techniques into a closed loop system. It is also emphasized that a lot of

experiments are required to use fast response control systems in real-world problems. These

experiments are time consuming and in some cases they do not produce repeatable results.

There are many efforts to model and solve the problem of these unsteady flows using CFD

however according to them; these efforts are still remote from what the real-world engineer-

ing requires. Therefore much more effort should be made before applying these innovative

control systems to real-world problems.

Kaya et al. [28] have employed the Response Surface Methodology (RSM) for the optimiza-

tion of periodically flapping airfoil parameters to maximize the thrust generation. In this

study, it is shown that optimization using the RSM is much more efficient than the optimiza-

tion with the steepest ascent method. The RSM allows obtaining optimum parameters with

similar accuracy by performing less number of computational evaluations.

1.4 Objective of the Thesis

The experimental and numerical studies performed on synthetic jet applications over airfoil

profiles have proven that the aerodynamic performance of an airfoil can be increased signif-

icantly. The parametric study performed earlier [29] showsthat the synthetic jet parameters
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such as the jet velocity, the jet frequency and the jet angle must be optimized to obtain the

maximum aerodynamic performance. The effectiveness of a synthetic jet depends on the jet

velocity, jet location, jet slot size, jet angle and jet frequency. In this study, flow control with a

synthetic jet applied over a NACA 0015 airfoil is studied. The unsteady flow over the NACA

0015 airfoil is solved using a Navier-Stokes solver. Computations are performed in parallel

in a computer cluster. The jet velocity, the jet frequency, the jet angle and the jet location are

taken as the optimization parameters. The jet slot size usedas a dependent variable and all

parameters are varied in a physically acceptable range suchthat the power coefficient of the

synthetic jet is kept constant in each case. The RSM is used inthe calculation of the opti-

mum synthetic jet parameters. The optimization is carried out at three angles of attack values

(α = 10◦, α = 14◦, α = 18◦) starting from pre-stall angle of attack and going up to post-stall

angle of attack. The objective of the optimization is to determine 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 the study is introduced. The turbulence

model used in the numerical study is explained. The parallelprocessing and some impor-

tant issues concerning the parallelization are presented.The computational grids and their

generation are explained. Finally, the boundary conditions employed are described.

2.2 Navier-Stokes Solver

The numerical simulation of the flow control is performed by a2D Navier-Stokes flow solver.

The Reynolds-Averaged finite difference form of unsteady Navier-Stokes equations is solved

using a C-type grid over an airfoil. Flow variables are non-dimensionalized with the freestream

values of density (ρ∞), speed of sound (a∞), viscosity (µ∞) and airfoil chord length (c). The

non-dimensional flow variables are given as follows:

ρ =
ρ∗

ρ∞
, u =

u∗

a∞
, e=

e∗

ρ∞a2
∞

(2.1)

t =
t∗a∞

c
, µ =

µ∗

µ∞
(2.2)

whereρ∗ is the density,u∗ is the velocity, e∗ is the total energy per unit volume, t∗ is the time

andµ∗ is the viscosity.
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The governing equation for 2D Navier-Stokes Equations in the curvilinear coordinates (ξ, ζ)

are given as follows [30];

δtQ̂+ δξF̂ + δζĜ =
1
Re
δζŜ (2.3)

where the Reynolds Number is defined by:

Re∞ =
ρ∞u∞c
µ∞

(2.4)

whereµ∞ is the freestream dynamic viscosity.

The pressure is calculated as follows using the equation of state for an ideal gas;

p = (γ − 1)
[

e− ρ(u2 + ω2)/2
]

(2.5)

with u,ω being the components of the velocity vector,u.

2.2.1 Turbulence Modeling

In the flow solutions, the flow is assumed to be fully turbulentand no transition model is

implemented. One equation Spalart-Allmaras turbulence model [31] is used. The Spalart-

Allmaras turbulence model solves a transport equation forv which is related to the eddy

viscosity. The transport equation forν is given by;

dv
dt
=

1
σ

[

∇ � ((v+ v)∇v) + cb2 (∇v)2
]

+ cb1Sv (1− + ft2)−

[

cw1 fw −
cb1

κ2
ft2

[ v̄
d

]2
+ ft1 (△q)2

]

(2.6)

where the eddy viscosity is given by;

vt = v fv1 and fv1 =
χ3

χ3 + c3
v1

with χ =
v
v
.
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The functions and constants appearing in the transport equation are also given as follows;

S = S +
v

κ2d2
fv2 S =

∣

∣

∣

∣

∣

δv
δx
−
δu
δy

∣

∣

∣

∣

∣

fv2 = 1−
χ

1+ χ fv1
(2.7)

fw (r) = g















1+ c6
w3

g6 + c6
w3















1
6

g = r + cw2

(

r6
− r

)

r =
v

Sκ2d2
(2.8)

ft2 = ct3 exp(−ct4χ) ft1 = ct1gt exp















−ct2

(

wt

△q

)2
(

d2 + g2
t d2

t

)















σ =
2
3

(2.9)

cb1=0.1355 cb1=0.622 cw1=
cb1

κ2
+ (1+ cb2) /σ cw2=0.3 cw3=2 (2.10)

ct1=1 ct2=2 ct3=1.1 ct4=2 κ = 0.41 cv1=7.1 (2.11)

2.3 Grid Generation

In this study, a structured, C-type grid is employed in the solution of flows around airfoil.

High velocity and pressure gradients are encountered at thesynthetic jet location and at the

leading and trailing edges therefore the computational grid is refined around these locations.

The grid generation is completed in a few steps. The airfoil profile for the NACA 0015

is created using a NACA airfoil generator. The grid distribution around airfoil is modified

by using an in-house code which allows rearranging the grid distribution in circumferential

direction. The grid resolution is increased around the jet location, at the leading and trailing

edges. Then using a FORTRAN routine, a wake is created which extends 10 chords away

from the airfoil trailing edge. The spacing between the first2 points of the wake is equal to

the spacing between the last 2 points of the airfoil trailingedge. The growth ratio is taken

to be 1.15. The volume grid is generated using a code called asHYPERGRID which takes

the grid distribution in the circumferential direction as an input and generates the volume grid

with a specified stretching ratio. The stretching ratio is specified implicitly by specifying the

total thickness, total number of points and the thickness ofthe first and the last cells. The
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input for the HYPERGRID is prepared such that a stretching ratio of 1.15 is achieved. This

finalizes the grid generation process and Figure 2.1 shows a typical grid around NACA 0015

airfoil. Figure 2.1(b)illustrates the refined grid around the jet location (12% of chord).

2.4 Parallel Flow Solutions

Parallel processing is a technology which enables solving large scale and time consuming

problems by dividing it into many small tasks [32]. Ideally,parallel processing makes a

program run faster since multiple workstations are combined into a parallel computer. Run

time of a computational evaluation is very important in the CFD applications since it is used

instead of wind tunnel experiments. It is therefore desiredto obtain maximum number of

outputs in the minimum time. This becomes vital in an optimization problem since many

computational evaluations are required.

In this study, Parallel Virtual Machine (PVM) message passing library routines are used in

parallel computations. The idea behind the PVM is based on the concept of distributed mem-

ory. The PVM follows the master-worker paradigm. In a master-worker program model,

there is a master node which divides the main work into piecesof sub-works and sends the

sub-domains to the workers. Then the job of each sub-domain is assigned to a processor

which is called as the worker [33]. The worker node computes the flow and exchanges the

boundary info with the neighboring sub-domains. In other words, the master node acts as

an organizer. It assigns jobs to the workers, gets the partial results from each worker. The

PVM finally combines the results by applying the proper grid interface boundary conditions

to generate the solution of the whole problem. There are someissues related to parallelization

that can affect the computation time required.

2.4.1 Domain Decomposition

In the parallel solution of the problem, the domain decomposition technique is used. In the

domain decomposition method, the primary aim is to have a grid consisting of sub-domains

that have approximately the same number of points. Another issue that should be considered

is the number of points in the direction perpendicular to thewall. At the interface of each

sub-domain, the data coming from neighboring sub-domain isused. The communication
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(a) Around airfoil

(b) Around jet location

Figure 2.1: A typical C-grid for NACA 0015 airfoil
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time between the processors can be minimized by keeping the number of grid points at the

interface of each block as small as possible [34]. This issueis more important for unstructured

grids. A structured grid is used in this study therefore bothsides of the block contains equal

number of grid points and the condition of having minimum number of interface grids is

automatically satisfied. While splitting the grid into a number of blocks, dividing the grid

from the least critical locations is another important issue that should be taken into account.

The computational domain is divided into at least 3 and at most 5 sub-domains. In order to

minimize the computational error at the grid interfaces, the synthetic jet location, the leading

and the trailing edges are kept in single blocks. The maximumeffort is spent to equalize

the size of each block however a certain amount of load imbalance may be observed in the

decomposed computational domain because of the sub-domains that include highly refined

grid. A typical view of domain that is decomposed into 3 blocks is shown in Figure 2.2. It is

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

Partition 3Partition 2

Partition 1

Figure 2.2: Computational domain decomposed into 3 blocks

2.4.2 Parallel Computing Environment

The parallel computing environment consists of networked PCs running a Linux operating

system. There are 3 computers (atmaca 4x series) with dual Xeon processors and 16GB total

memory. Each processor has 4 CPU’s with 2.33 GHz speed. The data between processors is

transferred by a 1 Gbps ethernet switch.
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2.5 Boundary Conditions

The numerical implementation of the boundary conditions requires a particular attention. The

following types of boundary conditions are used in the solution of 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 velocity between the surface and the fluid

at the surface is assumed to be zero which in common-terminology corresponds to the so-

called no-slip boundary condition. Velocity components atthe wall surface given as; u=w=0,

where u is the velocity parallel to the wall and w is the velocity perpendicular to the wall [35].

Also the density and the pressure gradients are set to zero inorder to define the solid wall

physically.

Since the domain is split into certain number of sub-domains, the solution in the physical so-

lution will depend on the flow in neighboring blocks. Therefore, the information between all

sub-domains should be transferred correctly. The conservative flow and turbulence variables

at the neighboring cells are used as the interface boundary conditions.

At the farfield boundaries, Riemann invariants which assume1D flow at the outer boundary

are employed.

The synthetic jet is implemented as a boundary condition to the flow solver. The velocity

distribution of the synthetic jet is assigned to the cells defining the synthetic jet slot. The jet

velocity, the jet location, the jet angle, the jet frequencyand the spatial variation of the syn-

thetic jet are the parameters used in the representation of the synthetic 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 jet to the flow solver is described. The

parameters used in the definition of the synthetic jet are described. Various synthetic jet

profiles are implemented and compared against the experimental jet profile.

3.2 Synthetic Jet Implementation

Realistic implementation of the synthetic jet to the flow solver is an important issue in the

simulation of the flow control. The synthetic jet is defined asa boundary condition at a

specified location on the airfoil surface. The no-slip boundary condition applied on the airfoil

surface is not valid at the synthetic jet location since a velocity vector is defined along the jet

slot on the airfoil surface. The parameters used in the modeling of the synthetic jet are given

below;

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

2. Non-dimensional jet location: xjet

3. Non-dimensional jet frequency: Fjet

4. Non-dimensional jet slot size: Ljet

5. Jet angle:α jet
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Figure 3.1: The synthetic jet representation

Figure 3.1 is a representative picture for the synthetic jetover an airfoil profile. It is observed

that the grid resolution is increased at the jet location. The jet location is defined with respect

to the leading edge of the airfoil. The size of the jet slot is described with L∗jet. The jet angle is

described as the angle between the surface of the airfoil at the slot location and the jet velocity

vector. The jet velocity is defined with u∗jet which corresponds to the maximum velocity for a

given jet profile.

In the implementation of the synthetic jet as a boundary conditions to the flow solver, the jet

parameters are non-dimensionalized except the jet angle. The freestream speed of sound (a∞)

and airfoil chord length (c) are used in the non-dimensionalization. x jet, L jet, u jet andF jet are

non-dimensionalized jet parameters and defined as:

x jet =
x∗jet

c
, L jet =

L∗jet

c
, u jet =

u∗jet

a∞
, F jet =

F∗jetc

a∞
(3.1)

The jet velocity is composed of 2 velocity components, namely mean and oscillating. An os-

cillatory motion is included by using a sine wave in the jet velocity expression. The expression

for the jet velocity is defined as follows:

u jet = [uJetMean+ uJetOsci� sin(2πF jett)] � f (s) (3.2)
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Three different actuators can be modeled with proper combinations of the mean and the os-

cillating jet velocities;

a) uJetOsci= 0, uJetMean, 0 for steady jet.

b) uJetOsci, 0, uJetMean, 0 or uJetMean= 0 for oscillatory jet.

c) uJetOsci, 0, uJetMean= 0 for synthetic jet.

Spatial variation of the jet velocity (f(s)) over the slot isanother parameter that can be varied.

Three different spatial variations are implemented and the corresponding jet profiles are com-

pared with the experimental jet profile obtained by Donovan et al. [13]. Following definitions

are employed in expressing the variation of the synthetic jet velocity over the jet slot;

1. f(s)=1

2. f(s)=sin(πs)

3. f(s)=sin2(πs)

The numerical jet profiles are compared with the experimental jet profile as shown in Figure

3.2. The first profile is called “top hat distribution” which is the simplest and most widely

used jet profile in the literature. It is observed that the tophat distribution intersects with the

experimental jet profile only at the center of the jet slot. The jet velocity at the 2 sides of the

jet slot is non-zero therefore a discontinuity appears in both corners of the slot. The other jet

profiles, namely the sin(πs) and the sin2(πs) profiles are observed to be similar with the ex-

perimental profile. The f(s)=sin2(πs) profile is the one that is most similar to the experimental

jet profile. It is emphasized in the study of Donovan et al. [13] that the f(s)=sin2(πs) profile

behaves better numerically since velocity is equal to zero both on the airfoil surface and at

the corner of the jet slot. The sin2(πs) 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 representation of three different actua-

tors are shown. In all representative figures, the jet profileis plotted at different time levels (t

is constant for steady jet) for uJetMean=0, uJetOsci=2, Fjet=1 and f(s)=sin2(πs). The represen-

tative figure for steady suction and steady blowing jets given in Figure 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 for the oscillatory jet is given in Figure

3.4. It is observed that the jet velocity oscillates around the mean velocity. Finally, Figure 3.5

represents the variation of velocity profile for a syntheticjet in time. It is observed that the

magnitude of the jet velocity changes in time and the air around the actuator is sucked and

blown periodically.

The jet momentum coefficient is a term that is commonly used in the definition of the synthetic

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

Cµ = ρ jetLletu jet (3.3)

The power required to operate the synthetic jet is calculated by using the expression for the

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

CP = ρ jetL
2
jetu

2
jetF jet (3.4)
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CHAPTER 4

OPTIMIZATION

4.1 Introduction

In this chapter, the optimization method employed, namely,Response Surface Methodology

(RSM), is described. The optimization is based upon fitting aresponse surface model to

the data generated using unsteady flow solver for various inputs. The response surfaces are

approximated in the defined design space. The optimum designvariables that maximize the

value of the objective function are estimated using the response surfaces.

4.2 Response Surface Methodology

RSM is a collection of mathematical and statistical techniques that are useful in the modeling

of a problem [36]. The RSM is based on the generation of response surfaces for a set of

design variables. The response can be function of several variables and it can be obtained by

using experimental or numerical methods. In the generationof the response surfaces, method

of Least Squares is employed. Once the response surfaces aredetermined, the maximum or

minimum values of the response and the corresponding valuesof optimization variables can

be evaluated.

In the definition of response surface methodology, the following terminology is encountered

frequently; optimization variable, response, response function. Optimization variables are

process/experiment inputs whose values or settings can be controlled by the experimenter.

The response is the measured quantity whose value assumed todepend on the values of op-

timization variables. The true value of the response, corresponding to any particular com-
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bination of optimization variables in the absence of any experimental error is denoted byη.

Therefore the response is function of optimization variables and mathematically it can be

shown as follows:

η = f (x1, x2, x3, .......xk) (4.1)

The function f is called the response function and it is assumed to be a continuous function of

xi. The function f that fits perfectly to the real response is usually unknown therefore it must

be approximated using a polynomial or some other type of function [37].

The response surfaces are approximated by fitting a second order model to the response val-

ues. The model equation is a linear function of unknown parameters forming coefficient

vectorβ. For example, the quadratic model with 2 optimization variables is given by:

yi = β0 + β1 x1i + β2x2i + β11 x2
1i + β22 x2

2i + β12 x1i x2i + εi (4.2)

wherei = 1, 2, ....n ≥ 6 andβ0, β2, β11, ... are constant coefficients, y is the measured response,

andε is a random error vector used primarily to account for model’s inability to approximate

the real response. The matrixX and vectorβ can be written as:
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and
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
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In the second order model equation, the values ofyi and matrixX are known. The model

is therefore fully described if the values of vectorβ can be estimated. The Method of Least

Squares is used in the estimation of vectorβ. Given the matrixX, a function of the optimiza-

tion variables (x) and the vectory of the responses, the vectorβ is estimated by the method of

Least Squares as follows:

L =
n

∑

i=1

ε2i = ε
′

ε (4.5)

whereε
′

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

L = (y − Xβ)
′

(y − Xβ) (4.6)

Then expanding the right hand side of that equation,

L = y′y − (Xβ)
′

y − y
′

Xβ + (Xβ)
′

Xβ (4.7)

L = y′y − β
′

X
′

y − y
′

Xβ + β
′

X
′

Xβ (4.8)

L = y′y − 2β
′

X
′

y + β
′

X
′

Xβ (4.9)

The vectorβ can be found by minimizing theL . The derivative ofL with respect to vectorβ

is calculated. Then partial derivative set equal to zero andsolved forβ;

∂L
∂β
= −2X

′

y + 2
(

X
′

X
)

β (4.10)

then

(X
′

X)β = X
′

y (4.11)

AssumingX
′

X is non-singular, we have the following least squares estimators.
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β =
(

X
′

X
)−1

X
′

y (4.12)

It is clear thatX
′

X is a square matrix andX
′

y is a column vector [38]. Therefore the system

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

In this study, the response surface methodology is employedusing MATLAB software for

the optimization of a problem with 4 optimization variables. A quadratic response surface is

then approximated for L/D based on the Least Square method. The quadratic equation isthe

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

L/D = β0u2
jet + β1F2

jet + β2α
2
jet + β3x2

jet + β4u jetF jet + β5u jetα jet +

β6u jetx jet + β7F jetα jet + β8F jetx jet + β9α jetx jet + β10u jet +

+β11F jet + β12α jet + β13x jet + β14 (4.13)

whereβ0, β1, ..., β14 are constant coefficients, L/D is the measured response.

Once the model is created, it is required to check the goodness of the model [39]. The accuracy

of the RSM is validated by calculating RSM residuals which are the difference between the

predicted and calculated responses. The RSM residuals are plotted against the predicted value

of the response as shown in Figure 4.1(a). The error in the approximated quadratic model can

be evaluated by analyzing the RSM residuals and the predicted-calculated plot. The predicted-

calculated plot is illustrated in Figure 4.1(b). A perfect fit line is observed which represents

the ideal design where the responses of the RSM model and the computed responses are

equal. There are two 95% confidence lines where the area between them defines the region

in which the errors in the predicted values are less than 5% ofthe mid-response value. The

RSM residuals and predicted-calculated plots are generated in each optimization step. Both

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

The optimization procedure followed throughout this studyis illustrated in Figure 4.2. The

optimization process starts with the definition of the problem. The variables that have the

primary effect on the response are determined and proper ones are chosenas the design vari-

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

Database is generated using experimental or numerical methods. In this study, the database re-

quired for RSM is generated by performing a series of CFD computations. RSM is employed

for the generated database and the response surfaces are approximated. The optimum values

of the design variables that maximize the response are evaluated on approximated response

surfaces. Real value of the response is calculated for the optimum values of the optimization

variables using experimental and numerical techniques. The error between predicted and cal-

culated responses is calculated. The optimization processis terminated if the relative error

is less than 1%. If the convergence criterion is not satisfied, a new RSM optimization is per-

formed around the optimum point. The optimization process is carried 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 musthave at least three levels of each

factor. There are many Design of Experiment techniques for fitting a second order model, so

it is important to choose the appropriate design. Design of experiments concerns distribution

of the points in the design space [36]. The point distributions for 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 design space is covered completely.

Requirement to high number of computations and being limited to low 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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Figure 4.4: Box-Behnken and Full-Factorial designs

In the Box-Behnken design shown in Figure 4.3(b), the designpoints are at the midpoint of

the edge and at the center. The convergence of the predicted function to real function is faster.

However poor coverage of the corners of the design space is a disadvantage for the calculation

of the surfaces with a badly estimated design space. The ratio of number of experiments to

the number of coefficients should be in the range of 1.5 to 2.6.

The design points for the Full-Factorial and the Box-Behnken designs are shown in the same

cube in Figure 4.4. The corners and face centers of the cube are not included in the Box-

Behnken design.

The number of computational evaluations required for N variables are shown in Table 4.1. It is

observed that the Full-Factorial design requires significantly more computational evaluations

as the number of variables increases.

Table 4.1: Number of computational evaluations required for BB and FF designs

# of computational
evaluations for N

variables

BB FF

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 NACA 0015 airfoil to obtain the max-

imum lift to drag ratio for a constant jet power coefficient. Optimization is carried out using

the RSM. Unsteady, turbulent flows over the NACA 0015 airfoilprofile are computed using

a Navier-Stokes flow solver over a C-grid. The flow is assumed to be fully turbulent and the

Spalart-Allmaras turbulence model is employed. The computational domain is divided into

sub-domains and the computations are performed in parallelon Linux operating system using

the PVM library routines.

In unsteady calculations, the solution is initialized withthe freestream conditions. The un-

steady computations are carried out until a steady or a periodic behavior in aerodynamic co-

efficients is observed. The computed flowfields are analyzed in terms of pressure coefficient

distribution, aerodynamic loads, wall shear stress and flowfields over the airfoil.

The grid sensitivity study, carried out together with the validation study, is performed by

changing the circumferential and normal grid distributions with respect to a base grid. The

pressure coefficient distribution, lift and drag coefficients are compared and the grid at which

the computational solution becomes independent of the gridsize is chosen as the optimum.

The validation studies are performed for the cases with/without flow control at various angles

of attack.

A parametric study is carried out to investigate the sensitivity of the solution to the synthetic

jet parameters. The influence of the jet velocity, the jet location, the jet angle and the jet
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frequency on the L/D is investigated. The results of the parametric study are used in the

determination of the design space for the optimization study.

The synthetic jet parameters are optimized to maximize the L/D. The optimization study is

performed at various angles of attack. The RSM is employed inthe optimization study. The

response surfaces for the L/D ratio are approximated using a second order model based on the

results of the numerical model. The optimum synthetic jet parameters and the corresponding

L/D values are estimated using the approximated response surfaces.

5.2 Grid Sensitivity and Validation Studies

The grid sensitivity study is performed for grid distributions in the circumferential and normal

directions. The grid sensitivity study is performed by comparing the pressure distribution, lift

and drag coefficients obtained with various grid sizes. The validation study is performed by

comparing the results of numerical study with the experimental data. In the grid sensitivity

studies, the flow over the NACA 0015 is computed atα=12◦ andα=22◦ without synthetic jet

actuation. Then the computations are performed atα=16.6◦ 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 size normal to the airfoil surface using 3

different y+ values for the same surface grid distribution. The far field boundary extends up to

10 chords away from the airfoil. Table 5.1 shows the grid size, first cell size and corresponding

y+ value for each grid. The results of the computational study are compared against the

experimental data of [13] for the NACA 0015 airfoil. Figure 5.1 shows the pressure coefficient

distribution for M=0.15 and Re=1.2×106 atα=12◦ which is a pre-stall angle of attack for the

NACA 0015 airfoil. It is observed in Figure 5.1 that the pressure coefficient at leading edge

of the suction side is over-predicted and the pressure coefficient at the pressure side is in good

agreement with the experiment when y+ ≤0.8. The pressure distribution over the airfoil shows

that further improvement of the first cell size does not change the solution significantly after

y+=0.8. The effect of y+ observed to be reduced at the pressure side of the airfoil since the

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

Grid # First cell size y+ Grid size
1 0.00001 0.1 378×84
2 0.0001 0.8 378×67
3 0.001 7.5 378×51
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Figure 5.1: y+ grid sensitivity, no jet (Re=1.2×106, M=0.15,α = 12◦)

34



The variation of the lift and drag coefficients are shown in Figure 5.2. The calculated lift

and drag coefficients are observed to be similar for the Grid 1 and Grid 2. Theoptimum grid

distribution in the direction normal to the airfoil surfaceis therefore chosen to be the grid with

y+=0.8 to be used throughout the flow computations.
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Figure 5.2: Aerodynamic coefficients atα = 12◦

5.2.2 Grid sensitivity in the circumferential direction

A grid sensitivity study is performed for the grid distribution in the circumferential direction.

The results of a wind tunnel test over a NACA 0015 airfoil, obtained by Gilarranz et al. [20]

in a 3’ x 4’ wind tunnel, are used in comparisons with the present study. The experimen-

tal data is obtained at M=0.1, ujet=0.231, Fjet = 1.39 andα jet=16.6◦. The synthetic jet is

applied from the 12% of the chord and the jet slot size corresponds to 0.53% of the chord

length. The properties of the grids used in the study are shown in Table 5.2. A medium grid

distribution with 331 grid points in the circumferential direction is chosen as a base grid then

it is coarsened/refined with a ratio of 1.5. The jet slot is defined by 12, 18 and 28 cells for the

coarse, medium and fine grids, respectively. In all grids, the previously determined first cell

size (corresponds to y+=0.8) value is employed. Figure 5.3, Figure 5.5, Figure 5.7 and Figure

5.8 show the pressure coefficient distributions at various angles of attack. It is observed that

the grid distribution is most effective atα = 22◦. Figure 5.5 illustrates that the results obtained

with the coarse grid differs slightly more from the experimental data compared to themedium

and fine grids. However, there is no difference between the results obtained with the medium

and fine grids. The discrepancy between the numerical and experimental results atα = 12◦

without jet and atα = 16.6◦ with/without jet are negligible.
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Table 5.2: Grid properties for the grid sensitivity in the circumferential direction

Grid # of points around airfoil # of points across jet slot Grid size
Coarse 221 12 293×67

Medium 331 18 409×67
Fine 497 28 581×67
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Figure 5.3: Grid sensitivity for the surface grid density, no jet (Re=1.2×106, M=0.15,α =
12◦)
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The time variations of the lift and drag coefficients are shown in Figure 5.4. The lift coefficient

calculated with the medium and fine grids are similar but the coarse grid underestimates the

lift coefficient. The calculated drag coefficients are observed to be same for each grid.

Non-dimensional time, t

L
if

t
C

o
e

ff
ic

ie
n

t,
C

l

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Coarse-293x67
Medium-409x67
Fine-581x67

(a) Lift Coefficient

Non-dimensional time, t

D
ra

g
C

o
e

ff
ic

ie
n

t,
C

d

0 10 20 30 40 50
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Coarse-293x67
Medium-409x67
Fine-581x67

(b) Drag Coefficient

Figure 5.4: Aerodynamic coefficients atα = 12◦
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Figure 5.5: Grid sensitivity for the surface grid density, no jet (Re=1.2×106, M=0.15,α =
22◦)

The lift and drag coefficients presented in Figure 5.6 shows that the flowfield over NACA

0015 is unsteady atα = 22◦. The lift and drag coefficients show a periodic behavior on all

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

observed to be same.

The pressure coefficient distributions atα = 16.6◦ are presented in Figure 5.7 and Figure

5.8 for the cases without and with the jet, respectively. Theleading edge suction pressure

decreases with the application of the synthetic jet in both the experimental and computational
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Figure 5.6: Aerodynamic coefficients atα = 22◦

studies. It is thought that the synthetic jet delays the flow separation and therefore the pressure

coefficient is enhanced significantly at the leading edge of the airfoil for the experimental

study.
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Figure 5.7: Grid sensitivity for the surface grid density, no jet (Re=822000, M=0.1, α =
16.6◦)

The time variations of lift and drag coefficients atα = 16.6◦ are shown in Figure 5.9. The

lift and the drag coefficient histories with/without jet reveal that the results obtained with the

medium and fine grids are similar. The flowfield over the airfoil is observed to be steady

before the synthetic jet is implemented. The flowfield over the airfoil becomes unsteady

with the application of the synthetic jet. Both the lift and the drag coefficients are observed

to oscillate at the same frequency with the synthetic jet. The solution on the coarse grid

underestimates the average lift and the drag coefficients.

38



Chord, x/c

P
re

s
s
u

re
C

o
e

ff
ic

ie
n

t,
C

p

0 0.2 0.4 0.6 0.8 1

-8

-6

-4

-2

0

2

Experiment (Gilarranz et al.)
Coarse-293x67
Medium-409x67
Fine-581x67

Figure 5.8: Grid sensitivity for the surface grid density, with jet (Re=822000, M=0.1,α =
16.6◦, ujet=0.231, Fjet=1.39,α jet = 15◦)
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Figure 5.9: Aerodynamic coefficients atα = 16.6◦
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As a result of the grid sensitivity study in the circumferential direction, it is decided to use the

medium size grid. The medium size grid has about 20 cells across the jet slot.

A grid convergence study is carried out in the circumferential and normal directions and

the optimum values of the grid distribution in both directions are determined. Numerous

computational grids are generated to be used in the parametric study for the synthetic jet

location and optimization study. The grid distribution in the circumferential direction and

the first cell size normal to the wall are adjusted such each grid has similar grid distributions

as much as possible. The effect of grid clustering at the jet location is investigated for the

cases with no flow control. It is observed that the grid clustering around jet location does not

cause any numerical discrepancy in the numerical results. The same clustered grid is therefore

employed in the solution of the flowfields with/without flow control.

The accuracy and range of the validity for the numerical model is determined by comparing

the numerical study results with the experimental data. It is observed that the results of the

present study are in good agreement with the experimental results of Donovan et al. [13]

however they are not in exact agreement with the experimental data especially for the ex-

perimental results of Gilarranz et al. [20] when the synthetic jet is applied. The differences

between the results of the experimental and computational studies for the NACA 0015 airfoil

can be attributed to assumptions and errors that exist both on the experimental side and the nu-

merical simulation side. On the experimental side, the installation error in the airfoil model,

disturbance of the measurement device, interference between the wind tunnel wall and the

airfoil body, freestream turbulence and boundary-layer trip effects can create the errors of the

measurement. On the numerical simulation side, the synthetic jet modeling, the turbulence

model, the grid density, the computational errors and the limitations of the two-dimensional

simulation can lead to numerical inaccuracies [22].

5.2.3 Flowfield around airfoil at α = 18◦

The unsteady flowfield over the NACA 0015 airfoil is computed using the optimum grid size

determined in the validation study. Flowfields before and after the application of the synthetic

jet are compared with the experimental data of Tuck et al. [40] at a post stall angle of attack

of α = 18◦ and at Re=3.08×104. A NACA 0015 airfoil with a chord length of 100 mm and

a span of 510 mm is used. The jet slot size is reported to be 0.15% of the chord length.
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The experiments were conducted in a re-circulating water tunnel with a cross sectional area

of 500mm×500mm. In the experiments, the jet slot size has been minimized to obtain the

maximum jet velocity. The jet slot is oriented normal to the surface of the airfoil at the

leading edge, extending over the entire span of the airfoil.Particle Image Velocimetry (PIV)

and Planar Laser Induced Fluorescence (PLIF) are employed in the visualization of the flow.

The averaged PLIF image and computationally obtained flowfields are shown in Figure 5.10.

Both, experimental and computational flowfields demonstrate that the flow is separated at

the leading edge of the airfoil when there is no synthetic jet. Formation of two vortices are

observed in the streamline patterns of the present study Figure 5.10(b).

(a) Experiment (b) Computation

Figure 5.10: Averaged flowfield atα = 18◦, no jet

The flowfield through a period of the synthetic jet oscillation are shown in Figure 5.11, Figure

5.12, Figure 5.13 and Figure 5.14 for phase angles 0◦, 90◦, 180◦ and 270◦, respectively. In

the PLIF images shown, it is reported that the fluid ejected from the ZNMF jet orifice is

observed in the external flow field at a phase angle of 90◦. Similarly, the streamline patterns

shown in Figure 5.12(b) obtained with the present study at a phase angle of 90◦ is the flowfield

corresponding to the instant where the synthetic jet is starting to be blown out from the jet slot.

Examination of the flowfields obtained with the experiment and the present study reveal that

the vortex structures observed in the experiment differ from the ones observed in the present

study. This may be attributed to the fully turbulent flow assumption without any transition

modeling and also one-equation turbulence model employed.

Figure 5.15 shows the averaged flowfields when the synthetic jet is applied. The PLIF image

shown in Figure 5.15(a) reveals that flow becomes attached over the upper surface of the

airfoil when the synthetic jet is applied. The streamline patterns obtained with the present
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Figure 5.11: Flowfield atα = 18◦, phi=0◦, with jet

(a) Experiment
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Figure 5.12: Flowfield atα = 18◦, phi=90◦, with jet
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Figure 5.13: Flowfield atα = 18◦, phi=180◦, with jet

(a) Experiment

ujet=0

(b) Computation

Figure 5.14: Flowfield atα = 18◦, phi=270◦, with jet
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study given in Figure 5.15(b) shows that the 2 vortices formed over the suction side of the

airfoil for the case without jet(Figure 5.10(b)) reduces insize when the synthetic jet is applied.

The larger vortex observed over the suction surface forms into smaller vortices similar to the

case observed in the experimental study.

(a) Experiment (b) Computation

Figure 5.15: Averaged flowfield atα = 18◦, with jet

5.2.4 Flowfield around airfoil at α = 25◦

The results of the computational study are also compared with the experimental study of

Gilarranz et al. [20] atα = 25◦. The synthetic jet is applied from 12% of the chord length

with a slot size of 0.53%c. The experimental and the computational flowfields are shown in

Figure 5.16 and Figure 5.17. The flow is separated at a point close to the leading edge both in

the experimental and the computational results. The flow is observed to be attached in Figure

5.17(a) when the synthetic jet is applied. The flow separation at the leading edge is reduced

by the presence of the synthetic jet in the computational study however the flow still separates

at a point close to the leading edge as shown in Figure 5.17. The synthetic jet reduces the size

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

A grid convergence study is performed for the grid distributions in circumferential and normal

directions. The flowfields over the NACA 0015 airfoil are compared with the experimental

flowfields atα = 18◦ andα = 25◦ where the flow over the NACA 0015 is massively separated

over the suction surface in both cases. The vortex structures observed in the experimental

studies are not captured exactly in the computational studywhich may be attributed to the

solution of the flow using a RANS solver, lack of transition model and the turbulence model

employed in the computational study. A more sophisticated model like LES, DNS etc. can be

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

Figure 5.16: Flowfield atα = 25◦, no jet

(a) Experiment (b) Computation

Figure 5.17: Flowfield atα = 25◦, with jet

5.3 Parametric study for the synthetic jet variables

A parametric study is carried out atα = 18◦ by varying the jet velocity, the jet location, the

jet angle and the jet frequency to investigate the sensitivity of the jet parameters on the L/D.

In the parametric studies, the NACA 0015 airfoil is used as a baseline airfoil and the flow

calculations are performed at M=0.1, Re=8.96×105 andα jet=23◦. The jet slot size is chosen

to be 0.53% of the chord length. The synthetic jet is applied from the 12% of the chord length

in the parametric studies performed for the jet frequency, the angle and the jet velocity. In

each parametric study, the value of a single parameter is changed while keeping values of the

other parameters constant. The synthetic jet velocity is changed between 0.05 and 0.5. The

synthetic jet location is changed between 5% and 90% of the chord. The synthetic jet angle is
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changed between 10◦ and 98◦ and the non-dimensional jet frequency is changed between 0.5

and 5.

The flowfield over the NACA 0015 airfoil without application of the synthetic jet is presented

in Figure 5.18 with the initial synthetic parameters ofu jet = 0.231,x jet = 0.12,α jet=23◦ and

F jet = 1.39. Two vortices are observed over the upper surface of the airfoil; one is starting

from 13% of the chord and extending until the trailing edge and the other one is located at the

trailing edge.

Figure 5.18: Average streamline patterns atα = 18◦ without synthetic jet

5.3.1 The influence of the synthetic jet velocity

The synthetic jet velocity is the first variable used in the parametric study. The synthetic jet

velocity is changed between 0.05 and 0.5. Figure 5.19 shows the variation of L/D with varying

synthetic jet velocity. The parametric study for the jet velocity shows that effectiveness of

the synthetic jet increases as the jet velocity increases. The average streamlines shown in

Figure 5.20 illustrates the flowfield over the airfoil with synthetic jet applied foru jet = 0.05,

u jet = 0.3 andu jet = 0.5. The location of the separation point is observed to move through

the trailing edge of the airfoil as the jet velocity increases. It also appears that increasing the

jet velocity prevents the formation of trailing edge vortexand reduces the size of the vortex

formed over the airfoil upper surface. Hassan et al. [41] state that the maximum velocity that

can be produced by the current synthetic jet actuators is around 0.25M which corresponds a

non-dimensional jet velocity of 0.25 since M∞=0.1. The maximum value of jet velocity is
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therefore chosen to be 0.3 due to the physical limitations stated [41] and minimum value is

chosen to be 0.1.
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Figure 5.19: L/D variation with the velocity
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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% of thechord length. The variation

of the L/D with the synthetic location is shown in Figure 5.21. The L/D increases by 172%

compared to the case without jet when the synthetic jet is located at 30% chord location. The
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synthetic jet applied from the leading edge of the airfoil caused a reduction in the L/D. It

is also observed that varying the position of the synthetic jet between 50% and 90% of the

chord does not cause a significant change in the L/D. The flowfields forx jet=0.1, x jet=0.3,

x jet=0.5, andx jet=0.9 are illustrated in Figure 5.22. The synthetic jet located at x jet=0.1

does not change the flowfield around the airfoil. Flowfield forthe x jet=0.3 shows that only

one vortex is formed over the upper surface of the airfoil andthe flowfield around airfoil is

attached better compared to the no jet case. Moving the synthetic jet location to the trailing

edge (x jet=0.9) does not affect the location of the flow separation point.
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5.3.3 The influence of the synthetic jet angle

Then, the parametric study is performed for the synthetic jet angle where the jet angle is varied

between 10◦ and 98◦. Figure 5.23 shows the variation of L/D with varying synthetic jet angles.

It is observed that, the L/D ratio is maximized when the jet angle is around 38◦. The synthetic

jet has a negative effect on the L/D when the jet angle is greater than 40◦. The significant

difference, observed in the L/D ratios of the airfoil with varying synthetic jet angle, canalso

be seen in the streamline patterns shown in Figure 5.24. It appears that the implementation of

the synthetic jet atα jet=10◦ andα jet=83◦ does not change the flowfield over the airfoil and

two vortices still formed over the suction side. The trailing edge vortex almost disappears and

the vortex over the suction surface of the airfoil reduces insize whenα jet=38◦.
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Figure 5.23: L/D variation with the jet angle

5.3.4 The influence of the synthetic jet frequency

The last synthetic jet parameter used in the parametric study is the synthetic jet frequency. The

range of the jet frequency used in the parametric study is between 0.5 and 5. The variation

of L/D with varying synthetic jet frequency is presented in Figure 5.25. It is observed that

the synthetic jet frequency has a lower effect on the L/D but it can be said that the L/D

increases as the jet frequency increases. In the experimental study performed by Gilarranz et

al. [20], the frequency is reported to have a minor effect on lift coefficient and the maximum

jet frequency applied is 2.39. The average streamlines for the jet 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 observedto move downstream slightly

with the application of the synthetic jet however there is nosignificant difference between the

flowfields calculated for different jet frequencies.
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Figure 5.25: L/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 optimum synthetic jet parameters to max-

imize the lift to drag ratio. The jet optimization study is performed for a constant value of

the jet power coefficient. The jet velocity, the jet location, the jet angle and the jet frequency

are the synthetic jet parameters used in the optimization study. In the optimization studies,

the NACA 0015 airfoil is used as a baseline airfoil and the unsteady flow calculations are

performed at M=0.1, Re=8.96×105. The optimization study is performed for angles of attack

starting from pre-stall angle of attack,α = 10◦ and going up to post-stall angle of attack,

α = 18◦. The cases that will be employed in the optimization study are listed in Table 5.3.

Table 5.3: Optimization cases

Case # α (◦)
1 10
2 14
3 18

The design space for the optimization study is determined byconsidering the results of the

parametric study together with the physical limitations ofthe synthetic jet. Table 5.4 summa-

rizes the design space for the synthetic jet parameters employed in 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 value of jet power coefficient (CP=6×10−7)

which is the function of the density of air at the jet location, the jet velocity, the jet frequency

and the jet slot size. In the computation of jet power coefficient,ρ jet is assumed to be equal

to the freestream density. The lift to drag ratio is optimized by varying the synthetic jet

parameters in a physically allowable range while keeping the value of the jet power coefficient

constant. The jet slot size is calculated for each set of optimization variables therefore it is

included to the optimization study as a dependent variable.The value of jet slot size observed

to be changing between 0.15% and 0.9% of the chord. The jet location is changed between

10% and 90% of the chord length for all angles of attack values. The RSM is employed in the

calculation of the optimum synthetic jet parameters. The response surfaces are approximated

using a 2nd order model.

In the optimization study, the Box-Behnken and the Full-Factorial designs are employed in

the approximation of the optimum jet parameters and corresponding L/D value atα = 18◦ to

understand the effect of DoE method. The parametric study performed for the synthetic jet

velocity revealed that the L/D ratio increases with the increasing jet velocity. The optimization

studies are initiated by using 4 optimization variables at all angles of attack. The optimum jet

velocity is observed to be maximum value in the defined range for all angles of attack therefore

3 optimization variables are employed in the subsequent optimization steps by keeping the jet

velocity constant at the maximum value. In the first step of the optimization studies, the

Box-Behnken design is employed therefore 25 computationalevaluations are required for 4

optimization variables. Then the Box-Behnken or the Full Factorial designs are employed for

3 optimization variables.

In each step of the optimization, the accuracy of the model isdetermined by calculating the

error between estimated and calculated values. The optimization study is performed until the

error between the estimated and the calculated values is less than 1%. If the error criterion
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is not satisfied, new computational simulations are performed around the optimum point. A

typical optimization step takes about 18-54 hours of wall clock time in a parallel computing

environment using 3 processors.

5.4.1 Choice of Design of Experiment

The optimization study is performed using two different DoE approaches to understand the ef-

fect of DoE in the estimation of the optimum synthetic jet parameters. The Box-Behnken (BB)

and the Full-Factorial (FF) designs are employed for 4 synthetic jet parameters atα = 18◦. In

the Box-Behnken design, 25 computational evaluations are required for 4 design parameters.

In the Full Factorial design, 81 computational evaluationsare performed to approximate the

response surfaces. Table 5.5 shows the values of the optimumdesign parameters estimated in

each design. The estimated jet velocity and jet frequency are observed to be same. The op-

timum jet locations are estimated to be 18% and 24% of the chord for the Box-Behnken and

Full-Factorial designs, respectively. The error between the estimated and calculated values

is observed to be smaller for the FF design which may be attributed to the large number of

computational evaluations.

Table 5.5: Box Behnken and Full Factorial Designs

Design ujet F jet α jet(◦) x jet
Estimated
L/D

Calculated
L/D

Error (%)

BB 0.3 3.0 40.8 0.18 19.7 11.5 71.6
FF 0.3 3.0 50 0.24 13.3 15.8 -16.2

5.4.2 Case 1:α = 10◦

The optimization study for the synthetic jet parameters is carried out first atα = 10◦ which is

a pre-stall angle of attack for the NACA 0015 airfoil. The optimization study is terminated in

2 optimization steps as listed in Table 5.6. The optimization study performed for 4 optimiza-

tion variables then the jet velocity is excluded and 3 optimization variables are optimized in

the second optimization step. The errors between the estimated and calculated values are ob-

served to be small in both optimization steps therefore computational evaluations performed
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in the first optimization step with the maximum jet velocity are also included in the second

optimization step. The optimum jet location is estimated tobe 10%c which is the most for-

ward location in the design space. The absolute error for theL/D in the second optimization

step is calculated to be 0.3%.

Table 5.6: Results of the optimization steps atα = 10◦

Optimization
Step

u jet F jet α jet(◦) x jet
Estimated
L/D

Calculated
L/D

Error (%)

1 0.3 3.0 22.0 0.1 80.97 76.6 5.7
2 0.3 0.8 28.5 0.1 79.99 80.3 -0.3

The predicted-computed values and RSM residuals atα = 10◦ shown in Figure 5.27 for the

second optimization step. The RSM residuals are observed tobe small compared to RSM

residuals atα = 14◦ andα = 18◦. The enhancement in the L/D after the application of

the synthetic jet is lower therefore the response surfaces are smoother compared to the ones

obtained at higher angles of attack. The better approximation of the response surfaces allows

estimating the optimum variables and the responses more accurately.
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Figure 5.27: Optimization at 2nd step atα = 10◦

The response surfaces approximated at the second optimization step are shown in Figure 5.28.

It is noted that the optimum L/D is estimated at the constraint boundary for the jet velocity,

the jet frequency and the jet location withα jet=28.5.

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

the synthetic jet. The synthetic jet, applied from the 10% ofthe chord, is observed to be
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Figure 5.28: Response surfaces at 2nd optimization step atα = 10◦

almost ineffective on the flowfield around airfoil.

The flow separation is delayed when the synthetic jet is applied. The location of separation

point is determined by the location of zero wall-shear stress. The instantaneous skin friction

coefficient variation over the upper surface of the airfoil shown in Figure 5.30 reveals that the

separation point moves from 93% of the chord to the 94.3% of the chord when the synthetic

jet is applied.

The variation of lift and drag coefficients in time is given in Figure 5.31. The variation in the

lift and the drag coefficients is observed to be very low. The variation of the average lift and

drag coefficients are given in Table 5.7. The reduction in the drag coefficient is observed to

be 6.2% and the enhancement in the lift coefficient is observed to 1.5%. The increase in the

L/D is 8.2%.
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Figure 5.29: Average streamline patterns atα = 10◦
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Figure 5.31: Lift and drag coefficient histories atα = 10◦

Table 5.7: Aerodynamic coefficients atα = 10◦

Cl Cd L/D
No jet 1.01 0.0137 74.2

With jet 1.03 0.0128 80.3
Change(%) 1.5 -6.2 8.2

5.4.3 Case 2:α = 14◦

The optimization study is performed at 14◦ angle of attack. Table 5.8 shows the values of

the optimum design parameters obtained through the 3 optimization steps. The Box-Behnken

design is employed for 4 optimization variables in the first optimization step. Then the jet ve-

locity is excluded and 3 optimization variables are optimized in the next 2 optimization steps.

The maximum jet velocity is again estimated to be the maximuminput value. The estimated

value of the optimum jet location is varied between 0.4c and 0.5c through the optimization

steps. The optimum value of the jet location is estimated to be 43%c in the final optimization

step. The optimum jet angle is estimated to be 42.5◦. The error between the estimated and the

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

The predicted-computed values and RSM residuals at the third step of the optimization are

shown in of L/D are shown in Figure 5.32. It is observed from Figure 5.32(a)most of the

predicted responses are in the 95% confidence area. The RSM residuals shown in Figure

5.32(b) reveals that the maximum residual is lower than 0.4 in L/D.
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Table 5.8: Results of the optimization steps atα = 14◦

Optimization
Step

u jet F jet α jet(◦) x jet
Estimated
L/D

Calculated
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 48.5 48.4 0.3
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Figure 5.32: Optimization at 3rd step atα = 14◦

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

The optimum L/D is estimated whenα jet=42.5, xjet=0.42 and Fjet=0.8.

Figure 5.34 shows the average streamline patterns around airfoil before and after the synthetic

jet application. It is observed that the vortex formed on thesuction side of the airfoil has

reduced in size and moved through the trailing edge after thesynthetic jet is applied with the

optimum jet parameters. The small vortex observed at the trailing edge of the airfoil almost

disappeared.

The instantaneous skin friction coefficient variation over the upper surface of the airfoil shown

in Figure 5.35 reveals that the separation point moves from 66% of the chord to the 79% of

the chord when the synthetic jet is applied.

The variation of the lift and drag coefficients are shown in Figure 5.36. The application of

the synthetic jet is observed to cause an oscillation both inthe drag and lift coefficients. The

variation of the lift and drag coefficients are shown in Table 5.9. The reduction in the drag
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Figure 5.33: Response surfaces at 3rd optimization step atα = 14◦

coefficient is observed to be 10.3% and the enhancement in the lift coefficient is observed to

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

Table 5.9: Aerodynamic coefficients atα = 14◦

Cl Cd L/D
No jet 1.27 0.031 41.1

With jet 1.34 0.028 48.5
Change(%) 5.8 -10.3 17.9
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Figure 5.34: Average streamline patterns atα = 14◦
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Figure 5.35: Instantaneous skin friction coefficients for the upper surface atα = 14◦
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Figure 5.36: Lift and drag coefficient histories atα = 14◦

5.4.4 Case 3:α = 18◦

The optimization study is finally performed atα = 18◦ which is a post stall angle of attack

for the NACA 0015 airfoil. The optimization process is terminated in 3 optimization steps.

Table 5.10 shows the values of the optimum design parametersand relative errors obtained

in optimization steps. In the first optimization step, the flow over NACA 0015 airfoil is

computed for various optimization variables and the optimum point is calculated using Box-

Behnken design. The error in the first step is observed to be 71.6%. In the second optimization

step, a new RSM is employed around the optimum point estimated in first optimization step.

The error is reduced to 13.9%. In the first two steps, the synthetic jet velocity is estimated

to be 3 therefore the jet velocity is kept constant and Full-Factorial design is employed by

varying the values the remaining 3 variables. The relative error in the third step is calculated

to be 0.6% which satisfies the convergence criteria. The value of the jet angle is observed to

be increasing through the optimization steps. The optimum jet location is found to be 36% of

the chord length.

Table 5.10: Results of the optimization steps atα = 18◦

Optimization
Step

u jet F jet α jet(◦) x jet
Estimated
L/D

Calculated
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 of L/D are shown in Figure 5.37 for the second and third

optimization steps. It is observed from Figure 5.37(a) thatmost of the estimated values fall

outside of the 95% confidence interval at the second optimization step. The number of points

in the 95% confidence interval increased at the third optimization step as presented in Figure

5.37(b). The number of points in the 95% confidence interval increases at the third optimiza-

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

smaller.
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Figure 5.37: Predicted-Calculated values atα = 18◦

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

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

the approximated response surfaces increases because of the reduced range of optimization

variables.
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Figure 5.38: RSM residuals atα = 18◦
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In Figure 5.39, the response surfaces obtained in the first step of the optimization study are

illustrated. It is observed that the synthetic jet velocityand the location are the effective

parameters for the value of the L/D. The response surfaces are maximized as the jet velocity

increases.

The RSM surfaces approximated for 3 optimization variables(when ujet=0.3) at the final

optimization step are shown in Figure 5.40. The RSM surfacesillustrates that the L/D is

maximized whenα jet=44.7, xjet=0.36 and Fjet=0.8.

Figure 5.41 shows the average streamline patterns around airfoil before and after the synthetic

jet application. It is observed that the vortex formed on thesuction side of the airfoil has

reduced in size and moved through the trailing edge. The vortex observed at the trailing edge

of the airfoil is almost disappeared.

The instantaneous flowfields along a period of the synthetic jet are given in Figure 5.42 for the

optimum jet parameters. The velocity vectors at the jet location are also shown at each phase.

The synthetic jet starts blowing when theφ=0. The jet velocity reaches to the maximum

value whenπ/2 then suction phase starts. The streamline pattern around the airfoil observed

to be almost same in a time period. It is observed that the presence of the synthetic jet moves

the separation point downstream as observed from the average streamline patterns shown in

Figure 5.41 previously.

The instantaneous skin friction coefficients on the upper surface of the airfoil for the cases

with and without jet are shown in Figure 5.43. It is observed from the zoomed figure that the

flow separates at about 13% of the chord length on the suction side of the airfoil without jet

application. The separation point moves to the 33% of the chord length when the synthetic jet

is applied with the optimum jet parameters.

The variation of lift and drag coefficients are shown in Figure 5.44. It is observed that both the

lift and the drag coefficients oscillate at a constant amplitude and frequency whensynthetic jet

is applied. The frequency of oscillations is equal to the frequency of the synthetic jet. Table

5.11 shows that the application of the synthetic jet has increased the average lift coefficient by

52.6% and reduced the average drag coefficient by 51% which corresponds to 211% increase

in the L/D when compared with no jet case.

The optimum synthetic jet parameters are estimated using the RSM at 3 different angles of
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Figure 5.39: Response surfaces at 1st optimization step atα = 18◦
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Figure 5.40: Response surfaces at the 3rd optimization step atα = 18◦

Table 5.11: Aerodynamic coefficients atα = 18◦

Cl Cd L/D
No jet 0.87 0.15 5.9

With jet 1.33 0.077 18.2
Change(%) 52.6 -51.0 211
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Figure 5.41: Average streamline patterns atα = 18◦

attack. The variations of the lift coefficient, drag coefficient, L/D and point of separation with

angle of attack are given in Figure 5.45. The lift and drag coefficients are compared before the

jet application, after the jet application with initial andoptimal jet parameters. It is seen from

Figure 5.45(a) that the lift coefficient increases when the synthetic jet is applied, however lift

increments were noted when the synthetic jet is applied withoptimal parameters. The stall

angle of attack is also delayed with the jet actuation. The variation of drag coefficient with

angle of attack is shown in Figure 5.45(b). It is observed that drag coefficient is reduced

significantly atα = 18◦. The L/D variation shown in Figure 5.45(c) reveals that the L/D curve

shifts upwards with the jet actuation. The increment in L/D is significantly higher for the

optimal jet parameters as expected.

The separation point locations with varying angle of attackbefore and after the synthetic jet

application are given in Figure 5.45(d). It is noted that theapplication of the synthetic jet

delays the flow separation at all angles of attack. The synthetic jet is observed to be least

effective atα = 10◦.
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(a) φ=0

(b) φ=π/2

(c) φ=π

(d) φ=3π/2

Figure 5.42: The unsteady flowfield atα = 18◦
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Figure 5.44: Lift and drag coefficient histories atα = 18◦
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Figure 5.45: Results of the optimization study

To summarize the optimization study, the optimization of the synthetic jet parameters is ob-

served to be increasing the synthetic jet performance. The variation of the aerodynamic co-

efficients with angle of attack (Figure 5.45) proved that the aerodynamic performance of the

NACA 0015 airfoil increases significantly especially at high angles of attack when the syn-

thetic jet is applied with the optimum synthetic jet parameters. The variations of the aerody-

namic coefficients and the separation point location with the application of the synthetic jet

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

CONCLUDING REMARKS

The Active Flow Control using a synthetic jet over a NACA 0015airfoil is successfully stud-

ied. The influence of the synthetic jet parameters, the jet velocity, the jet location, the jet

angle and the jet frequency are first studied parametrically. The synthetic jet parameters then

optimized to maximize the L/D.

Unsteady turbulent flows over the NACA 0015 airfoil are computed using a Navier-Stokes

solver. Computations are performed in parallel using PVM library routines in a computer

cluster. The Response Surface Methodology, RSM is used in the optimization of the synthetic

jet parameters. The optimization studies are carried out atvarious angles of attack. The

computational results are investigated by examining the instantaneous and phase averaged

flowfields, load variations in time and the separation point location.

Effect of grid density is first investigated in the circumferential and normal directions and

optimum grid sizes in both directions are determined. The validation study is carried out

together with the grid sensitivity study. The optimum grid size is used in the solution of the

unsteady flowfields atα = 18◦ andα = 25◦. The computationally obtained flowfields are then

compared with the experimental flowfields. It is observed that the separation point location is

predicted well however the flow separation at the leading edge is not predicted accurately in

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

In parametric studies, the sensitivity of the synthetic jetparameters on the L/D is investigated.

The synthetic jet parameters are varied in a wide range and the most effective jet parameters

are observed to be the synthetic jet velocity and the jet location. The effectiveness of the

synthetic jet observed to be increasing with increasing thejet velocity. The variation of the

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

parameter in the defined operation range.

Box-Behnken and Full-Factorial design of experiment approaches are employed to approxi-

mate the response surfaces for the L/D. It is observed that the two approaches estimate op-

timum points that are close to each other. The error in the response estimated by the Full-

Factorial design is observed to be smaller than the error in the response estimated by the

Box-Behnken design. The fact that the Full-Factorial design requires more computational

evaluations in approximating the response surfaces is though to be the reason of estimating

the response with a better accuracy.

The optimization study is performed for an angle of attack range in which mildly to massively

flow separation is observed. The optimization study is performed for a constant power coeffi-

cient. The jet slot size is used as a dependent parameter. Thesynthetic jet parameters used in

the optimization study are the jet velocity, the jet location, the jet angle and the jet frequency.

The Response Surface Methodology, RSM is used in the optimization of the synthetic jet pa-

rameters. The response surfaces are approximated based on the results of the Navier-Stokes

solutions for the unsteady, turbulent flows around airfoil.Once the response surface is deter-

mined, the maximum value of the response and the corresponding values of the optimization

variables are evaluated.

The optimization study shows that the optimum synthetic jetvelocity is always the maximum

value in the design space at all angles of attack. The optimumsynthetic jet angle is observed

to be increasing as the angle of attack increases. The optimum synthetic jet location and the

location of separation point are observed to be moving through the leading edge as the angle

of attack increases from 14◦ to 18 ◦. The optimum synthetic jet frequency is observed to the

minimum value in the design space at all angles of attack. It should be noted that a smaller

jet frequency corresponds to a larger jet slot size for a constant jet power coefficient. As

expected, the synthetic jet is shown to be the most effective at post-stall angles of attack. It

enhances the L/D significantly and delays the flow separation for separated flows.
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