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Abstract

In this study, unsteady, turbulent flow over NACA 0015 was analyzed using synthetic jets.

The study focused on applying the numerical method using the commercial CFD solver

Ansys Fluent. The synthetic jet simulation was carried out for Re = 896,000 for two angles

of attack: 10 and 14 degrees. The optimal jet amplitude and jet frequency were determined

from a range of amplitudes of 2.0 to 4.0 and frequencies of 0.4 Hz to 1.2 Hz while the jet

location, jet angle, and jet width were fixed. The results showed that for both jet angles,

the optimal amplitude and frequency were 4.0 and 0.8 Hz, respectively. As the amplitude

was increased, the lift-to-drag ratio went up, but the variance in frequency did not impact

the aerodynamic coefficients. The flow separation was observed at various instances for the

synthetic jet, which showed that when suction was applied the separation was delayed, and

the opposite was true for injection. On average, the separation was delayed for both angles

with the use of a synthetic jet. Additionally, the impact of steady injection and suction jets

was examined. The results were similar to before where the injection jet did not improve

the force characteristics, but suppression increased the lift-to-drag ratio by 53.91% for the

10-degree case and 42.40% for the 14-degree case. The separation location remained the

same for the injection jet at 10 degrees. However, with the suction jet, the flow did not

separate. In the post-stall angle case, both steady injection and suction delayed separation.
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Chapter 1: Introduction

Over the past few decades, the ability to understand aerodynamic flow control and its

implementation in various applications has significantly increased. The applications extend

from the military to civilian sectors, and the research for more improvements still remains of

great interest. In 1904, Prandtl established flow control science by introducing the boundary

layer theory, explaining the physics of separation, and describing various experiments in

which a boundary layer was controlled. In the next few decades, stimulated by the war,

flow control played a key role in accomplishing the requirement of developing quick, highly

maneuverable, efficient aircraft, missiles, ships, submarines, and torpedoes. In the late

1900s, there was a shift from military to civilian applications, and the availability of fast and

inexpensive computers made it possible to solve problems numerically [7].

One may ask why engineers want to control the flowfield. Well, some of the benefits

of flow control include drag reduction, lift improvement, mixing enhancements, and noise

mitigation [8, 9]. There are two distinct techniques used to control fluid flow in a variety

of applications: passive and active flow control. Many of the earlier works that focused on

flow optimization used passive techniques. The term “passive flow control” refers to the

modification of fluid flow without the need for external energy input by the use of geometric

parameters or surface coatings. Because of its low cost, flexibility, and success in a range of

applications, this technology has attracted a lot of interest recently. These include morphing

the airfoil geometry, adding vortex generators and riblets, or adding porous coatings that

change the pressure gradient thereby delaying turbulence and preventing flow separation

over the airfoil’s upper surface [10–13]. Some examples of passive flow techniques can be

seen in Figure 1.1.

On the other hand, active flow control involves the use of external energy sources to

manipulate the fluid flow. More discussion on active flow control can be found in the next

section.
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(a) Vortex Generators (b) Leading Edge Slat

(c) Shape Deformation

Figure 1.1: Passive Flow Control Techniques [1]
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1.1 Active Flow Control

Fluid mechanics research on active flow control aims to modify the behavior of fluid flow using

actuators and other external devices. Enhancing fluid systems’ effectiveness, functionality,

and energy usage is the aim of active flow control. This method has been used in several

applications, including fuel injectors, heat exchangers, wind turbines, and aircraft wings, to

name a few. In recent years, active flow control has gained significant interest due to its

ability to reduce energy consumption and emissions, increase aerodynamic efficiency, and

extend the lifespan of mechanical components. Additionally, active flow control has been

shown to suppress noise making it an attractive option for various industries.

Some of the active flow control techniques include steady and oscillating jets, plasma

actuators, and synthetic jets. Steady jets are used to produce a continuous flow in a specific

direction while oscillating jets are used to produce periodic disturbances in the fluid flow. A

diagram of the two actuators can be seen in Figure 1.2. Out of the two jets, studies have

shown that the fluid oscillators are superior in performance compared to steady jets with

respect to given parameters [2]. Another technique uses weakly ionized plasma actuators.

These actuators are made up of electrodes that are attached to the surface of the airfoil. The

electrodes are supplied with high-voltage alternating current, which weakly ionizes the air

around them. A body force vector operating on the external flow caused by the ionized air

(plasma) and the electric field gradient created by the electrodes might generate a constant

or erratic velocity component [14]. An application of the plasma actuator on a NACA 4415

airfoil is depicted in Figure 1.3. Lastly, synthetic jets are a particular kind of fluid flow

produced by rotating a membrane or diaphragm inside a fluid-filled chamber. Synthetic jets,

in contrast to conventional jets, provide a pulsed or oscillatory flow that is programmable

and controllable rather than relying on constant flow of fluid. An oscillating diaphragm,

which induces a sequence of vortices that are alternately expelled and drawn back into the

cavity, produces the fluid pulses. These fluid pulses emerge through a tiny opening. The

3



(a) Oscillating Jet (b) Steady Jet

Figure 1.2: Sketch of Actuators [2, 3]

Figure 1.3: Schematic of Plasma Actuator [4]
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fluid stream produced by these pulses can be utilized to improve heat transfer or to control

the flow around a surface [15]. Figure 1.4 illustrates a typical synthetic jet device.

There are several advantages of using active flow control techniques instead of passive

flow control. First, active flow control can be used to enhance efficiency and consume less

energy by increasing lift and decreasing the drag on an object’s surface. If one considers

that even a 1% reduction in global aircraft fuel consumption is worth around 1.25 million

dollars per day in direct operational costs (in 2002), the prospect of boosting efficiency and

simplifying hydraulically operated systems (such as high-lift systems) is highly alluring [16].

Because of this, lowering the average overall drag by just a few percent could result in annual

savings of several billion dollars, have a substantial positive impact on the environment, and

allow for greater speed, range, and endurance. Next, using active flow control flow noise

may be reduced, which can be very useful in aircraft and transportation applications. For

example, Koop et. al. [17] investigated the possibility of reducing noise at the flap side

edge by blowing air into the vortical flow structure. The flow visualization at the flap side

edge revealed that the vortical structure becomes quite complex and unstable in the absence

of flow control. This supported the notion that the flap side-edge vortex dominates the

mechanism for sound generation. The vortex was no longer visible in the velocity field when

the flow control is activated, and the vorticity is nearly entirely dispersed. Lastly, active flow

control can improve the stability of fluid systems by reducing turbulence and can increase the

maneuverability of fluid systems by controlling the flow. Neistroy et. al. [18] examined the

active flow effector-equipped ICE-101 tailless aircraft. During periods of light or moderate

turbulence, or periods of light turbulence combined with light or moderate discrete gusts,

the control effectors in this ICE design offer stabilizing forces and moments.

Even though there are many advantages to active flow control, there are also many

challenges that arise with active flow control. One of the main challenges is that this

technique may require significant amounts of power to operate, which can be a limitation in

some of the applications. For instance, plasma actuators require high-voltage power supplies,

5



Figure 1.4: Schematic of Synthetic Jet Actuator [5]

6



which can be expensive and difficult to implement in some systems. A dielectric barrier

discharge (DBD) plasma actuator with a dielectric layer of 0.3 mm, 0.6 mm, and 1.12 mm

thickness of Katpon consumes 17 Watts, 38 Watts, and 6 Watts of power, respectively, for a

peak-to-peak voltage of 7 kV [19]. This is a significantly high amount of voltage being used

for the plasma actuator. Moreover, these DBD plasma actuators decrease in performance, or

are even subject to failure, in relatively high humidity. Adverse conditions such as drizzle,

dew, or dust make them less favorable in certain applications. Earlier publications show

that relative humidity higher than 40% shows a reduction in actuator-induced thrust, and

an increased friction coefficient (and thus the overall drag on the body) [20, 21]. Lastly,

active flow control techniques can be complex and expensive to implement, particularly in

large-scale systems. The complexity of modulated input signals needed to achieve closed-

loop flow control goals has been shown to be a barrier to the widespread use of synthetic jet

actuators for practical flight control [22].

Although active flow control techniques can be quite complex to implement and set up,

numerical methods can reduce the complexity in the earlier stages. Early in the 1970s,

computational fluid dynamics (CFD) emerged as a powerful method for simulating fluid

flows by combining computer technology, applied mathematics, and physics. The modeling

of transonic flows was made possible by the introduction of more powerful mainframes. The

introduction of multigrid and other numerical acceleration techniques made it possible to

compute inviscid flows inside the turbomachinery or past fully assembled aircraft designs.

The focus shifted to the more challenging simulations of viscous flows governed by the

Navier-Stokes equations, leading to the development of various turbulence models. Implicit

approaches were developed to address flow problems such as the hypersonic flow past

re-entry vehicles, which required accurate gas modeling. The modeling of combustion

and steam condensation became essential for the development of efficient steam turbines

and low-emission gas turbines, respectively. Grid generation techniques improved as

the geometric complexity of arrangements grew. Unstructured grid generators and flow

7



solvers promised faster setup times and solution-based grid adaptation. Nowadays, a wide

range of disciplines, including architecture, meteorology, oceanography, astronomy, biology,

oil recovery, aerospace, turbomachinery, automobiles, and ships, frequently employ CFD

methodologies [23]. Despite its advancements, CFD still has a lot of challenges, including

modeling turbulence and combustion, heat transfer, effective methods for solving viscous

flows, and automated grid generators. CFD, however, presents fresh possibilities for design

optimization. Due to these reasons, a numerical approach has been employed in this study.

1.2 Literature Survey

Over the past couple of decades, there have been numerous studies in active flow control.

Both experimental and computational studies, especially those relating to injection, suction,

and/or synthetic jet over the airfoils have been highlighted in this section.

Huang et. al. [24] examined the flow control over the NACA 0012 at an angle of attack of

18 degrees at Re = 500,000 using injection and suction techniques at the leading and trailing

edges. Three different parameters, jet location, amplitude, and angle, were investigated over

a wide range. In contrast to injection, suction was shown to increase lift by forming an

extended pressure (Cp) zone on the airfoil’s upper surface. Blowing frequently was shown to

decrease performance compared to baseline. Downstream blowing enhanced the properties

of lift and drag, however, lower amplitudes were preferable. While small blowing amplitudes

seem to be the best option for downstream tangential blowing, the ideal control amplitudes

for perpendicular suction lie between 0.01 and 0.2. Perpendicular suction at the leading

edge is superior to other suction circumstances for increasing the lift when location and

angle factors are combined, while tangential injection at downstream locations is superior to

other injection situations for boosting lift.

Yousefi et. al. [25] also numerically analyzed the effects of tangential and perpendicular

blowing for the NACA 0012 airfoil at Re = 500,000 for various angles of attack. In that study,

jet width and jet amplitude were varied. The results showed that when the blowing amplitude

8



increases, the lift-to-drag ratio increases, and the separation point is moved downstream.

This is also true for cases with an angle of attack greater than 10 degrees; for angles less

than 10 degrees, it has a negative effect on the lift-to-drag ratio. The lift-to-drag ratio

continually grows in the tangential blowing when the blowing jet width increases, and it

continuously decreases in the perpendicular blowing when the blowing jet width increases.

Finally, with tangential blowing conditions of 0.5 blowing amplitude, 4% jet width, and 18

degrees angle of attack, the lift-to-drag ratio was raised by 17%.

Liang et. al. [26] analyzed the flow with an injection jet on the upper surface of the

NACA 0012 airfoil. This study was conducted by varying the jet amplitude (0.1, 0.3, and

0.5) and jet location (20%C, 50%C, and 80%C) at Re = 1,000,000 for angles of attack of 0,

10, 16, and 18 degrees. The results showed that a constant perpendicular blowing with a

0.1 blowing amplitude at 80%C is beneficial at angles of attack more than or equal to the

stall angle. However, for angles of attack less than the stall angle, it had no benefit on the

aerodynamic properties. Leading-edge injection enhances lift by creating bigger vortices and

more circulation around the airfoil, but it also worsens the leading-edge pressure and detaches

the flow. On the other side, downstream blowing can boost lift and decrease drag, but a

lower amplitude is preferable since it has been observed that the lift and drag characteristics

became worse when the blowing amplitude is raised beyond 0.1.

In another study, Djedjiga et.al. [27] investigated the injection jet flow control method at

Re = 218,000 by studying the influence of jet angle (0, 30, and 45 degrees) and jet amplitude

(from 0.1 to 1.0) for the NACA 4415 airfoil. The study also focused on the effects of suction

and a combination of both injection and suction actuators. The results showed that for

blowing, the lift-to-drag ratio increased with the amplitude. However, the opposite effect

was noted when the jet angle was increased. The dual jet actuators performed better than

the single jet for an amplitude of 0.1, and jet angle of 0 degrees, and delayed the stall from

14 degrees to 17 degrees. There were, nonetheless, less intuitive observations for the suction

cases. For an amplitude of 0.1 and an angle of 0 degrees, the lift-to-drag ratio was lower
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than the one with injection, and for stall and post-stall angles, the ratio was lower than the

baseline model. This is unusual in the sense that many other publications note that suction

usually produces a higher ratio than injection.

Speaking of suction, the study by Azim et. al. [28] focuses on the delay of boundary

layer separation by suction using CFD analysis at M = 0.6. Unlike previous studies, this

study used suction pressure slots instead of velocity slots starting from 48%C to 70%C for

various angles of attack. According to the results of the numerical analysis of NACA 4412,

suction near the trailing edge causes the longest separation delay. Suction at 68%C of the

airfoil changes the formation of the separation bubbles from 70%C to 96%C of the airfoil at

a suction pressure of 65 kPa. Lift to drag ratio is 35% larger than that of suction at 80 kPa

because suction at lower pressure causes a delay that occurs much farther downstream than

at higher pressure.

The underlying mechanism of flow control, such as the suppression of the separation

bubble and reduction of the upper surface pressure to increase the lift and decrease the

drag, was studied by Genc et. al. [29]. Control of flow over NACA 2415 airfoil was studied

at Re = 200,000 for α = 8 degrees. The numerical simulations included single or multiple

injection and suction jets at various locations on the upper surface with multiple jet ratios

and angles. The study also compared how different turbulence models can accurately predict

the location of the separation bubble. For single-blowing or suction scenarios, the k−ω SST

model suppresses the separation bubble, but the k − kL − ω transition model only pushes

the bubble downstream in the suction case. Independent of the injection sites, smaller

injection velocity ratios effectively suppress the separation bubble more than bigger injection

ratios. For suppression, larger suction velocity ratios are preferable to smaller suction ratios.

Perpendicular jet angles for suction instances and oblique jet angles for blowing provide

better outcomes, respectively. Since the blowing jet negatively affects the top surface flow,

it is generally found that the blowing jet flow control is worse than the suction case. Both

transition methods for simultaneous injection and suction eliminate the separation bubble,
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increasing lift and decreasing drag. Yet, single suction jets continue to produce the best

results because blowing jets seem to be inhibiting their effectiveness.

Much research [30, 31] has been conducted with simultaneous injection and suction. The

term for these kinds of simulations is a co-flow jet in which there is an injection slot close

to the leading edge and a suction slot close to the trailing edge, as shown in Fig 1.5. Chng

et. al. [32] studied the flow on Clark-Y airfoil using both experimental and computational

methods at various angles of attack. The experimental results showed that as the momentum

coefficient, which depends on jet velocity, jet mass flow rate, freestream density and velocity,

and projected wing area, increases, the lift increases significantly. However, for lower angles

of attack, the lift is less sensitive to change. This is in agreement with the results from Julian

et. al. [33] who showed that higher injection rates increase the lift coefficient significantly.

Increasing the mass flow rate also increased the drag coefficient meaning the lift-to-drag

ratios were higher for smaller flow rates.

Goodarzi et. al. [34] investigated the active flow control on NACA 0015 airfoil for angles

of attack of 12 to 17 degrees at Re = 455,000. The study was carried out using Ansys Fluent

over a range of parameters: jet amplitude (1.0, 2.0, and 6.0), jet locations (10%C, 30%C,

and 50%C), and jet angles (0, 30, and 45 degrees). The results showed the optimal jet was

tangential, and simulated results and experimental findings agreed well. Evaluating various

blowing applications revealed that the lift coefficient improves more efficiently when the jet is

located close to the trailing edge, whereas the drag coefficient exhibits the opposite pattern.

Simulations revealed that while raising jet velocity ratios has an amplifying effect on the

lift-generating process, it does not always have a consistent impact on the drag coefficient.

It was discovered that blowing significantly affects how long the suction side of the airfoil

takes to separate.

The research by Kitsios et. al. [35] presents a numerical analysis that investigates the

effect of angle of attack and the application of aerodynamic control using zero-net-mass-flux

(ZNMF) jets on the boundary layer characteristics of an airfoil. A ZNMF jet that spans

11



Figure 1.5: Schematic of Co-Flow Jet [6]
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the entire leading edge of a NACA 0015 airfoil with the flow arrangement is normal to the

surface. The validity of the 2-D simulation and 3-D LES given was determined using the

studies of Tuck and Soria [36]. Prior to separation, the 2-D and 3-D models’ velocity profiles

and instantaneous streamwise vorticity plots at α = 18 were comparable, allowing the use

of the 2-D data to show how the boundary layer characteristics change. The separation

point moved toward the leading edge as α was increased, and momentum thickness grew.

The separation point was slightly pushed downstream by the ZNMF jet, which also reduced

momentum thickness.

Akcayoz [37] optimized the synthetic jet location, angle, and frequency on NACA

0015 airfoil at Re = 896,000. The optimization was based on increased L/D ratio and

was conducted for angles of attack of 10, 14, and 18 degrees. The instantaneous and

phase-averaged flowfields, changes in aerodynamic load over time, and the position of the

separation point were all examined in order to explore the computational findings. Based

on the optimization, the synthetic jet performed best at post-stall angles of attack, greatly

improving the L/D ratio and postponing the separation of separated flows. The greatest

value in the design space at all angles of attack was consistently observed to be the optimal

synthetic jet velocity. The position of the separation point and the optimal synthetic jet

location was shown to move across the leading edge as the angle of attack increased, and

the optimal synthetic jet angle was seen to increase as the angle of attack grew. The

optimal synthetic jet frequency was seen to be the least dominant variable for all angles

of attack because a lower jet frequency translates into a bigger jet slot size with a constant

jet power coefficient (a non-dimensional parameter that is a function of freestream density,

jet frequency, jet velocity, and jet length).

Based on Akcayoz’s study, Montazer et. al. [38] optimized synthetic jet actuator

parameters, such as jet frequency, jet length, jet velocity, and jet location, to control flow

around the NACA 0015 airfoil at two angles of attack: 13 degrees (i.e. the stall angle)

and 16 degrees (i.e. the post-stall angle). The objective of the study was to maximize
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the aerodynamic performance of the airfoil by solving the unsteady Reynolds-Averaged

Navier-Stokes equations at Re = 896,000. The response surface methodology and flow solver

were combined to maximize the jet performance and to enhance the airfoil’s aerodynamic

properties. The stall was delayed, and the aerodynamic performance (lift-to-drag ratio) was

enhanced by 29%. Lift-to-drag ratio experienced a 66% improvement in the post-stall region

as a result of the reattachment of the recirculation zone on the airfoil’s suction side. It was

found that as the angle of attack increased, the ideal length of the synthetic jet became

shorter. As the synthetic jet actuator was utilized, the separation point went closer to

the tailing edge on the upper surface. Between angles of attack of 13 and 16 degrees, it was

discovered that the ideal actuation jet frequency and jet outlet velocity were decreasing. The

synthetic jet was shown to be the most efficient at post-stall angles of attack, considerably

improving the lift-to-drag ratio and delaying flow separation.

Furthermore, Parthasarathy et. al. [39] also performed flow control enhancement over

NACA 0015 airfoil at Re = 896,000 for an angle of attack of 20 degrees. The jet location

and the jet width were fixed while the jet frequency, velocity, and angle were varied. The

results showed that the operating frequency becomes more irrelevant for lift enhancement

at greater amplitudes and smaller angles. For optimal properties, the frequency must be

kept to a minimum for lower angles and smaller amplitudes. At lower angles of injection,

the lift values appear to be only minimally sensitive to the frequency of operation. But it’s

fascinating to see that when the angle widens, the graph’s concavity shifts from practically

zero to concave upward.
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Chapter 2: Numerical Method

2.1 Flow Solver

The numerical simulation of the flow control over the airfoil is performed by a commercial

CFD solver, Ansys Fluent. The solver uses CFD to model fluid flow, heat and mass transfer,

chemical reactions, and other related phenomena. The CFD process is streamlined from pre-

to post-processing in a single graphic user interface (GUI). Fluent is renowned for its broad

physics modeling features, which include fluid-structure interaction, combustion, single- and

multiphase flows, and turbulence modeling. It is particularly well-known for its ability to

scale effectively on high-performance computing (HPC) systems, enabling it to solve large

models by making use of many processors. Additionally, Fluent offers a variety of solver

options, such as pressure- and density-based solvers that cover low-speed to hypersonic flows

as well as a pressure-based native GPU solver.

Since the jet is being modeled as synthetic, a pressure-based transient solver is used to

examine the airflow. Fluent solves the conservation of mass and momentum equations for all

flows, an energy equation for flows involving heat transfer and compressibility, and a species

conservation equation for flow involving species mixing or reactions. If the flow is turbulent,

additional transport equations are modeled. However, for this study, only the conversation

of mass and momentum equations are considered along with an eddy viscosity model based

on the Spalart-Allmaras turbulence model. The formulation for the conservation equations

and the turbulence model can be seen in section 2.2 and 2.3, respectively.

In our simulations, the material properties were kept as solver defaults. The fluid

was taken to be air with a density of 1.225 kg/m3 and a viscosity of 1.7894E-05 kg/m-s.

SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) method was

used for pressure-velocity coupling. In this method, the pressure-correction under-relaxation

factor can be applied to improve convergence, but for this study, it was kept at a default
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value of 1.0. Next, the Least Squares Cell-Based gradient was applied. The gradients are

necessary for computing secondary diffusion terms and velocity derivatives. The least-squares

method is first-order accurate and is also consistent, meaning that, regardless of the type of

elements, the gradient of a linear function is computed to round-off error. Additionally, the

computational costs are comparable to the Green-Gauss approach.

Lastly, the solution was obtained using a second-order method. In Fluent, the face values

are required for convection terms and must be interpolated from the cell center values which

are calculated using an upwind scheme. The upwind refers to the face value that is computed

based on the values of the upstream cells in the direction of the fluid flow. For momentum

and turbulent viscosity, the second-order upwind scheme was selected. Using this approach,

the second-order accuracy in the cell faces is achieved through the Taylor series expansion

of the cell-centered solution. For time discretization, the second-order implicit method was

selected.

2.2 Governing Equations

As stated above, Fluent solves conservation equations for mass and momentum. Here, the

incompressible conservation equations [40] are presented in an inertial reference frame.

The incompressible continuity equation can be written in differential form as:

∇ · u⃗ = 0 (2.1)

where u⃗ is the fluid velocity vector. For incompressible flows, density is constant, so all

derivatives of the density are zero.

The incompressible conservation of momentum equation can be written in differential

form as :

ρ

[
u⃗

∂t
+∇ · (u⃗u⃗)

]
= −∇p+∇ ·

(
⃗⃗τ
)
+ ρg⃗ (2.2)
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where the term on the left-hand side is density times rate of change of velocity. On the

right-hand side, the first term is the net pressure force, the second term is the total shear

force, and the third term is for gravitational forces.

The stress tensor is given by

⃗⃗τ = µ

[(
∇u⃗+∇u⃗T

)
− 2

3
∇ · u⃗I

]
(2.3)

where the second term on the right-hand side is volume dilation and I is unit tensor.

2.3 Turbulence Model

Ansys Fluent offers a variety of turbulence models users can choose from. For this study, the

one-equation Spalart-Allmaras model was employed. The Spalart-Allmaras model, which

utilizes a transport equation and solves for eddy viscosity variable ν̃, was formulated using

a Galilean invariant, dimensional analysis, and selected empirical results, which used wakes,

flat-plate boundary layers, and 2D mixing layers [41]. Compared to two-equation models,

the Spalart-Allmaras model shows good convergence in simpler aerodynamic flows. The

Spalart-Allmaras model is relatively computationally efficient compared to some of the other

turbulence models. However, this model is best suited for external aerodynamics and may

be inaccurate for certain types of flows or under certain conditions.

The Spalart-Allmaras turbulence model [42] can be written in differential form as:

∂ν̃

∂t
+

∂

∂xj

(ν̃uj) =Cb1S̃ν̃

+
1

σ

{
∂

∂xj

[
(µL + ν̃)

∂ν̃

∂xj

]
+ Cb2

∂ν̃

∂xj

∂ν̃

∂xj

}
− Cw1fw

(
ν̃

d

)2

(2.4)

where the turbulent eddy viscosity is computed from:
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µT = fv1ν̃ (2.5)

On the right-hand side of Eq. 2.4, the first term represents the turbulent eddy viscosity

production, the second term represents the diffusion, and the third term represents the near-

wall turbulence destruction. The subscript b stands for “basic,” w stands for “wall,” and v

stands for “viscous.”

The following formulas are used in the evolution of the production term:

S̃ = fv3S +
ν̃

κ2d2
fv2,

fv1 =
χ3

χ3 + C3
v1

, fv2 = 1− χ

1 + χfv1
,

χ =
ν̃

µL

(2.6)

where S is the magnitude of the vorticity:

S =
√

2ΩijΩij (2.7)

and Ωij is the mean rotation rate tensor which is defined by

Ωij =
1

2

(
∂ui

∂xj

− ∂uj

∂xj

)
(2.8)

The destruction of the eddy viscosity term is evaluated using the following equations:

fw = g

(
1 + C6

w3

g6 + C6
w3

)1/6

,

g = r + Cw2(r
6 − r), r =

ν̃

S̃κ2d2

(2.9)

Finally, the constants in Eqs. 2.4-2.9 have the following values:
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Cb1 = 0.1335, Cb2 = 0.622,

Cv1 = 7.1, σ = 2/3, κ = 0.4187,

Cw1 =
Cb1

κ2
+

1 + Cb2

σ
, Cw2 = 0.3, Cw3 = 2.0

(2.10)

2.4 Grid Generation

In this study, a structured, C-type grid was utilized to analyze the flow around the airfoil.

The grid was generated using the commercial software, Pointwise. In contrast to a single

extrusion, this C-grid was generated using three H-grids. The process for creating the

grid was as follows. First, the NACA 0015 profile was created using the NACA airfoil

generator. [43] Then, a fixed number of points were selected for the upper and lower side of

the airfoil. The same number of points were also selected for the downstream, upper, and

lower boundaries. The points on the upstream boundary corresponded to the points on the

airfoil. The wall spacing was kept uniform with a value of 1.0E-5 to ensure a y+ value of

less than 1.0.

For this study, three different meshes were examined with the following dimensions:

401x101, 801x201, and 1201x301. For all of these meshes, the grid extended from -10 chords

upstream to 15 chords downstream, and the upper and lower boundary extended 10 chords

from the airfoil. Upon completing the grid convergence study, see 4.1, the middle mesh,

801x201, was chosen which comprised 360,599 nodes.

There were two different sections of the airfoil which contained clustered regions: at

10%C and at 43%C. This was to ensure proper data was collected in the synthetic jet region.

Even with the clustered region, the dimensions were kept to 801x201 for the experiment grid.

The domain can be seen in Figures 2.1 and 2.2.
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Figure 2.1: Computational Domain

Figure 2.2: Mesh Around the Airfoil

20



2.5 Boundary Conditions

In Fluent, users can select up to 10 different types of boundary conditions. In this study, only

three types of boundary conditions were used: velocity inlet, pressure outlet, and viscous

wall, as shown in Figure 2.3.

Velocity inlet boundary condition was used to define the flow velocity at the far-field.

Here, the flow direction was implemented in terms of components, so that the airfoil angle

of attack can be accounted for. The inlet velocity components can be seen below.

X − Component : u = U∞ ∗ cos(α)

Y − Component : v = U∞ ∗ sin(α)
(2.11)

where U∞, 13.0889 m/s, is calculated based on the Reynolds number of 896,000 using the

following definition

Re =
ρU∞C

µ
. (2.12)

All other properties displayed in the velocity inlet dialog box were kept as defaults besides

the turbulent viscosity ratio. The turbulent viscosity ratio, µt/µ, is defined as the ratio of

the turbulent viscosity and laminar viscosity. The turbulent viscosity is calculated by the

turbulence model and the lane viscosity is calculated from the material panel. In this study,

the turbulent viscosity ratio was set to 1.0.

Pressure outlet boundary condition was used at the exit. When backflow occurs during

iteration, using a pressure outlet boundary condition rather than an outflow condition often

leads to a faster rate of convergence. Similar to the velocity inlet conditions, all the properties

were kept at their default values.
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Figure 2.3: Boundary Conditions
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Lastly, the wall boundary condition was used for the airfoil. Since the flow is viscous, the

no-slip boundary condition was enforced at the wall by default. When the jet was enabled,

a velocity inlet boundary condition was used. The details of the synthetic jet can be seen in

the following section.

2.6 Modeling of Synthetic Jet

Unlike the airfoil boundary, which acts as a no-slip wall, the synthetic jet boundary introduces

flow into the field. Figure 2.4 depicts the synthetic jet implementation on the airfoil. In

Fluent, the jet boundary is modeled as a “velocity inlet” and the “Components” method

is selected for velocity vectors. This method gives the user an option to input the x- and

y-components. The definition of the jet velocity components are given in Eqn. 2.13.

X − Component : u = 0.5 ∗ U∞ ∗ A ∗ cos(θ + β) ∗ sin(2πFt)

Y − Component : v = 0.5 ∗ U∞ ∗ A ∗ sin(θ + β) ∗ sin(2πFt)

(2.13)

In the equations above, A is the ratio of jet velocity to the freestream velocity, θ is the

angle between the local jet surface and the jet entrance velocity, β is the angle between the

freestream velocity direction and the local jet surface, F is the jet frequency, and t is the

physical time. The sine function controls the oscillatory motion of the synthetic jet based

on frequency and physical time.

In Figure 2.5, the jet profile is depicted as a sinusoidal function. However, in this study,

the parabolic profile was not implemented. Rather, a rectangular profile, or a “top hat”

distribution (as shown in Figure 2.6), was implemented. To ensure the same amount of flow

is injected, the area of the sinusoidal function was calculated which came out to a value of

0.5. As a result, the jet velocity is reduced by a factor of 0.5.
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Figure 2.4: Synthetic Jet Representation
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Figure 2.5: Sinusoidal Synthetic Jet

Figure 2.6: Rectangular Jet
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Many studies have been conducted regarding the length of the jet. Dannenberg

and Weiberg [44] examined different jet lengths and found that the lift will not change

significantly for suction cases if the length is beyond 2.5% chord length. So, for this study,

the length of the jet was selected to be 0.2608% of the chord length. This value is calculated

from Akcayoz [37] who performed an optimization study using a constant jet power coefficient

which is a function of freestream density, jet velocity, jet length, and jet frequency. It

is important to note that in this study, different jet amplitudes and jet frequencies were

examined, however, the jet length remained constant.
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Chapter 3: Thesis Significance

As aircraft evolve, the advantages of flow control have grown in significance. A relatively new

application in the commercial aircraft industry proposes a system in which the circulation

pattern of a wing is actively regulated by a grid of small oscillating jets with blowing and

suction at varying magnitudes and frequencies to reduce the upper surface normal shock

wave, hence lowering drag [29]. The demand for a technique of control with permanent

surfaces has increased with the development of stealth. Additionally, in order to save on

fuel, economic interests have called for further weight reduction. The desire for higher lift-

to-drag ratios is a result of this demand [34]. Hence, the main objective of this thesis is to

investigate which set of parameters for the synthetic jet produces optimal results.

As mentioned before, the Fluent solver was compared with the optimized study conducted

by Akcayoz. In that study, the jet velocity was fixed, and the jet frequency, jet angle, and

jet location were “optimized”. For this study, the optimized jet angle and jet location from

Akcayoz have been fixed, and different jet velocities and different jet frequencies have been

analyzed. The objective of this study is to determine which set of jet velocities and jet

frequency produces the maximum lift-to-drag ratio.

Two cases are examined with different angles of attack for a Re = 896,000. For case 1,

the angle of attack is 10 degrees, and for case 2, the angle of attack is 14 degrees. For both,

the examined jet amplitudes were 2.0, 2.5, 3.0, 3.5, and 4.0, and the jet frequencies were

0.4, 0.8, and 1.2 Hz. Based on the frequency, the time step size was calculated using the

following equations:

T =
1

F
(3.1)

dt =
T

100
(3.2)
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to ensure that 100-time steps were taken at each period. The time step sizes were determined

to be 0.1571 s, 0.0785, and 0.0524 s for 0.4, 0.8, and 1.2 Hz, respectively. For case 1, the jet

location and angle were fixed at 10%C and 28.5 degrees, respectively. The jet location for

case 2 was 43%C with a jet angle of 42.5 degrees.

The hypothesis here is that as the jet velocity increases, the lift-to-drag ratio will increase.

During many validation cases, it was observed that increasing the amplitude positively

impacts the lift-to-drag, and that same reasoning is used for this hypothesis. Looking

at Akcayoz’s optimization steps, it was seen that with higher frequency, the lift-to-drag

ratios increased. Thus, the same hypothesis can be made regarding the frequency; as the

frequency increases, the lift-to-drag ratio will increase. Nonetheless, it is important to note

that Akcayoz experimented with almost four times the optimal frequency, and did not see

the ratio increase significantly. For this study, the frequency was slightly changed, so it may

not have as much impact as velocity might have.
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Chapter 4: Results and Discussions

4.1 Grid Convergence

In this section, a grid convergence study is performed. First, the pressure distribution with

lift and drag coefficients obtained from various grid sizes are shown. Then, the comparison

of different turbulence models is performed. For both of these cases, the flow is computed

at α = 14 degrees without the synthetic jet. Additionally, since the synthetic jet boundary

is not used, all of these cases are run as steady instead of transient.

As mentioned before, three different types of meshes were generated: 401x101, 801x201,

and 1201x301. Table 4.1 shows the lift and drag coefficients for different grid resolutions.

As one can see, the lift slightly increased as the grid resolution was increased, and for drag,

there was a minimal change with respect to the resolution. The pressure coefficient is plotted

in Figure 4.1. All of the simulations agreed well with one another. As a result, the medium

mesh was chosen for this study.

Next, two different turbulence models were compared, Spallart-Allmaras and k − ω SST

(shear stress transport). This SST model of Menter [45, 46] is a combination of the k-ω

model of Wilcox [47] and a high Reynolds number k- ϵ model. This model provides an

accurate prediction of flows with strong adverse pressure gradients and of pressure-induced

boundary layer separation. The k−ω SST model solves two transport equations, one for the

turbulent kinetic energy (k) and the one for the specific dissipation rate (ω). Considering

that the k − ω SST model needs to solve two equations, it can be computationally costly

compared to Spalart-Allmaras, a one-equation model. Furthermore, the SST model produces

a slightly lower lift-to-drag ratio compared to Spalart-Allmaras. This can be seen from the

pressure coefficient plot, Figure 4.2, and the force coefficient data, Table 4.2. Due to this

computational advantage, the Spalart-Allmaras turbulence model was used for this study.
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Table 4.1: Grid Properties with Lift and Drag Coefficients

Grid Size # of points around the airfoil Total Nodes CL CD

401x101 401 40,199 1.3257 0.0305

801x201 801 160,399 1.3349 0.0295

1201x301 1201 360,599 1.3385 0.0295
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Grid A: 401x101

Grid B: 801x201

Grid C: 1201x301

Figure 4.1: Grid Independence Study of the Grids
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Table 4.2: Lift and Drag Coefficients for Different Turbulence Models

Turbulence Model CL CD L/D

Spalart-Allmaras 1.3349 0.0295 45.22

k − ω SST 1.2503 0.0311 40.16
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Figure 4.2: Surface Pressure Distribution of Two Turbulence Models
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Lastly, the effects of different inlet velocities are compared. Since the inlet velocities

were varied, this would also change the Reynolds number. As a result, the viscosity was

also varied by the same factor to ensure the Reynolds number does not change. There were

two different velocities that were examined besides the base velocity used for this study,

13.0889 m/s. One was half the base velocity, 6.5440 m/s, and the other was double the

base velocity, 26.1778 m/s. Table 4.3 shows the force coefficients for different inlet velocities

and Figure 4.3 shows the pressure coefficient plot at the three examined velocities. Looking

at the pressure coefficient plot, the data for all the inlet velocities were well in agreement

with each other. This can be further seen by the little to no discrepancies between the lift

and drag coefficients. The lift force changed a little for the base velocity, but different inlet

velocities had no impact on the aerodynamic drag. Hence, it can be seen the inlet velocity

does not influence the aerodynamic forces as long as the Reynolds number is the same.

4.2 Verification

In this section, the grid and flow solver verifications are performed by comparing the current

data to previously published literature. First, Fluent’s steady-state results without any jet

at α = 14 degrees are compared to the results from the in-house External Flow Solver and

XFOIL. Then, Fluent’s results are compared to the experimental data from Sheldahl et.

al. [48]. Next, a sweep study is performed from 12 to 17 degrees with and without steady

injection, and the results are compared to Goodarzi et. al. [34]. Lastly, the results using

synthetic jet are compared to the results from Akcayoz [37].

Verification and validation are very essential in CFD simulations. The verification eval-

uation assesses if the conceptual model’s computational and programming implementation

is accurate and checks for mistakes in computer code. The computer simulation’s validity is

evaluated to see if it agrees with physical reality. It investigates the science in the models

by contrasting them with the findings of experiments. Here the validity of the Fluent was

checked with the data from other solvers: External Flow solver and XFOIL. External Flow
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Table 4.3: Lift and Drag Coefficients for Different Inlet Velocities

Inlet Velocity (m/s) CL CD L/D

6.5440 1.3347 0.0295 45.18

13.0889 1.3349 0.0295 45.22

26.1778 1.3347 0.0295 45.18

Figure 4.3: Surface Pressure Distribution for Different Inlet Velocities
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Solver, originally modeled for 2D flow through a turbine cascade, uses the Navier-Stokes

equation to solve both steady and unsteady compressible flows. Since it is a compressible

solver, inlet velocity cannot be specified; instead, a Mach number of 0.1 was used to calculate

the pressure and force coefficients using a 513x513 O-grid. On the other hand, XFOIL [49] is

a computer program used for designing and analyzing subsonic airfoils for both inviscid and

viscous cases. It utilizes the eN method to calculate the lift and drag coefficients for given

Reynolds and Mach numbers. The Mach number is again set to 0.1, and Re = 896,000.

For solver validation, the pressure coefficient plots were compared using all three solvers

along with the lift and drag coefficients. Looking at Figure 4.4, the pressure coefficients are

well in agreement with one another. Furthermore, the agreement can be seen by the lift

coefficient in Table 4.4 where they are very close to each other. The drag coefficient shows

more difference. There may be several reasons for this difference. First, the grid dimensions

are different. Second, the difference could be due to viscous effects as each solver uses a

slightly different viscous model. Third, the inlet conditions varied from solvers where for

Fluent, freestream velocity was prescribed and for External Flow Solver and XFOIL, the

Mach numbers were input. Other than these differences, the Fluent solver produced similar

results compared to other solvers.

Additionally, the results of the Fluent solver were compared to the experimental results

of Sheldahl et. al. Here, the flow is compared for a Reynolds number of 680,000, and as a

result, the inlet velocity was 9.9330 m/s. Figures 4.5 and 4.6 show lift and drag coefficients

over various angles of attack for the NACA 0015 airfoil. For the lift coefficient, the trend

was similar, however, the stall angle (the angle at which the lift starts decreasing) for the

experimental study was 14 degrees, and for the present study, it was after 16 degrees. The

drag coefficient, on the other hand, contained a higher discrepancy, but the trend was similar:

as the angle of attack increased, the drag increased as well. The disagreement in the results

could be due to the reasons provided before. The turbulence model was different in each

study. For the numerical analysis, Spalart-Allmaras was used while for the experimental
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Table 4.4: Lift and Drag Coefficients for Different Flow Solvers

Turbulence Model CL CD L/D

Ansys Fluent 1.3349 0.0295 45.22

External Flow Solver 1.3208 0.0271 48.74

XFOIL 1.3373 0.0247 54.14
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Figure 4.4: Comparison of Fluent, External Flow Solver, and XFOIL
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Figure 4.5: Lift Coefficient Comparison for Re = 680,000
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Figure 4.6: Drag Coefficient Comparison for Re = 680,000
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study, the data was corrected with a wind-turbulence factor. Overall, the trends were in

good accordance with each other.

Next, current data were compared to those previously published in the literature. The

validation was performed for a NACA 0015 airfoil without injection to ensure that the flow

solver was producing accurate results. First, the current data was compared to Goodarzi

et al., who investigated injection on NACA 0015 from an angle of attack of 12 degrees to

17 degrees at Re = 455,000 using Fluent. The sweep study from 12 to 17 degrees was also

compared to the XFOIL data. For this case, the inlet velocity was set to 6.6467 m/s, and

both the first-order and second-order upwind methods were used along with the SIMPLE-

Consistent method in Fluent.

Figure 4.7 shows the lift and drag coefficients from 12 to 17 degrees from the literature,

XFOIL, and Fluent calculations. The maximum lift coefficient defines the angle at which the

airfoil will stall. By looking at Figure 4.7a, the stall for Goodarzi et al. and the experiment

using the second-order method happens at 14 degrees. This is in contrast to the XFOIL

and first-order data where the stall happens at 16 degrees. Looking at the drag coefficients,

for all cases, the drag increases as the angle of attack increases. As the angle increases,

the frontal area exposed to the free stream air increases along with the boundary layer

thickness. Eventually, at higher angles of attack, the boundary layer will separate from the

surface, leading to an increase in pressure drag, and thus, the drag coefficient. Overall,

the numerical data were in acceptable agreement with the literature data and XFOIL data.

The first-order method closely resembled Goodarzi et al. while the second-order method

resembled XFOIL data.

Now that the baseline (with no injection) cases were in agreement with Goodarzi et

al., cases with injection were compared using both first-order and second-order methods for

an amplitude of 2.0 at 10%C, 30%C, and 50%C. The results can be seen in Figures 4.8-

4.10. Similar to the cases without injection boundary, the first-order results were in better

agreement with Goodarzi et al. than the second-order results. For the 10%C case, the
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(a) Lift Coefficient (b) Drag Coefficient

Figure 4.7: Lift and Drag Coefficient Comparison at Re = 455,000

(a) Lift Coefficient (b) Drag Coefficient

Figure 4.8: Lift and Drag Coefficient Comparison at Jet Location of 10%C
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(a) Lift Coefficient (b) Drag Coefficient

Figure 4.9: Lift and Drag Coefficient Comparison at Jet Location of 30%C

(a) Lift Coefficient (b) Drag Coefficient

Figure 4.10: Lift and Drag Coefficient Comparison at Jet Location of 50%C
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injection trend for the lift coefficient was similar, however, the first-order method undershot

the literature data and the second-order method overshot it. On the other hand, the drag

coefficients for the first-order method were in better agreement with Goodarzi et al. data. For

the 30%C case, the trends were the same for both methods, but this time, the lift coefficients

for the first-order method were in strong conformity with Goodarzi et al. Again the drag

coefficient matched well using the first-order method. This case produced the highest lift-

to-drag ratios compared to the other two jet locations. The 50%C case had the largest

discrepancy between the current data and literature data for both lift and drag coefficients.

Moreover, additional cases were also examined to confirm the validation of the Ansys

Fluent solver. Contrary to the previous cases, this case examined the data from Akcayoz,

who optimized the synthetic jet location, angle, and frequency on NACA 0015 airfoil at Re

= 896,000. Akcayoz optimized for an angle of attack of 10
◦
, 14

◦
, and 18

◦
using parabolic

jet velocity profile, as shown in Figure 2.5, which fluctuated based on the input frequency.

For this case, only the 14
◦
angle case with a jet amplitude, frequency, angle, and location

of 3.0, 0.8 Hz, 42.5
◦
, and 43%C, respectively, was compared. In Fluent, time accurate

solver was selected with dt of 0.0785 seconds to capture at least 100-time steps for each

period. The inlet velocity was set to 13.08891 m/s, and the second-order upwind method

was used for momentum and turbulent viscosity and the second-order implicit method of

transient formulation. The solver was run until the periodic behavior was achieved for the

lift and drag coefficients. The time average of those values was compared to the baseline

coefficients and then to Akcayoz data as seen in Table 4.5. Compared to the baseline case,

the present study showed positive results for the synthetic jet cases, i.e. the lift-to-drag ratio

increased. Now comparing the present study results to Akcayoz, the lift-to-drag ratio of

the present study did not increase as much as Akcayoz. There may be a couple of reasons

for this discrepancy: (1) Akcayoz used an in-house developed Navier-Stokes solver and for

the present study, the commercial software Fluent was used; and (2) as mentioned above,
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Table 4.5: Baseline and Injection Comparison to Akcayoz

Akcayoz Present

CL CD L/D CL CD L/D

No Jet 1.2700 0.0310 41.10 1.3347 0.0295 45.18

With Jet 1.3400 0.0280 48.50 1.3413 0.0293 45.74

Change (%) 5.80 -10.30 17.90 0.49 -0.74 1.23
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Akcayoz used a parabolic jet profile, but for the present study, the parabolic was not used

instead a rectangular profile was implemented.

4.3 Synthetic Jet Parameter Study

In the section, the results from the present study are shown. Two cases with different

angles of attack, 10 and 14 degrees, were examined at Re = 896,000. For both cases, some

parameters, such as jet location, jet angle, and jet width, were fixed while other parameters,

like jet amplitude and jet frequency, were varied. For both cases, the examined jet amplitudes

were 2.0, 2.5, 3.0, 3.5, and 4.0, and the jet frequencies were 0.4, 0.8, and 1.2 Hz. The fixed

parameters can be seen in Table 4.6.

4.3.1 Case 1: α = 10◦

The results are first presented for an angle of attack of 10 degrees which is the pre-stall

angle on the NACA 0015 airfoil. In Figure 4.11, one can see how the jet amplitude and

jet frequency affected the aerodynamics coefficients. The effect of the jet amplitude can

be clearly seen from the plot. As the amplitude increased, the coefficient of lift increased

and the drag coefficient decreased which ultimately increased the lift-to-drag ratio. The jet

frequency, however, did not significantly impact the aerodynamic coefficients. Even so, for

most cases, the coefficients did not change much as frequency changed. The frequency of 0.8

Hz turned out to be ”optimal” since it produced slightly better results compared to other

frequencies.

For all the amplitudes, besides 4.0, the lift-to-drag ratio was lower than the baseline

(no jet) case. Thus, for the α = 10◦, the optimal amplitude was 4.0. Figures 4.12-4.14

show the lift and drag coefficients over time for an amplitude of 4.0 and various frequencies.

The synthetic jet causes periodic oscillations in lift and drag coefficients. As one can see,

the oscillations are not smooth for lower frequencies which is due to the time step selected
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Table 4.6: Fixed Parameters for Present Study

Case # α(◦) xjet (%C) θjet(
◦) Ljet (%C)

Case 1 10 10 28.5 0.2608

Case 2 14 43 42.5 0.2608
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Figure 4.11: Aerodynamic Coefficients at α = 10◦
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Figure 4.12: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.4 Hz and A = 4.0
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Figure 4.13: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.8 Hz and A = 4.0
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Figure 4.14: Aerodynamic Coefficients at α = 10◦ for Fjet = 1.2 Hz and A = 4.0
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for the particular case. As mentioned before, the time step was calculated based on the

frequency, and as the frequency increased, the time step decreased. For consistency, the

data was obtained for 100-time steps between each period, and if a lower time step was used,

more accurate results can be attained. Here, only the results from the A = 4.0 is presented;

plots for other amplitudes and frequencies can be seen in the appendix at the end of the

document.

Figure 4.15 shows the velocity contours and streamlines for A = 4.0 and Fjet = 0.8 for

one period. The cycle starts with suction, then changes to injection, and returns back to

suction. The arrows at the synthetic jet represent the direction of the jet, and the size of

the vector represents the magnitude of the jet velocity, i.e. the bigger the vector, the higher

the velocity, and vice versa. Figures 4.16 and 4.17 the flow near the leading edge where the

synthetic jet is applied. When suction happens, one can see the streamlines are detached

just before the jet location, but afterward, the flow is reattached. For the injection case,

at t = 12.87 s, the flow is detached post-jet slot, and this was the moment where the lift

coefficient was lower and the drag coefficient was higher.

Moreover, one can find out where the separation happens by observing the wall shear

stress. The location of the separation happens when the skin friction coefficient is zero.

Looking at Figure 4.18, which shows the skin friction coefficient on the suction of the airfoil,

the separation for flow without jet happens at 95.45% of the chord length. When injection

occurs, the separation is advanced to 94.82%. However, with suction, the flow separation at

the exact same location, 96.26%, as the flow without a jet.

Overall, the synthetic jet did not improve the performance much for an angle of attack

of 10 degrees. This was seen by a slight improvement in the lift-to-drag ratio for the highest

amplitude and a frequency of 0.8 Hz. When air was injected, the results showed a negative

effect on the aerodynamic coefficients. Nonetheless, the opposite effect was seen when suction

was applied to the jet, but even suction did not delay the separation point. More on how

steady injection and suction affect the flow will be seen later. There are several reasons why
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(a) t = 12.25 s (b) t = 12.40 s

(c) t = 12.56 s (d) t = 12.72 s

(e) t = 12.87 s (f) t = 13.03 s

Figure 4.15: Velocity Contours at α = 10◦
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(g) t = 13.19 s (h) t = 13.35 s

Figure 4.15: continued

Figure 4.16: Leading Edge at t = 12.25 s for α = 10◦, Fjet = 0.8 Hz, and A = 4.0
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Figure 4.17: Leading Edge at t = 12.87 s for α = 10◦, Fjet = 0.8 Hz, and A = 4.0
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Figure 4.18: With and Without Jet Skin Friction Coefficient at α = 10◦
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the synthetic jet was not optimal for this case: (1) the jet amplitude and frequency were

low for this case, and maybe with higher amplitude and/or frequency, the results could be

improved; (2) the jet angle and location were not were optimal for the set of amplitudes and

frequencies tested, and higher aerodynamics coefficients could be achieved by varying these

parameters; and (3) a rectangular profile was selected, but a parabolic profile would have

been an ideal choice considering that it does not apply jet spontaneously, instead it slowly

ramps up and slowly ramps down at the edges of the slots.

4.3.2 Case 2: α = 14◦

Compared to Case 1, the 14-degree angle of attack case produced better results shown by

the aerodynamic coefficients in Figure 4.19. Looking at the impact of frequency, the lowest

frequency produced a higher lift but also produced a higher drag compared to the other two

frequencies. It was predicted that a higher frequency will produce higher lift-to-drag ratios,

but in fact, the ratio was similar for all frequencies. The frequency of 0.8 Hz performed

slightly better as it increased the L/D ratio by 5.39% compared to the baseline ratio while

the frequencies of 0.4 Hz and 1.2 Hz increased the ratio by 5.36% and 5.38%, respectively.

The impact of jet amplitude was as expected: increasing the amplitude positively impacted

the lift-to-drag ratio.

The lift and drag coefficients over time are shown in Figures 4.20-4.22 for the three

frequencies at A = 4.0. The plots for other amplitudes and frequencies are provided in the

Appendix. Again, the oscillations are not smooth as expected which could be due to a large

time step. Another reason may be that 14 degree is a stall angle of attack. This can be seen

by the velocity contours, Figure 4.23, for an amplitude of 4.0 at 0.8 Hz. Even though there

is some reverse flow at each time level, the flow is more separated when the jet is injecting

air compared to when suction happens.

A closer look at the flow near the trailing edge confirms this statement (Figure 4.24).

At 12.25 seconds suction is applied, and looking at the velocity streamlines, the flow is
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Figure 4.19: Aerodynamic Coefficients at α = 14◦
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Figure 4.20: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.4 Hz and A = 4.0
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Figure 4.21: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.8 Hz and A = 4.0
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Figure 4.22: Aerodynamic Coefficients at α = 14◦ for Fjet = 1.2 Hz and A = 4.0
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(a) t = 12.25 s (b) t = 12.40 s

(c) t = 12.56 s (d) t = 12.72 s

(e) t = 12.87 s (f) t = 13.03 s

Figure 4.23: Velocity Contours at α = 14◦
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(g) t = 13.19 s (h) t = 13.35 s

Figure 4.23: continued

Figure 4.24: Leading Edge at t = 12.25 s for α = 14◦, Fjet = 0.8 Hz, and A = 4.0
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reattached to the airfoil past the jet location. On the other hand, when the injection is

applied at t = 12.87 seconds (Figure 4.25), a separation bubble can be seen at the trailing

edge meaning an increase in the drag force.

Additionally, the separation location can be identified from the skin friction coefficient

plot shown in Figure 4.26. The separation point for the flow without jet is located at 80.42%

of the chord, but when suction happens, the separation point is moved to 89.72%. With

the injection, the opposite occurs as the location is advanced to 79.30%. Since these two

instances were the two extremes of the synthetic jet the average of the two locations would be

the separation point of the synthetic jet. This would still be higher than 80.44% indicating

that the synthetic jet will delay the flow separation.

In general, this case produced better results than Case #1. Similar to the 10-degree case,

the change in frequency did not have a significant impact on the aerodynamic coefficients,

and higher amplitude correlated with higher lift-to-drag ratios. Again, when suction was in

play, the flow remained attached, and during injection, the flow separated. Since this case

looked at a higher angle of attack, a small vortex was observed near the trailing edge, and in

some instances, the vortex seemed to be “washed” away through the use of a synthetic jet.

4.4 Steady Jet Study

In the previous section, the effects of the synthetic jet on the NACA 0015 airfoil are presented

where various amplitudes and frequencies were observed. Here, the steady injection and

suction jet have been examined at A = 4.0 for the same angles of attack: 10◦ and 14◦. The

purpose of this study is to see if steady jets outperform synthetic jet or not. Since these

are steady jets, the frequency would be zero, hence, a steady solver is utilized instead of the

transient solver.
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Figure 4.25: Leading Edge at t = 12.87 s for α = 14◦, Fjet = 0.8 Hz, and A = 4.0
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Figure 4.26: With and Without Jet Skin Friction Coefficient at α = 14◦
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4.4.1 Case #1: α = 10◦

First, the steady jet was applied to the pre-stall angle of attack. Table 4.7 shows the

aerodynamic coefficients. Here, for the injection jet, the lift was lower and the drag was

higher compared to the baseline case, thus, the lift-to-drag ratio was also lower. For the

suction jet, the ratio increased by 53.91%; it was even significantly higher than what synthetic

jet produced. The reason for this is the flow reattaches to the airfoil surface after the jet

which does not cause losses due to vortex shedding. This is confirmed by the flowfield shown

in Figure 4.27.

The streamlines for the injection case show that there is a small vortex forming near the

trailing edge which may explain the increase in drag coefficient and decrease in lift coefficient.

However, for the suction jet, the vortex disappears, and the flow remains attached. The shear

stress, or the skin friction coefficient, on the airfoil, reflects this statement. From Figure 4.28,

one can see, for the baseline and injection jet, the skin friction coefficient is zero about the

same location, 95.45% and 95.08% of the chord length, but for suction, the skin friction

coefficient is zero at 99.00%. This means the flow remains attached for the majority of the

distance and only separates just before the trailing edge.

Once more, it was seen that suction performs better than injection for this certain set of

parameters. This is in agreement with previously published literature [24, 29] where using

suction produced higher lift-to-drag ratios than injection cases. Also, the results of both

synthetic jet and steady jet show that 10 degrees may not improve the lift-to-drag ratio

much unless the amplitude is quite large. On the other hand, the injection jet has shown

that it responds better to smaller amplitudes [26]. So, for smaller angles of attack, a lower

amplitude maybe be optimal.
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Table 4.7: Aerodynamic Coefficients for Baseline and Steady Jet at α = 10◦

CL CD L/D

No Jet 1.0122 0.0194 52.12

Injection Jet 1.0165 0.0236 43.14

Suction Jet 1.0738 0.0134 80.22

(a) Injection Jet (b) Suction Jet

Figure 4.27: Velocity Contours of Steady Jet at α = 10◦
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Figure 4.28: Steady Jet Skin Friction Coefficient Comparison at α = 10◦
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4.4.2 Case #2: α = 14◦

The trends for this case are similar to the previous case. With the injection jet, the lift-to-

drag ratio, Table 4.8, decreased by 5.63% compared to the baseline case. One difference was

here the lift coefficient increased, but the drag coefficient increased as well. As seen before,

the suction jet resulted in a 42.40% increase in the lift-to-drag ratio.

Since 14 degrees is a stall angle, there may be some shedding at the trailing edge. When

the injection jet is applied, the vortex is still present as seen in Figure 4.29. With a suction

jet, the vortex is “washed” out. Something different from previous cases, the separation is

delayed with steady injection jet from 80.42% of the chord length to 88.38%, and to 94.91%

for suction jet as shown in Figure 4.30.

As seen with the synthetic jet, the selected set of amplitudes work better for the 14-degree

case than the pre-stall angle case. The reason for that could be that higher amplitudes are

preferable with suction and smaller amplitudes work well with injection jets as shown by

Liang et. al. [26]. With smaller amplitudes, a large vortex would not form as it did here

with the injection jet which would lead to both higher lift and reduction in drag.
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Table 4.8: Aerodynamic Coefficients for Baseline and Steady Jet at α = 14◦

CL CD L/D

No Jet 1.3347 0.0295 45.18

Injection Jet 1.3649 0.0320 42.64

Suction Jet 1.4832 0.0231 64.34

(a) Injection Jet (b) Suction Jet

Figure 4.29: Velocity Contours of Steady Jet at α = 14◦
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Figure 4.30: Steady Jet Skin Friction Coefficient Comparison at α = 14◦
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Chapter 5: Concluding Remarks

The active flow control over NACA 0015 has been studied with the use of synthetic jets. A

numerical approach was chosen to analyze the flow using the commercial CFD solver Ansys

Fluent. The study was performed for various jet amplitudes and jet frequencies, while the

jet location, jet angle, and jet width were fixed. Ultimately, we tried to determine which set

of parameters produces the maximum lift-to-drag ratio.

First, an appropriate grid size was determined by completing a grid convergence study

which showed that the mesh of size 801x201 was optimal for this study. Next, two

different turbulence models were examined, and Spalart-Allmaras was selected since it was

computationally cheaper as it only solves one equation. Then, Fluent solver was verified by

comparing the results to those from the in-house External Flow Solver and XFOIL which

showed the results were in good agreement with one another. Lastly, the implementation of

the steady jet and synthetic jet and its results were compared with the studies of Goodarzi

et. al. and Akcayoz. The trends were similar when the results were compared to those

studies.

There were two angles of attack that were examined: (1) the pre-stall angle of 10◦, and (2)

the stall angle of 14◦. In the first case, not much improvement was seen in the aerodynamic

coefficients when the frequency was varied, and only positive improvement was seen when

the jet amplitude was at the highest value of 4.0. A similar situation was seen in the second

case as frequency did not make a significant impact when lift-to-drag ratios were higher, this

was for jet amplitudes of 3 or higher, than the baseline results. In both cases, it was seen

that a jet amplitude and jet frequency of 3.0 and 0.8 Hz, respectively, were most optimal

for the selected parameters. Another significant impact of the synthetic jet that was noticed

was on average, the use of synthetic jet delayed the separation location for both cases.

Additionally, a study was conducted investigating the influence of steady injection and

suction jet for the two cases. In the 10 degree case, the injection jet performed substantially
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worse than the suction jet and did not even delay the flow from separating. Again for the 14

degrees case, the injection did not improve the lift-to-drag ratio like the suction jet did, but

it did delay the flow separation by 7.74% of the chord length. For both cases, given the jet

amplitude, location, angle, and width, the suction jet was most optimal more so than even

the synthetic jet.

For this study, several parameters were fixed, and only the jet amplitude and frequency

were varied. Here, it was seen that a jet amplitude of 4.0 produced the highest lift-to-drag

ratio, but amplitudes beyond 4.0 can produce even higher ratios. This can be the goal for

future studies to determine the maximum amplitude where the aerodynamic coefficients are

better than the baseline case. Since only two parameters were varied for this study, for future

studies, it would be beneficial to vary the other parameters as well to determine what the

“true” optimal parameters are.
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Figure 1: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.4 Hz and A = 2.0
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Figure 2: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.4 Hz and A = 2.5
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Figure 3: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.4 Hz and A = 3.0
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Figure 4: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.4 Hz and A = 3.5
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Figure 5: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.8 Hz and A = 2.0
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Figure 6: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.8 Hz and A = 2.5
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Figure 7: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.8 Hz and A = 3.0
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Figure 8: Aerodynamic Coefficients at α = 10◦ for Fjet = 0.8 Hz and A = 3.5
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Figure 9: Aerodynamic Coefficients at α = 10◦ for Fjet = 1.2 Hz and A = 2.0
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Figure 10: Aerodynamic Coefficients at α = 10◦ for Fjet = 1.2 Hz and A = 2.5
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Figure 11: Aerodynamic Coefficients at α = 10◦ for Fjet = 1.2 Hz and A = 3.0
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Figure 12: Aerodynamic Coefficients at α = 10◦ for Fjet = 1.2 Hz and A = 3.5
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Figure 13: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.4 Hz and A = 2.0
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Figure 14: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.4 Hz and A = 2.5
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Figure 15: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.4 Hz and A = 3.0
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Figure 16: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.4 Hz and A = 3.5
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Figure 17: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.8 Hz and A = 2.0
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Figure 18: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.8 Hz and A = 2.5

80



3 4 5 6 7 8 9 10 11

Time (sec)

1.25

1.3

1.35

1.4

1.45

1.5

1.55

C
L

With Jet C
L

With Jet Mean C
L
 = 1.3413

No Jet C
L
 = 1.3347

(a) Lift Coefficient

3 4 5 6 7 8 9 10 11

Time (sec)

0.027

0.0275

0.028

0.0285

0.029

0.0295

0.03

0.0305

0.031

0.0315

0.032

C
D

With Jet C
D

With Jet Mean C
D

 = 0.0293

No Jet C
D

 = 0.0295

(b) Drag Coefficient

Figure 19: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.8 Hz and A = 3.0
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Figure 20: Aerodynamic Coefficients at α = 14◦ for Fjet = 0.8 Hz and A = 3.5
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Figure 21: Aerodynamic Coefficients at α = 14◦ for Fjet = 1.2 Hz and A = 2.0
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Figure 22: Aerodynamic Coefficients at α = 14◦ for Fjet = 1.2 Hz and A = 2.5
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Figure 23: Aerodynamic Coefficients at α = 14◦ for Fjet = 1.2 Hz and A = 3.0
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Figure 24: Aerodynamic Coefficients at α = 14◦ for Fjet = 1.2 Hz and A = 3.5
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