
POLITECNICO DI MILANO
INDUSTRIAL ENGINEERING

MASTER DEGREE IN
AERONAUTICAL ENGINEERING

AERODYNAMIC STUDY OF PERFORMANCE OF ACTIVE
FLOW CONTROL IN PERIODIC FORCING CONDITION

INSTALLED ON A NACA 2412 AIRFOIL

Advisor :

Prof. Ing. Federico Piscaglia

Co-Advisor:

Prof. Ing. Josep Maria Bergadà

Candidate :
Raffaele Fiore
Mat. 898079

ACADEMIC YEAR 2019 - 2020



Abstract
In this thesis work will be studied the active flow control (AFC)

system on a NACA 2412 airfoil at a Reynolds number 30’000. The idea
is to apply the flow control in periodic forcing condition in order to
modify the lift and drag forces over the airfoil. Once fixed the angle
of attack (AoA), 5 different frequencies will be considered (multiple or
submultiples of main detach frequency of vortices) and 3 different angle of
outflow from the groove will be considered. The simulation are performed
in a two-dimensional case using the K-Omega SST turbulent model. The
goal is to identify which combination of these parameters is the best
one. The results give us back an increase of efficiency larger than 100%,
increasing the angle versus the normal to the surface and increasing the
frequency of AFC.
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Chapter 1

Introduction

Airplane are one of the most important means of transport in the mod-
ern world, it is usually used for civil, commercial and military purposes.
The first component at which someone thinks when imagine an aircraft
probably will be the wing. Airplanes are the only vehicle that uses the
wings for generating the lift (ailerons are used also for sport cars for
generate downforce).
What is the lift?
The lift is a force perpendicular to the direction of the oncoming wind di-
rection, that allows to the aircraft to get up from the ground (to counter
the gravity force). It is generated thanks to the air that flows over the
wing and, the difference of pressure between the higher and lower part
of the wing, generates a force on the surface. The drag force, instead
of the lift force, is parallel to the direction of flow. Lift and drag value
increases with the increase of angle of attack, that is the angle between
the chord of the wing and the flow direction.
One could think that thanks to the last assertion it is possible to in-
crease the angle of attack (AoA) more and more and increase the value
of lift and drag proportionally with the change of AoA, but in reality
the situation is a little bit different. When the angle of attack is in-
creased, increases the gradient of pressure that the flow have to win to
go from the leading edge to the trailing edge and the deceleration of flow
is proportional to the increase of this pressure gradient. The velocity of
flow may become equal to 0 (in separation point), after its deceleration,
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where it reaches the stall condition. Due to pressure gradient the flow
reverts its behavior and generates vortices on the upper surface that
reduces drastically the lift and drag forces.
In this thesis work will be studied the NACA 2412 profile with a Reynolds
number equal to 30000 and an angle of attack of 11 degrees. The final
purpose is to apply a system to reduce or eliminate, in a very unusual
case, the birth of vortices. The system is called Active Flow Control
(AFC) in periodic forcing mode.
What is this system? When one faces with separation problem usually
needs to consider the systems passive or active that helps to control the
separation. A very nice definition of surface where given by Flatt in 1961
where he told "Boundary layer control includes any mechanism or pro-
cess through which the boundary layer of a fluid flow is caused to behave
differently than it normally would were the flow develop normally along
a smooth straight surface". But the history of boundary layer control is
older, in 1904 Prandtl presents a document to a conference in Germany
in which he explained the mechanisms of steady separation and used
also the active flow control to show the great influence such a control
exerted on the flow pattern (he used the suction to delay the separation
of flow around a cylinder). In Germany after this research made by
Prandtl, a lot of studies were made on aircraft across the Second World
War in order to apply the AFC to obtain a low drag reduction to obtain
a low-drag laminar state. These studies were made also in Europe and
United States and the first aircraft were the X-21 in which the AFC
were applied to a swept wing. An important era for AFC went from
1970 to 1990, the era of oil crisis, in which all the government agencies
and private corporations want to find a way to conserve energy, and
so drag reduction for civilian airplane. A lot of system controls were
developed in this period for example the transition-delaying compliant
coatings (Gad-el-Hak 1996) or large-eddy breakup devices (LEBUs) and
riblets were systems to reduce skin-friction drag for turbolent boundary

2 CHAPTER 1. INTRODUCTION



layers.
The purpose of this thesis is to study the condition without implement-
ing the AFC with the objective to find the separation point in which we
want to insert the AFC groove. From the groove it is possible to suck
the particles of fluid with lower energy (low velocity) or it is possible to
energize the flow, increasing its velocity, blowing, with the AFC, pres-
surized air over the upper surface of airfoil. Firstly a constant sucking
condition is considered, later simulations with periodic forcing with same
frequency or multiplies of the main frequency of detach of vortices, with
different angles of outflow from AFC groove, will be considered. The
periodic forcing AFC is less energy-consuming w.r.t. a constant sucking
system, i.e. if works well it could be mounted on an aircraft.
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Chapter 2

Fluid Mechanics

2.1 Basic Concepts

Mechanics of fluid studies the behavior of fluids in quiet condition (static
fluid) or when it is moving (fluid-dynamics), and the interaction between
a fluid and a solid (the exchange forces).
How can we define the fluid? The fluid is a substance that we can find
in liquid or gaseous form; however the fluid definition it is not a well
defined concept because it is based on the substance capacity to resist
to external solicitations rather than on the structure of matter. Indeed,
on the contrary with respect to solids that have a atomic structure well
defined and organized, thanks to the very strong intermolecular forces
between atoms, for the liquids and gas the atoms haven’t got a defi-
nite position and they are free to move without any restriction (thermal
agitation) varying continuously direction thanks to the bumps between
molecules and walls that delimit the system. The differences between
is not only based on the shape. Indeed there exists a lot of different
materials that when subjected to specific conditions, they can behave
like solids or like fluids. A "simple" solid could be considered like a sub-
stance with a shape and the relative position of constitutive elements
change slightly if subjected to a small change of forces that act on it.
Correspondingly, a "simple" fluid could be defined as a substance where
the relative position of constitutive elements changes by a quantity that
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2.1. BASIC CONCEPTS

is not small if subjected to a particular type of forces (shear forces).
By definition, a fluid substance it isn’t rigid. In other words, a small
element of fluid is not able to keep its shape even when subjected to a
very low shear force. This does not preclude the possibility, on the part
of the fluid element, of offering resistance to the shear stress. However,
this force of opposition to the cutting effort is not capable of preventing
the change of shape. As mentioned, fluids are conventionally classified
as liquids or gases. For reasons related to the nature of intermolecular
forces, most substances can exist stably in two different phases which
show a characteristic of fluidity or of easy deformability. The density
of a substance in the liquid phase is normally much greater than in the
gas phase, but this is not a useful characteristic to distinguish the two
phases. The most important difference between the mechanical proper-
ties of liquids and gases lies in compressibility. Gases can be compressed
much more easily than liquids, and as a consequence, any motion involv-
ing an appreciable change in pressure is accompanied by changes in the
specific volume more importantly than liquids. Most of the properties of
solids, liquids and gases are closely related to their molecular structure
and the nature of the forces acting between the molecules. To clarify
the phenomena of molecular interaction, it is possible to refer by way
of example to the behavior between two molecules as a function of the
separation distance between them. When the distance between the cen-
ters of the molecules is small, strong forces are generated. These forces
could be of an attractive type or repulsive type, as shown in the figure
below.

6 CHAPTER 2. FLUID MECHANICS



2.1. BASIC CONCEPTS

Figure 2.1: Diagram of intermolecular force [4]

At the separation distance in which the change of sign of the reaction
occurs, the two molecules are in a condition of relative equilibrium.
The relative equilibrium distance in gases is approximately ten times
greater than the relative equilibrium distance of liquids and solids. For
gases under ordinary conditions, the molecules are so far apart that only
weak intermolecular forces act between them. However, in a substance
in a gaseous form, during their chaotic path of thermal agitation it
happens that the molecules approach or even collide with each other,
developing great repulsive forces. In substances in the solid and liquid
phase, on the other hand, the molecules have a smaller mutual distance.
Therefore, each of them will be subject to the intermolecular forces
of the adjacent molecules that limit their possible excursion. As said,
the matter is composed of atoms which, in the gas phase, are quite
distant from each other. From a practical point of view, however, it is
better to ignore, when possible, the atomic nature of a substance and
rather consider it as a continuous medium, that is, as a continuous,
homogeneous matter, without voids. This abstraction allows to treat
the properties of matter as functions of the generic point and to assume
that they vary continuously in space without jumps of discontinuity.
This approach is correct if the size of the system under consideration is

CHAPTER 2. FLUID MECHANICS 7



2.2. PROPERTIES

large compared to the intermolecular space.

2.2 Properties

2.2.1 Density

The density of a fluid represents the mass contained within a certain
volume. It is generally indicated with ρ and is measured in the Inter-
national System in kg / m. Its inverse, which would be the volume
per mass quantity, is called a specific volume. According to the state
equation of perfect gases, the density depends on both temperature and
pressure. Since we have that p

ρ = RT the density is directly proportional
to the pressure and inversely proportional to the temperature. Liquids
and solids, on the other hand, are incompressible substances and the
variations in density and volume are obviously negligible.

2.2.2 Bulk Modulus Elasticity

Another important property of fluids is the compressibility module.

Generally fluids tend to increase their volume when they are subjected

to an increase in temperature or a decrease in pressure, on the contrary,

they tend to compress when they are subject to a decrease in temper-

ature or an increase in pressure. The extent of the variation, different

for each fluid, depends on some properties of the fluid such as the cubic

compression modulus of elasticity and the cubic expansion coefficient,

which relate the volume variations respectively with the pressure varia-

tions and with the variations of temperature.

E = ρ(∂p∂ρ)T = −V ( ∂p∂V )T

A high E value indicates that a high variation in pressure corresponds
to a small variation in volume; therefore, a fluid with a very large E

8 CHAPTER 2. FLUID MECHANICS



2.2. PROPERTIES

value is practically incompressible. In the case of liquids, the compress-
ibility module assumes extremely high values (E = 2.15 ∗ 109Pa for
water, E = 2.85 ∗ 1010Pa for mercury, E = 1.3 ∗ 109Pa for gasoline).
An important phenomenon that cannot be underestimated is the water
hammer in general. This phenomenon can be generated when acting
on the regulating elements and create sudden variations in flow rate
inside a duct. The consequent abrupt variation in flow determines a
considerable variation in pressure and a consequent small variation of
fluid density. Because of all this, a pressure wave is produced, which is
prepaid throughout the conduit and leads to a vibration of the whole
complex.

2.2.3 Viscosity

Another important characteristic of fluids is the viscosity. This physical

measures the resistance of the fluid to the , that is the inertia of the fluid

in the moment in which in which it modifies its form. We can consider

for example a fluid element that initially is like a parallelepiped and

we will apply on the surface S a force F that generates a shear force

τ = F
S . The fluid element will be deformed constantly under the action

of the constant shear τ . Assuming that the upper surface is subjected

to the force F is moving with constant velocity U , in a time ∆t it will

cover a distance equal to U∆t producing an angular deformation equal

to tan(∆γ) = U ∆t
b = ∆γ. For a velocity of angular deformation it is

possible to write

γ̇ = ∆γ
∆t =

U
b = dU

dy .

The velocity of angular deformation γ̇ is proportional to the shear

applied through a constant µ that depends only from the type of fluid

considered and from the temperature che si trova. It is possible to write

CHAPTER 2. FLUID MECHANICS 9



2.2. PROPERTIES

Figure 2.2: Shear stress applied to a fluid block

τ = µγ̇ = µdUdy

This formula permits to evaluate the shear generated inside the fluid
considering the shear applied on it. The constant of proportionality µ is
defined as the dynamic viscosity of the fluid. It has the dimensions of a
shear on a velocity gradient and its measure is Pa ∗ s. In a Newtonian
fluid the velocity of angular deformation is directly proportional to the
value of tangential shear, as for example the water, the air, gasoline and
oils. They subsist, in general, different exceptions to the linear behavior
that covers an important rule into life, as for example the blood, the
muds e the paint. In these cases, the ratio between tangential shear and
velocity of angular deformation, called apparent viscosity, is variable
with the velocity of angular deformation. All the fluids described, where
the viscosity change with the change of velocity of angular deformation
are called dilatant, whereas the ones that have an opposite behavior are
called pseudoplastic. When the shear force increases, the pseudoplastic
fluid reduce their viscosity.

There are, then, some substances that are able to resist at final tan-
gential shear and that, consequently, behaves like solids until the tan-
gential shear become higher than a critical value. When this occurs,
they starts to behave like newtonian fluid. These substances are called

10 CHAPTER 2. FLUID MECHANICS



2.2. PROPERTIES

plastic fluids at Binghan. In mechanical fluids usually appears the ratio
between the dynamic viscosity and density. This ratio takes the name
of cinematic viscosity

ν = µ
ρ

Figure 2.3: Apparent viscosity for different types of fluid

where the dimensions are m2

s . When you want define ν it is possible
to notice that it depends by pressure. Indeed if a fluid is compressed
its density will increase and consequently the dynamic viscosity will be
reduced. This effect is very important for gases whereas it is negligible
in case of liquids.

The viscosity depends from the temperature and from the pressure.
It is connected with the friction internal force due to the different layers
of fluid when the moves one with respect to the other one. Into li quids,
the viscosity is due to the cohesion force of molecules, whereas for the
gas it is due to molecular collision and so the influence of temperature is
fundamental. Increasing the temperature the viscosity will be reduced
for the liquids and will be increased for the gas. This is due to because
inside the liquid, increasing the temperature, molecules increase more
and more their energy and they can win the intermolecular force of co-
hesion. As consequence, when they are heated up, liquid molecules will

CHAPTER 2. FLUID MECHANICS 11



2.2. PROPERTIES

Figure 2.4: Viscosity in function of temperature, [1]

move with more freedom. On the contrary, inside gas, where the inter-
molecular forces are negligible, increasing the temperature the molecules
will move casually with an higher velocity. This implies more molecular
collisions for unit volume and for unit of time and so more resistance to
the motion.

2.2.4 Mach number

Strictly related to the concept of compressibility is the velocity of sound,

or rather the velocity at with a infinitesimal pressure disturbance will

propagate inside a fluid in quiet condition. Indeed the density could

be written as function of pressure or entropy (beyond as function of

pressure and temperature) like:

ρ = ρ(p, s)

And so it is possible to define the coefficient of compressibility at

constant entropy:

ES = −V ( ∂p∂V )S = ρ(∂p∂ρ)S

It is possible to demonstrate that for small perturbation of pressure,
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2.3. SEPARATION OF FLOW

such as to be considered isentropic, the velocity of sound can be evaluate

using following way:

a2 = (∂p∂ρ)S = E
ρ

Therefore the square of the velocity at which a isentropic pressure
wave will propagate results to be inversely proportional to the coeffi-
cient of compressibility of fluid matter. It is important to understand
the condition in which the fluid conditions in which the effects of com-
pressibility are important, i.e. when the variations of pressure inducted
from variations of velocity will produce very large variations of density
and temperature. For this reason will be defined the number of Mach
M = u/a, where u represents the velocity of fluid (or of an object im-
mersed inside a fluid in quiet condition). For low value of number of
Mach the effect of compressibility could be negligible. For mechanical
of fluid, varying the number of Mach M , it is possible to define some
types of fluid :

• Incompressible flow M <= 0.3;

• Subsonic flow M <= 0.3;

• Transonic flow 0.3 <= M <= 1.2;

• Supersonic flow 1.2 <= M <= 5;

• Ipersonic flow M > 5;

2.3 Separation of flow

An important role in this analysis is due to the number of Reynolds,
that is a dimensionless coefficient proportional to the ratio between the
inertial forces and the viscous forces. It is usually used to understand
how much important are the viscous forces. The Reynolds number is
defined as Re = ρvd

µ (where ρ is the density, v is the velocity of flow, d is
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the diameter and µ is the viscosity). The threshold that separates the
laminar flow from the turbulent flow is Re = 2300, a turbulent flow is a
flow in with the viscous forces are not able to win the inertial forces and
usually this flow is disarranged and we cannot know in precise manner
how it develops and behaves.

Figure 2.5: Laminar-turbolent transition over an airfoil

The transition process could be sensible to some parameters as for exam-
ple the pressure gradient (increasing the pressure gradient the transition
will be helped), active flow control, roughness of the surface. The prob-
lem of a turbulent flow over an airfoil is that increases the drag over
the surface and for this reason an important part of research want to
improve the characteristic of flow reducing the drag and increasing the
lift.

2.4 Control of separation

The separation control is one of the most important theme of research
during the last decade because applying an active system on a wing
in some cases it is possible to control the stall condition. Usually an
active flow control (AFC) system could be implemented using plasma
actuators, with steady suction (or periodic forcing), using fluid actua-
tors and moving mass actuator (it is possible to move surfaces over the
wing to move the mass without injecting or sucking fluid over the wing).
The active systems could be open-loop or closed-loop, in the first case
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the actuation command is pre-determine, there will be no changes of
its working conditions, instead of the closed-loop control in which its
command is due to a monitoring of the state of the system.
Why is the control of separation used? The stall condition (i.e. phe-
nomenon due to separation of flow), when we are facing with a wing
of an aircraft, could be a bad condition because it reduces the aerody-
namics characteristic of the aircraft. This means that bad aerodynamic
condition produce more drag (more fuel consumption), less lift (increas-
ing this phenomenon the situation could become critical and the aircraft
could fall down) and noise. The control of separation is important to
reduce these problems in order of lift increasing, drag reduction and for
a noise mitigation. These characteristics are important because increas-
ing the performance it is possible to increase the climb rate, reduce the
runway length needed for take off, speed of approach during landing.

Figure 2.6: Wing without AFC and with AFC

In the figure on the top we can see how without AFC control we have
separation of flow, applying the AFC it is possible to eliminate the sep-
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aration with a fluid more attached at the surface of airfoil.

2.5 Applied aerodynamics: The aerodynamic coef-

ficients

Applied aerodynamics means that the aerodynamics is applied in real
cases to calculate the aerodynamic performance of airplanes and space
vehicles. In the thesis work will be used some aerodynamic coefficient
in order to evaluate the performance of the wing that will be presented
later. These coefficients are: CL, CD, CP , Cf and Cµ.

• The first two coefficient are called coefficient of lift and coefficient

of drag, dimensionless coefficient proportional to the lift or to the

drag and related to the dynamic pressure (function of fluid density

and of fluid velocity) around the body and a reference area, i.e. one

can write:

CL = L
qS = L

1
2ρu

2S

CD = D
qS = D

1
2ρu

2S

A typical trend of CL and CD in function of α (angle of attack) is
shown in the figure below:
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Figure 2.7: CL and CD vs α

• The third coefficient is the pressure aerodynamic coefficient. Con-

sidering a system like an airfoil, every point over the surface has got

a different value of pressure coefficient. Usually the pressure coef-

ficient is used for comparing simulation in different scales because

it is independent from the dimensions of the body. The pressure

coefficient is defined as

CP = p−p∞
1
2ρ∞V

2∞
= p−p∞

p0−p∞

• The fourth coefficient is called skin friction coefficient is a dimen-

sionless skin shear stress that is non dimensionless using the dy-

namic pressure of the flow. The definition is :
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Cf =
τw

1
2ρv

2

where the denominator is the dynamic pressure and the numerator
τw is the shear stress over the surface.

• The last coefficient is called momentum coefficient and it is a char-

acteristic parameter of the AFC, indeed it measures the strength

of the actuator. It is possible to write the momentum coefficient as

Cµ =
ρV 2
jetAjetsin(αjet)

1
2ρ∞V

2∞S
=

V 2
jetAjetsin(αjet)

1
2V

2∞S

On the numerator we have the velocity of jet (the mean value of
half cycle) and the area of groove (in the two-dimensional case this
correspond to the length of the groove), the denominator is the
infinite dynamic pressure multiplied by the surface of airfoil and
the sine of angle of velocity of jet w.r.t. the tangent to the surface
in the center of the groove.

Figure 2.8: Value of Vjet
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Chapter 3

Modeling

3.1 Overview

In this chapter will be presented both the part that regards the genera-
tion of the mesh and the part of simulation. For the former the choice
fell back on the Pointwise software whereas for the latter will be used the
OpenFoam opensource software. All the data obtained from the simu-
lation will be elaborated through the Matlab software. The purpose of
this thesis is to study the behavior of the flow around an airfoil and the
figure below shows the most important parts of the airfoil.

Figure 3.1: Airfoil Description
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3.2 Model description

Every-time one facing with an aerodynamic or fluid-dynamic problem
he has to consider a body and a computing domain around this body,
made with the purpose of obtaining the best results in terms of accuracy.
The purpose of this thesis work is to study the aerodynamic characteris-
tic of the airfoil NACA 2412 firstly in not disturbed conditions, because
it is important to understand how the flow behaves around the airfoil for
a fixed angle of attack, the data will be analyzed to obtain the point of
separation of flow and the frequency of detach of vortex from the upper
surface of the airfoil. In the figure below is shown the NACA 2412:

Figure 3.2: NACA 2412 profile

Referring to the upper figure it is possible to see the velocity V of
airstream and the angle of attack of the airfoil α that is the angle be-
tween the direction of airstream and the x axis. In this thesis will be
studied a two-dimensional case with a Reynolds number equal to 30000
with a constant angle of attack but with different meshes (with different
values of y+) in order to evaluate which mesh will be used for the case
with AFC. However, since OpenFOAM source code uses dimensional
quantities will be used a value of parameters that goes from 0 to 1 in
order to insure consistency, only the kinematic viscosity, ν, will have a
different value.
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3.2.1 Pressure Distribution

The figure below shows the pressure distribution over the NACA 2412

Figure 3.3: Pressure Distribution NACA 2412

3.3 Mesh

The generation of mesh is one of the most critical phase of a simula-
tion because during this phase will be discretized the domain in some
small cells in which the simulator will evaluate the Navier-Stokes equa-
tions. As told before the software chosen for generating the mesh was
Pointwise. The domain is inspired to C-grid but instead of this in which
it is possible to evaluate the case for every angle of attack (or direction
of flow), using the grid in figure below the direction of flow cannot be
larger than the angle of the oblique sides. The domain is discretized with
a structured mesh around the airfoil to calculate the boundary layer. A
small zone around the airfoil is made by unstructured cells, a zone thick
of cells in which one wants to study how evolve the flow around the
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airfoil and finally there is a zone with large cells, a zone less important
in which the accuracy is not fundamental for the purpose of this thesis.
In the fig. 3.4 is shown the domain considered for this case, in the fig.
3.5 is shown the domain around the airfoil, in the fig. 3.6 it is possible
to see the boundary layer.

Figure 3.4: Domain

Figure 3.5: Domain around Airfoil
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Figure 3.6: Trailing Edge, Boundary layer

3.4 Meshes analyzed

In this section will be presented various mesh considering firstly the case
without AFC and later the case with AFC. A characteristic parameter
of the creation of the mesh is the y+, fixing the value of this parameter it
is possible to vary the dimension of the first cell near the wall. How is it
defined? y+ is equal to y+ = u∗y

ν , where u∗ is the friction velocity nearest
to the wall, y is the distance to the wall of airfoil and ν is the kinematic
viscosity of flow. The work of thesis consists in evaluate three different
meshes with three different values of y+. For this case are considered
values of y+ equal to:

• 1 (y equal to 6e− 4);

• 0.7 (y equal to 3.8e− 4);

• 0.5 (y equal to 3e− 4).

What one could expect is that the results of the two last meshes will be
more similar (and accurate) because the height of first cell differs less
with respect to the first one that has got a larger cell height.
The mesh with AFC is similar to the one without it but it has got the
groove in the position of the separation point, evaluated through the
evaluation of friction coefficient Cf over the upper part of the surface.
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It is possible to see the result in the figure below:

Figure 3.7: Groove near to the separation point

The zone colored in red is the surface of the airfoil whereas the zone
indicated by the arrow is the AFC groove. From this point a flow di-
rected in different conditions (depending from the case that one wants
to study) in order to improve the performance over the airfoil. The case
with a constant sucking is a little bit different, indeed there is not a
better position where to put the groove of the AFC but usually it is
better to put it upstream with respect to the separation point of flow
over the upper surface.
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Figure 3.8: Groove near to the separation point

This last figure shows the contours of velocity around the airfoil when
the AFC is blowing air (it has increased the thickness of boundary layer).

3.5 Computational Fluid Dynamics - CFD

3.5.1 Navier-Stokes Equations

The Navier Stokes equations are a system of differential equation at

partial derivatives that permits to model the motion of a Newtonian

flow, that is, as told before, a flow in which the viscosity is constant

varying the velocity with which it is measured. The NSE equation

could be written in case of tridimensional and incompressible flow as:

ρ∂
−→
V
∂t + ρ(

−→
V · ∇)

−→
V = −∇p + ρ−→g + µ∇2−→V

where

• ρ is the density of the fluid

• p is the pressure

• −→g is the vector of gravity acceleration
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•
−→
V is the velocity vector

• µ is the dynamic viscosity

The solution of these equation is related to the solution of continuity

equation. In case of a tridimensional and incompressible flow the conti-

nuity equation can be written as:

∇ ·
−→
V = 0

The first of these equation is obtained after the application of Newton’s
second law to fluid motion, assuming that the stress in the fluid is due
to a diffusing viscous term (proportional to the ∇ gradient of velocity)
and a pressure term. These equation are not conservative as the Euler
equations but they are a dissipative system. There is not a solution to
these equation, it presents four equation in four unknowns and usually
it is solvable after some simplifications. In general case and in the case
of this thesis no simplifications could be done and the solutions of these
equation is made in iterative way, evaluating for each iteration the value
of parameters.

3.5.2 Turbulence model

As told before, there are two conditions of flow, a laminar condition and
a turbulence one. In the first case it is possible to predict the behavior of
the flow, the second case is affected by causality because the fluid motion
is characterized by chaotic changes in flow velocity and pressure. When
one is dealing with CFD and wants to know the behavior of flow, has
to implement a turbulence model in order to study the particular case
with which he is dealing. In literature there are a lot of turbulence
models that differs one to each other in how they predicts the effects of
turbulence in a statistical manner.
The simulations of the airfoil are made for a Re = 30000 and usually
one needs to implement a turbulence model for lowRe in order to best
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simulate the turbulence. In OpenFOAM one could select a vary large
variety of turbulence models, the ones more important are the k − ω,
k − ε and k − ωSST and a one-equation Spalart-Allmaras model. In
this specific case a kOmegaSST where chosen for the simulation. It is
a two transport equations model, one for the turbulence kinetic energy,
k, and one for the scale of turbulence ω. The kOmegaSST [2] model
were chosen because it is able to capture the separation of flow that is
the aim of this thesis. This particular type of turbulence combines the
best characteristic of the k− ω and k− ε models, because k− ω is able
to study the flow near the wall for studying the boundary layer. SST
means shear stress transport because it switch to k− ε model when the
flow is far from the wall because the k− ε model is better in free-stream
condition. How are parameters defined?
The equation of the model are:

∂ω
∂t + ∆(uω) =

∆2[(ν + νtσω)ω] + δω
k τij

∂ui
∂xj
− βω2 + 2(1− F1)σω2

1
ω∆k ·∆ω + Psas

that corresponds to the dissipation of turbulent kinetic energy, whereas

the turbulent kinetic energy is modeled as:

∂k
∂t +∇(uk) = ∇

2[(ν + νtσk)k] + τij
∂ui
∂xj
− β ∗ ωk

δ( 1
ap
∇p) = ∇(H(U)

ap
) =

∑
f U(

H(U)
ap

)f

The turbulence kinetic energy is defined as:

k = 3
2(UI)

2

where U is the reference velocity (in this case the mean flow velocity)

and I is the turbulence intensity which is equal to

I ≡ u′

U
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whereu′ is the root-mean-square of the turbulent velocity fluctuations

and U is the reference velocity.

The turbulence scale is defined as:

ω = k0.5

CµL

where Cµ is the turbulence model constant, it usually is equal to 0.09, k

is the turbulence intensity defined before and L is the turbulence length

scale [2]. The turbulence length scale describes the size of large energy-

containing eddies in a turbulent flow. For a fully developed pipe flow

this can be equal to

L = 0.07dh

where dh is the hydraulic diameter.

3.5.3 Boundary conditions

After the discretization n of the domain there is an important step that
pass through the definition of boundary conditions where one will define
the most important characteristics of the flow. As told before all the co-
efficient are dimensionless, only the kinematic viscosity will be changed.

Boundary condition Value Dimension
Freestream velocity 1 [m/s]
Airfoil chord 1 [m]
Freestream pressure 0 [N/m2]
Air Density 1 [kg/m3]
Kinematic viscosity 3.3e− 5 [m2/s]

Table 3.1: Values of boundary conditions

Also the domain has to be discretize in such a manner the simulator
knows which is the inlet and the outlet of the domain. The domain

28 CHAPTER 3. MODELING



3.5. COMPUTATIONAL FLUID DYNAMICS - CFD

in Pointwise is a three dimensional domain because we want to create
some domain in the transversal direction w.r.t. the domain and we will
give to these domain the boundary patches. In the table below there is
the discretization of the patches used for this case

Patches
Empty The two side of the three dimensional domain

(left and right)
Inlet The left side of the domain [1,2,3]

(the two oblique sides and the curved one)
Outlet The right side of the domain [4]
Wall The surface of the airfoil [5]

Table 3.2: Type of boundary conditions

What does the words in table mean? The empty patch is referred
to the left and right side of the domain, this means that the domain
is extruded in the normal direction to the airfoil and the simulator
OpenFOAM needs a three dimensional mesh but it will collapse the
mesh creating a two dimensional mesh joining the left and right sides
of the 3D mesh. Through the patch empty it is possible to told to
OpenFOAM which are these two sides. The inlet (1-2-3 in Fig. 3.4)
patch is the part of the domain that describes the inlet of velocity and
pressure, in this particular case in which the flow is rotated w.r.t. the
airfoil, this angle cannot be higher than the inclination of the oblique
sides (1 and 3 in Fig. 3.4). Usually when we impose, as in this case, the
velocity of flow, the pressure is set on freestreamPressure condition.
It is important to notice that the value of the parameters of turbulence
are not affected by the value of velocity and pressure at inlet. The outlet
(4 in Fig. 3.4) patch describes the outlet of the domain, as in the case
of inlet the choice of velocity is set on freestreamV elocity because its
value is set at the inlet whereas the value of pressure is set to 0 because
at the inlet a freestreamPressure condition were chosen. The wall
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(5 in Fig. 3.4) is the surface of airfoil, this particular patch needs par-
ticular attention to the wallFunction and turbulence because around
the airfoil one wants to study the boundary layer and the turbulence.
Usually for very low values of y+ near the wall (y+ < 1 and with 4-5
layers less than this value) the wallFunction are not needed. In the
case of this thesis with y+ = 1 some wallFunction were implemented
in the boundary conditions.
First of all it is important to tell that wallFunction will be used only
for two of these three parameters of turbulence (k, ν and ω) in order to
start the simulation [3].

The nutUWallFunction were used for the ν near to the walls, this
type of wall function permits to evaluate y+ based on the velocity close
to the wall. Whereas for ω were used a omegaWallFunction. In
OpenFOAM the omegaWallFunction is a wallFunction that combines
the viscous and log equation, and it is important to notice that it de-
pends by the position of y+ near to the wall, indeed it can switch from
viscous to log- thanks to the value of y+ near the wall. Their value were
sets equal to 1e − 12 because it is better to choose a very small value
but different from 0. The third parameter of turbulence, k, were set as
fixedV alue with this one equal to uniform 0 both for the top and for
the bottom surfaces of airfoil.

3.6 Setup

In this thesis work will be analyzed some different cases:

• Free stream condition;

• Active flow control - Periodic forcing;

• Active flow control - Constant sucking.
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3.6.1 Case 1: Free stream condition

The free stream condition is the first one case in which the airfoil is
subjected to a flow that strikes with an angle of attack α = 11 degrees.
The airfoil considered for this analysis, as told in the chapter 3, is the
NACA 2412. The figures below shows the lift coefficient CL and the
drag coefficient CD at various angle of attack (α)
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Figure 3.9: CL vs α [6]

Considering the slope of curve starting from an angle of attack equal
to 0 it is possible to notice that increasing the angle also the lift coef-
ficient will be increased. Due to the gradient pressure, the deceleration
of flow and other parameters, there is a condition around 10 degrees at
which if the angle of attack will be increased the slope of curve change
its behavior and it reduces with the increment of α. In this point of
change of slope of curve we have the stall that corresponds to a rapidly
decreasing of lift coefficient, i.e. a lost of aerodynamic properties.
For what regards the drag coefficient, the situation is counter-posed,
indeed starting from 0 to 10 degrees the drag is almost the same but
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Figure 3.10: CD vs α [6]

when the stall condition will be present on the wing the drag will in-
crease rapidly and for what regards gasoline consumption, aerodynamic
efficiency and noise, this cannot be accepted. For what said before the
choice of an angle of attack higher than the angle of stall is a necessary
condition to study the performance of wing in stall condition.

3.6.2 Case 2: Active flow control - Periodic forcing

The second case instead of the first one has got the active flow control
system in periodic forcing case ON.
Which is the purpose of periodic forcing? An active flow control with
periodic forcing let us to control the separation of flow. In general
case the separation isn’t controllable, a flow will separate due to several
reason but with a system that sucks and blows air with a particular
frequency we are able in controlling the behavior of vortices.
How was the approach to the problem? The purpose of this analysis is
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to simulate some different cases, varying some characteristic parameters
and evaluating which is the best combination that allows to obtain the
best results.
But first of all there is an important step to be analyzed. Some chapters
above the AFC coefficient (Cµ) that tells the strength of the AFC were
introduced and the analysis of how much high it needs to be is the first
analysis to do for this case.

Investigation about the value of Cµ

The purpose of this analysis is to obtain the best value of Cµ because
if it is too much low it will not influence the flow over the airfoil and if
it is too much high it changes too much the behavior of flow over the
wing.
The analysis started from a value of Cµ = 1e − 5, doing the first sim-
ulation it was clear that this value was very low and for this reason
its value were increase and in the last simulations done 3 values where
considered:

• Cµ = 5e− 3;

• Cµ = 6e− 3;

• Cµ = 7e− 3;
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The angle of outflow (α) is fixed to 30 degrees.

Figure 3.11: Cµ = 5e− 3 vs free stream flow

Periodic forcing - Analysis

Which will be the setup of next simulation? A series of 3 different
angle α of outflow will be considered and for every angle 5 different
frequencies will be used in order to evaluate which configuration of angle
and frequency is the best one.
The angle considered are:

• α = 25 degrees;

• α = 30 degrees;

• α = 35 degrees;

The frequency used for every angle are:

• f = 0.5 ∗ ωn;

• f = 1 ∗ ωn;

• f = 2 ∗ ωn;
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• f = 5 ∗ ωn;

• f = 10 ∗ ωn;

where with ωn is indicated the main characteristic frequency of genera-
tion of vortices. Combining angles and frequency 15 simulations will be
made in this phase.

3.6.3 Case 3: Constant sucking

The case with constant sucking is important to understand how much
different are the results obtained with a periodic forcing, that is the new
frontier of AFC, with respect to the old and well known system with
constant sucking.

Differences between periodic forcing and constant sucking

Which are the differences between a constant sucking system and a peri-
odic forcing one? How told in the previous section, when a system blows
air it usually wants a direction of outflow that is parallel to the surface,
i.e. to the direction of flow near to the surface, in order to energize the
particles of flow with low energy and delay the separation of flow (in
this case the angle α is lower than 90 degrees). The other condition, the
sucking condition, is different and the purpose is to eliminate the parti-
cles with low energy and the inlet direction is in the opposite direction
with blowing (in this case the angle α is higher than 90 degrees). For
this reason when a constant sucking is considered, the direction α of
inlet chosen for this case was close to the normal direction to the surface
but a little bit inclined on the left in order to facilitate the suction of
low-energy particles. Usually a constant sucking system works better
with respect to a constant blowing (because the boundary layer is thin-
ner for the former) and prevents the stall condition.
Where is the AFC groove positioned? In the previous case the groove
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where positioned near to the separation point founded in free stream
condition, now the position of groove is totally casual and the choice
made for this specific case study was xA = 30% of chord, the figure
below shows what just said:
The angle α chosen is equal to 100 degrees and the values of Cµ chosen

Figure 3.12: Position of groove

are:

• Cµ = 0.5;

• Cµ = 1;

• Cµ = 2;

• Cµ = 3.
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Chapter 4

Results

4.1 Introduction

In this chapter the results of the simulation will be showed, starting
from the case without AFC and showing the difference between some
experimental data, passing through the simulation with AFC ON in
periodic forcing condition and the analysis of these results. As last case
will be showed the standard case using a constant suction of boundary
layer and the difference with the simulations in periodic forcing AFC
and simulations without AFC.

4.2 Case 1: Free stream condition

In this first case it is important to show the results obtained with the
three different meshes with the three different values of y+. For this first
step it is important to compare the results in term of lift coefficient and
drag coefficient with respect to experimental values or results predicted
through software like xfoil. The comparison between the three meshes
used are shown in the figures below:
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Figure 4.1: CD vs α

Figure 4.2: CD vs α
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Figure 4.3: CD vs α

What is it important to notice in these figures? First of all the
analysis of the first three figures that regards the values of CL and
CD of three meshes is necessary. The first picture shows the difference
between the two first value of y+. The key of this analysis resides into
the reaching of a steady condition, in which the behavior of the CL and
CD is almost the same during the time, this means that the detach of
vortices has acquired an own shape. When this happens the simulator
(OpenFOAM) has reached a "steady" condition and the simulation
could be stopped. Comparing the two meshes they reach this "constant"
behavior after about 15 seconds and it is clear that the behavior of the
lift coefficient with y+ = 0.7 is more constant than the one with y+ = 1.
Analyzing now the second picture (Fig. 4.4), it’s very nice to see how
the mesh with y+ = 0.5 reaches a "steady" condition after less than
10 seconds and the shape of lift coefficient is equal after the detach of
every vortex. These two first pictures are important because they show
a behavior of y+ = 1 that is different compared with the other two. The
analysis culminates with the third picture, a comparison between the
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two last meshes and apart from the fact that there is a shift due to the
velocity with which the software has reached the solution, the behavior
is the very similar.
How is it possible to prove this analysis? As told before when an airfoil is
immersed in a flow there are vortices that detach from the upper surface
of it, if this flow is steady also the frequency of detach of vortices will be
steady and an analysis of this frequency is required. The figures below
show the spectral analysis made on the lift coefficient after the reaching
of "steady" condition.

Figure 4.4: Spectral analysis of y+ = 1
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Figure 4.5: Spectral analysis of y+ = 0.7

Figure 4.6: Spectral analysis of y+ = 0.5
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It is very clear that the two last meshes return an equal value of
mean frequency (first harmonica) and of other important harmonicas.
In the table are shown the average values of lift and drag and also the
aerodynamic efficiency defined as:

E = L
D = CL

CD

y+ = 1 y+ = 0.7 y+ = 0.5

Lift 1.1445 1.1571 1.1608
Drag 0.1722 0.1777 0.1794
Efficiency 6.64 6.51 6.47

Table 4.1: Average values of aerodynamic coefficient over time
Free stream case

It is possible to notice from this last table the difference in terms of
value of lift and drag coefficients from different meshes and it is clear
that the meshes obtained using y+ = 0.7 and y+ = 0.5 return values of
CL and CD more or less similarly compared with the mesh with y+ = 1.
The final analysis consists into comparing the results obtained from the
simulation with experimental or other simulation in order to understand
the trustworthiness of the simulation. The figures below show some
results obtained with a three dimensional case study of flow over a NACA
2412 profile for different values of α and for different values of Re [5].

The two values of Re chosen for these analysis, published on the In-
ternational Journal of Engineering Research and General Science, were
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4.2. CASE 1: FREE STREAM CONDITION

Figure 4.7: http://pnrsolution.org/Datacenter/Vol3/Issue2/27.pdf

60000 and 100000. Only the last row of these table will be considered
as a point of reference in order to compare the values of CL and CD of
this work with the one done in this thesis. The table that describes the
results in this thesis work has got a value of CL around 1.5 and it is
important to consider the difference between the two dimensional case
and the three dimensional case because in the latter case there exists
phenomenon of circulation of flow that change the values of lift and drag
coefficient compared with the two-dimensional case. For what told be-
fore it is possible to imagine that lift in two dimensional case is larger
compared with the one in three dimensional case. The second problem is
due to the number of Re and one can think that the Re is very different
but comparing the results in the two tables, at 12 degrees the difference
of lift coefficient is of 0.2% and for this reason it is allowable to compare
these results with the simulation done in this thesis work. Also the drag
coefficient needs to be analyzed. From the comparison of the same cases
considered for lift coefficient is clear that drag coefficient evaluated in
this thesis is larger with respect to the second one case. This difference
could be due to the Re number because in this case the difference from
the case with Re 60000 and Re 100000 is around 10% and reducing Re
will increase the drag because the flow has low energy.
After all this analysis started from the consideration of the meshes used
in free stream condition, the comparison with each other and with some
results founded in literature in order to validate the quality of simula-
tion, the mesh with y+ = 0.7 is chosen because the results obtained are
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4.2. CASE 1: FREE STREAM CONDITION

very similar to the one with y+ = 0.5 but the times required for the
simulation in the former case in less than in the latter.
The last thing to do regards the evaluation of separation point over the
surface, it is necessary because in this position will be put the groove of
AFC. The figure below shows the friction coefficient over the cord , the
point in which the friction coefficient will be equal to 0 is the separation
point.

Figure 4.8: Cf vs x/c

The point at x/c = 0.01724 is separation point and in this point an
AFC groove in forcing condition will be inserted in order to control the
separation of the flow.

The Figures presented in this last part of this subsection shows some
contours of velocity, pressure and flow streamline of this particular case.
A very short discussion is necessary for the contour of pressure, the zones
in blue are all the vortices that are generated over the wing, the farther
is the one that has already detached the wing, there is another vortex
that is detaching the wing with the lowest value of pressure (there is a
circle, that correspond to the vortex, with the lowest value of pressure
in the scale) and then over the surface there are other vortices that are
increasing their dimension. The vortex could be seen also in the contour
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.9: Contours velocity

Figure 4.10: Contour pressure

of velocity (the circle blue and red) and in the streamlines.

4.3 Case 2: Active flow control - Periodic forcing

The results of the different sub-cases considered for periodic forcing con-
dition with all the three cases described in chapter 3 will be presented
in this section.

CHAPTER 4. RESULTS 45



4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.11: Streamlines without AFC

4.3.1 Investigation about the value of Cµ

In the figure below are shown the coefficients of lift and drag vs time
in case of periodic forcing with a proper characteristic frequency equal
to the one found with the spectral analysis and the flow in free stream
condition using y+ = 0.7.

Figure 4.12: Cµ = 5e− 3 vs free stream flow
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.13: Cµ = 6e− 3 vs free stream flow

Figure 4.14: Cµ = 7e− 3 vs free stream flow

From these last figures what is it important to notice? As told a lot of
times in the argumentation of this thesis, when an active flow control is
introduced in a case like that, what one expects is the reduction of drag
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

and an increasing of lift coefficients. These three cases are important
because starting from the first case, the choice of the coefficient needs
to be done on the basis that it is the best one coefficient that allows us
to improve the expected characteristic. Going from the first case and
analyzing the second one, the blue line (that describe the CL coefficient
when AFC is active) is better in second case, in terms of lift increase
and stability. This improvement is evident also when the CD coefficient
is analyzed, both when we compare it with the free stream case and
when we compare it with the Cµ = 5e−3. But what one expects is that
once this coefficient increase, also the performance will be increased, but
analyzing now the last case both the values of lift coefficient and drag are
increased and at this point what we want to evaluate is the efficiency to
understand the real difference. The table below shows these differences
in terms of average values of lift and drag coefficients and efficiency.

Cµ = 5e− 3 Cµ = 6e− 3 Cµ = 7e− 3

Lift 1.2292 1.2132 1.2327
Drag 0.0952 0.0877 0.0955
Efficiency 12.9089 13.8345 12.9108

Table 4.2: Average values of aerodynamic coefficient over time
AFC in periodic forcing mode

The lift and drag in the three cases are shown in the table, what does
these values mean? First of all comparing these values with the free
stream case we notice an improving both in terms of lift and drag (in
free stream condition the lift coefficient was equal to 1.1571 and drag
coefficient was 0.1777) and this reflects the last row of the table, where
the efficiency is evaluated. With respect to AFC OFF the improvement
of efficiency is around 73%, a very nice results if one thinks that this
improvement is due only to some air that is blowed o sucked over the
upper side of wing.
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

At this time the threshold between too low and too high values of
Cµ is founded and for this reason the final value chosen for the next
simulation is 6e− 3.

4.3.2 Periodic forcing - Analysis

In this subsection will be analyzed the main important study made in
this thesis work indeed it is an analysis of performance of active flow
control once some characteristic parameters will be changed. From the
previous analysis the best value of Cµ at a prescribed frequency (in the
previous cases it was equal to the characteristic frequency of detach of
vortices) were founded. Now the analysis will be moved into varying the
frequency of active flow control and the angle of outflow (Fig 3.11).

Figure 4.15: Comparison between f = 0.5 ∗ ωn and f = 1 ∗ ωn
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.16: Comparison between f = 2 ∗ ωn and f = 1 ∗ ωn

Figure 4.17: Comparison between f = 5 ∗ ωn and f = 1 ∗ ωn
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.18: Comparison between f = 10 ∗ ωn and f = 1 ∗ ωn

Analyzing the first four graphs it is possible to see the difference be-
tween the usage of 5 different frequencies. The comparison is between
the main natural frequency and some multiple and submultiple of this
frequency. It is clear that the main frequency is used for AFC, the be-
havior is the more linear possible compared with the other 4 frequencies
considered. What seems to be clear is the effect on the performance due
to high and low frequencies, indeed at low frequencies (less than ωn)
the lift and drag remains almost similar to the main case, increasing the
frequency over the main one, the lift will be reduced and also the drag is
reduced, this might through at an increasing of efficiency, but this last
parameter will be evaluated later. An important thing to observe is the
Fig. 4.18, in this case the multiple of 10 times the main frequency is
considered and it is clear that it destroy completely the boundary layer
and the aerodynamics over the wing, the lift is decreased and the drag
is increased, this is counter-posed with the objective of this thesis.
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.19: Comparison between three angles at f = 0.5 ∗ ωn

Figure 4.20: Comparison between three angles at f = 1 ∗ ωn
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.21: Comparison between three angles at f = 2 ∗ ωn

Figure 4.22: Comparison between three angles at f = 5 ∗ ωn
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

Figure 4.23: Comparison between three angles at f = 10 ∗ ωn

After the first analysis of difference between the frequencies consid-
ered with a fixed angle of outflow from AFC, these five last figures
show the differences between the three angles considered, maintaining
the same frequency for all the cases. This type of analysis is interesting
because it is possible to understand how much the variation of α could
change the final solution and if it is better to impose an outflow directed
more versus the surface of wing or more versus the normal direction to
the wing.
The Fig. 4.19 shows the comparison using a frequency f = 0.5 ∗ ωn, it
is clear that at low frequencies the difference between the three angle is
very small and one may use which angle he wants because the results
probably will be similar. The Fig. 4.20 seems to be more curious, on
the one hand the behavior of lift and drag with an angle of 30 degrees is
perfect, but what is very interesting considering for example the yellow
line that corresponds to an angle of 35 degrees is that the linearity is
similar but the amplitude of these oscillations is reduced and this means
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

that the vortices that will be created one time the flow is inclined vs
the surface of wing are smaller, this translates in less instability of flow.
The best results obtained for the angle equal to 25 degrees is showed in
the next figure, a very constant behavior of flow that it is not valid for
the other two angles. Increasing the frequency it is possible to notice
that only the configuration with outflow more directed versus the wing
surface has the best results with small oscillations but instead of this it
could not be the best choice for AFC.
The evaluation of numerical values of data presented in the figures above
is done in the tables below:

LIFT f = 0.5 ∗ ωn f = 1 ∗ ωn f = 2 ∗ ωn f = 5 ∗ ωn f = 10 ∗ ωn
25 Degrees 1.2702 1.2196 1.2730 1.0641 1.2502
30 Degrees 1.2552 1.2327 1.1248 0.9782 0.9643
35 Degrees 1.2974 1.2558 1.2639 1.0764 1.0850

Table 4.3: Average values of lift over time
AFC in periodic forcing mode

DRAG f = 0.5 ∗ ωn f = 1 ∗ ωn f = 2 ∗ ωn f = 5 ∗ ωn f = 10 ∗ ωn
25 Degrees 0.1064 0.0905 0.0865 0.0787 0.1871
30 Degrees 0.1113 0.0955 0.0970 0.0787 0.1414
35 Degrees 0.1042 0.0882 0.0947 0.0726 0.1131

Table 4.4: Average values of drag over time
AFC in periodic forcing mode

EFFICIENCY f = 0.5 ∗ ωn f = 1 ∗ ωn f = 2 ∗ ωn f = 5 ∗ ωn f = 10 ∗ ωn
25 Degrees 12.1662 13.4655 14.8782 13.1408 6.6817
30 Degrees 11.2736 12.9107 11.5908 12.4297 6.8215
35 Degrees 12.4523 14.2406 13.3441 14.8204 9.5956

Table 4.5: Average values of efficiency over time
AFC in periodic forcing mode

The analysis of results also in this case requires also a numerical anal-
ysis that is the most important thing because it is possible to appreciate
how much the performance are increased. The three table above shows
obviously the three important parameters analyzed in this work thesis,
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

lift coefficient, drag coefficient and efficiency that relates the first and
second coefficient. A total number of 15 simulations were performed,
5 for every angle of inlet of flow from the AFC groove. The first case
analyzed is the 30 degrees case, what happens to the flow one time the
frequency is changed? In this case reducing the frequency by the half of
natural frequency of vortices increases the lift coefficient and it reaches
its maximum value. Then increasing the frequency the value of lift is
decreased (as we have seen in the figures from 4.15 to 4.18). The analysis
must be done also on the drag coefficient, what one wants to obtain is a
decrease of drag, indeed when the case with maximum lift coefficient is
considered it is possible to notice that the drag is increased more than
20% with respect to the second frequency analyzed before. The lowest
value of drag is obtained for a frequency five time higher than ωn (but
in this case the lift is reduced w.r.t. the free stream case and so it is not
very good). The best frequency for 30 degree case is the second one.
At this moment the angle of inlet is changed and the situation is obvi-
ously different. Reducing the α angle of inlet, and so considering the
25 degree case, the best value of lift coefficient is obtained when a fre-
quency that is two time higher than the natural frequency is consider
and also in this case the lowest value of drag coefficient is obtained in
the fourth case. It is nice to see the value of lift for a frequency 10 times
ωn, it is higher than the precedent but it has a value of drag higher more
than 200% and for this reason it could not be a good combination. Now
increasing the angle α it is possible to notice a behavior very similar to
the 30 degree case but with higher values of lift and lower value of drag
and so it is better of the second case.
What is it possible to say? With the analysis made above when the flow
is inclined more versus the normal to the surface the situation results
to be better, a flow too much inclined versus the surface not produce
the results that one expected and why do we get this result? This is
due to the fact that we deal in this case with a periodic forcing case,
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4.3. CASE 2: ACTIVE FLOW CONTROL - PERIODIC FORCING

where both a sucking and a blowing condition are spaced out. The
sucking condition wants that the direction of sucks is counter-posed to
the direction of flow and so with an angle α higher that 90 degrees, a
blowing condition wants, ideally, a direction of inlet of flow tangential
to the surface in order to energize the flow. When the periodic forcing
is considered a condition that is good for sucking and blowing must be
considered and for this reason the case with 35 degrees is better than
the case with 25 degrees, because 25 degrees is better for blowing but it
is more dangerous when the sucking condition works. The compromise
is 35 degrees.

Figure 4.24: Contour velocity periodic forcing

These last figures shows also in this case some contour of pressure
and velocity over the wing. The first figure compared with the contour
of velocity without AFC shows the possibilities of AFC, the boundary
layer is thiner and the dimension of vortices, that is possible to see in
contour of pressure, are smaller and are also regulated by the frequency
of AFC. The streamlines appear less casual and more clean.

The contour of velocity when the frequency is 10 time the natural
frequency of detach of vortices is added to this final analysis because it
is important to notice how the increasing of frequency has completely
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4.4. CASE 3: CONSTANT SUCKING

Figure 4.25: Contour pressure periodic forcing

Figure 4.26: Streamlines with AFC - Periodic forcing

destroyed the boundary layer, it is larger compared with the case without
AFC and it is obviously counterproductive. For this reason this case is
discarded.

4.4 Case 3: Constant sucking

The results obtained in this third case will be presented.

This last figures shows the lift and drag coefficients versus time, as
did in the previous sections, and what it is very nice to see are the
improvement with respect to the case with periodic forcing, i.e. w.r.t.
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4.4. CASE 3: CONSTANT SUCKING

Figure 4.27: Contour velocity when f = 10 ∗ ωn

Figure 4.28: Position of groove

the free stream condition. Increasing the value of Cµ the lift is increased
more and more, from an average value around 1.5 for Cµ = 0.5 to a value
around 2.3 for the Cµ = 3 case, the improvements are significantly. We
just need to remember that the average value of lift coefficent in free
stream case was around 1.15 and so the increase of this coefficient is
around 200%.
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4.4. CASE 3: CONSTANT SUCKING

Cµ = 0.5 Cµ = 1 Cµ = 2 Cµ = 3

Lift 1.5748 1.6572 2.0565 2.2318
Drag 0.0708 0.0668 0.0949 0.877
Efficiency 22.2411 24.8237 21.6796 25.4382

Table 4.6: Average values of aerodynamic coefficients over time - AFC in constant
sucking mode

This table shows the average values of lift and drag coefficients versus
the four different values considered. The best value of efficiency and lift
coefficient is obtained for a Cµ = 3, the efficiency is 200 % higher than
the periodic forcing AFC and 400 % higher than the free stream case.

Figure 4.29: Contour velocity when f = 10 ∗ ωn

As usually some contours of velocity and pressure respectively are
shown. The improvements w.r.t. the other cases is very clear, where we
have the zone with lower pressure is inserted the AFC groove. Analyzing
the figure of velocity contours we see a flow that is attached to the
surface of airfoil with very small vortices that detach from the trailing
edge. This small vortices reflects the behavior of graph where the lift and
drag coefficients are plotted, the oscillations around the average values
are very small. The streamline of velocity show a very linear flow of air
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Figure 4.30: Contour velocity when f = 10 ∗ ωn

Figure 4.31: Streamlines with AFC - Constant Sucking

that once leaves the airfoil, follows the undisturbed velocity of air, apart
from a little crinkling on the trailing edge due to vortices that leave the
airfoil.
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This last graph below represents shows the significantly difference
between the simulations in free stream case, periodic forcing case (the
choice is gone on the simulation that gives the best efficiency) and the
best simulation with constant sucking AFC

Figure 4.32: Final graph of CL and CD vs time
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Chapter 5

Conclusions

In the pages above the problem of implementation of an active system
for flow control on a wing is illustrated. The reason of designing of an
AFC system reside into helping the flow through the introduction or the
elimination of particles of flow that help the wing not to reach the stall
conditions.

First of all the study of an airfoil in free stream condition where
made with the purpose of finding with type of mesh will be used for
next simulations. Three different meshes with three different values of
y+ where used, some simulations where made in order to find which
mesh is the best one. Through the analysis of results the mesh with
y+ = 0.7 where chosen because gives us the best results in terms of lift
and drag coefficients compared with the time required by simulation.

Secondly, the AFC system in forcing condition where implemented
on the wing once all the data founded in free stream case were analyzed.
The goal of this phase is to understand how much some characteristic
parameters of this control system influence the overall solution. For this
reason a series of 5 different frequencies and 3 different angles of inlet
of flow from AFC groove were considered, 15 simulations were made in
order to find the best combination for this specific case.

Thirdly, a case study now well known were simulated because the
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system in constant suction conditions is the best case known so far and
the goal is to understand if the system in periodic forcing could be
better compared to the older system. Four different simulations where
performed with four different values of Cµ that increases the power of
system.

What is it possible to tell about these results? Analyzing the case
study in periodic forcing the results give us an increase of performance
related to our system in terms of lift and drag coefficient once these
results are compared with the free stream case, but the last case, the
one in constant sucking condition, is obviously better, returns larger
possibilities of design because the range of values of Cµ is larger and a
limit where not found in this thesis instead of the periodic forcing case
in which we have seen that increasing too much the value of Cµ also the
performance could be compromised.
But the reason of the choice of an AFC system in periodic forcing where
made because it is a system less energivorous and with this system were
founded that it is possible to control the frequency of detach of vortices.

In conclusion, it is possible to state that the results obtained with
periodic forcing are very good, the goal of obtaining best results com-
pared with free stream case were reached. An improvement of efficiency
around 100 % were founded.
The benefits of this system mounted on a wing are clear, more simula-
tions and experimental must be performed to understand the real pos-
sibilities that this system could give back. Surely, it isn’t better than
older system considered here but an evaluation of ratio between energy
consumption and performance increasing rate must be performed in or-
der to understand which system is better.
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