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ABSTRACT

The transitional regime is possibly the least known of all three possible types of flow regimes, being laminar
and turbulent the most common flow states. This can be due to the fact that it is constrained to a small
range of Reynolds numbers, it is not usually found in industrial applications and it exhibits dynamics that can
drastically change with small variations of Reynolds or other relevant quantities. In the transitional regime
the flow fields transition from an ordered state to a non-periodic (chaotic) unordered state. The study of
this regime makes use of specific tools that were developed in the field of stability analysis. The transitional
regime is interesting because it shares some features with the turbulent regime, especially in the case of bluff
body wakes, and can be fully understood. This type of wakes are dominated by a periodic shedding of vortices
and are particularly interesting due to the wide range of industrial applications in which they can be observed
(automotive, architecture, etc.).

In this master thesis the study of bluff body wakes in the automotive field is proposed. With this pur-
pose the study of the Ahmed body (a paradigmatic case of bluff body wake applied to the automotive field)
is selected. In the study of this problem the focus is usually put in drag reduction at high Reynolds num-
bers, which is the main goal in industrial applications. With this goal in mind, active flow control systems
have been successfully applied both in the case of periodic excitation and constant suction. However, the
exact mechanisms by which this drag reduction is achieved in the case of periodic actuation are somewhat
unclear, and several explanations exist. Furthermore, it is unclear which actuation frequencies are best, and
two methodologies are often used: actuation at frequencies of the order of the vortex shedding frequency and
actuation at frequencies one order above. Both methodologies produce good results, and drag reductions of
up to 15% can be obtained.

Stability studies usually require to perform a large number of simulations in which a parameter is varied
until its relevant values are found. Additionally, modeling of the turbulent scales cannot be applied as in the
transitional regime it would contaminate the results. For this reason a direct numerical simulation of all the
relevant scales is proposed. Unfortunately the cost of performing such computations on a 3D domain is not
possible, and for this reason a 2D approach is proposed. Since the centerline region of the wake in the 3D
case presents a mostly 2D topology, some similarities to the 3D case are expected.

In this work the the study of the transitional regime of the Ahmed body problem was performed. A first
model was designed which shows an early separation on the front region, which prevents active flow control.
Furthermore, the overall wake topology does not resemble the higher Reynolds 3D cases. For this reason a
second model was designed.

The second model features a constant suction that prevents the early separation of the boundary layer at
the front part of the roof. In this model, destabilization of the wake occurs through a period doubling cascade.
When further increasing the Reynolds number the solution re-stabilizes into a periodic flow field of period
2. This behavior supports the period doubling cascade hypothesis, as it is also observed in other period
doubling cascades such as the logistic map. From the study of this model 2 characteristic frequencies were
selected for application in active flow control: the vortex shedding frequency and one half of this frequency.
Additionally, two more frequencies were selected: twice the vortex shedding frequency, and a non harmonic
multiple of the vortex shedding frequency.

In the last part of this thesis the study of the application of AFC at three actuation frequencies (0.5 x fs;,
fserr 2% fsyr) in the transitional regime is presented. Results show that actuation at frequencies that are lower
than the natural vortex shedding frequency fail to resonate with the flow natural instabilities, while those
equal or greater than the natural vortex shedding frequencies are successful. When actuation is successful,
new types of periodic solutions and large drag reductions can be observed. However, this also produces the
effect of greatly increasing lift, which is in general not desirable. Drag reduction with this type of actuation is
comparable to constant suction, but without requiring a constant mass flux, which is a clear advantage. The
study of the new types of solutions allowed to determine two key properties: first of all, drag is associated to
the rear base vortex frequency; second, the periodic solutions are generated when the top and bottom vor-
tices become frequency locked and are destroyed through period doubling cascades. Actuation is therefore
observed to produce changes to the flow that accelerate vortex shedding, reducing the intensity of the shed
vortices and showing lower drag.
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INTRODUCTION

The first goal of this thesis is to study the stability of the different flow states present in the transitional regime
of the Ahmed body problem. The second goal of this thesis is to determine the impact of Active Flow Control
(AFC) on the stability of the different flow states that have been observed.

The study of the problem will be performed using DNS with the spectral elements code Nektar++. This
project is possible thanks to the collaboration between TU Delft and Universitat Politecnica de Catalunya
(UPC) and will be supervised by both universities. This project will be performed in the UPC facilities under
the supervision of the Physics department and evaluated by the Aerodynamics department of TU Delft.

1.1. CONTEXT

Most ground transportation vehicles cannot be exclusively designed under aerodynamic considerations and
therefore exhibit bluff body wakes. To study the bluff body wakes of ground transportation-like vehicles
Ahmed [3] proposed the Ahmed body geometry. It features a front region where the wake remains attached
to the body and a rear region where the wake separates as it would in a bluff body. The Ahmed body geometry
is always studied in presence of ground effects. Ground clearance (C*) is defined as:

C' = I (1.1)

The rear region presents a slant angle that was varied from 0 degrees to 35 degrees [3]. Three configura-
tions of the Ahmed body have become common in literature:

¢ Square Ahmed ¢ = 0°
. ([) = 25°
o p=35°

The reasoning behind the choice of these angles can be due to two main considerations. On the one
hand, these angles are appropriate for the study of the wake topology. On the other hand, it could be related
to the fact that most of the current automobiles have adopted these angles. A diagram of the Ahmed body is
presented in Figure 1.1.

This geometry has become a paradigmatic case of the study of bluff body wakes, especially at high Reynolds,
and is usually studied for two slant angles: ¢ = 25deg or ¢ = 35deg. In this study the slant angle of study will
correspond to ¢ = 25deg. The study of this model by Lienhart [4] showed that three different types of wake
states can be experimentally observed. The type of wake state that can be observed is mostly dependent on
the slant angle and Reynolds number at which the problem is simulated.

1.1.1. AHMED BODY WAKE TOPOLOGY

This section is an overview of the most relevant flow features of the Ahmed body geometry which have been
observed. Most of the drag of the vehicle is associated to the separated wake: according to [2] the contribution
of the rear wake to the total drag typically exceeds 60%. The Ahmed body wake can present three main wake

1



2 1. INTRODUCTION

Roof Slant

N\ / /I
N\ / /

Front Floor/underbody Rear base

Figure 1.1: Ahmed body geometry for a slant angle of 25deg

states: attached wake, partially separated wake and fully separated wake. These states are interesting because
they present very different types of flow features and global forces.

1. Attached wake:
The flow follows follows the Ahmed body contour as if it were a streamlined body. Drag contribution
of the slant region is low due to the fact that it is mainly determined by friction. At the end of the slant
the flow separates, and vortex shedding occurs at the rear base only. This is an extreme case that can
be referred to as the Attached Low Drag scenario (ALD). It is the scenario that presents lowest drag.

2. Partially separated wake:
In this case the wake separates but reattaches at some point over the slant. A recirculation bubble is
generated immediately next to the slant, the size of which is determined by the distance between the
start of the slant and the reattachment point. The larger this bubble is the larger the drag contribution
of the slant will be. This case can present the highest drag of the three scenarios if the separation bubble
is large. This case can be referred to as the High Drag scenario (HD). Streamlines of this state are shown
in Figure 1.2a.

3. Fully separated wake:
In this case the wake separates at the start of the slant and never reattaches (the separation bubble
bursts). Vortex shedding occurs at the start of the slant and the vortices are directly shed into the wake.
This case presents higher drag than the first scenario, since a pressure drag contribution is added. This
case can be referred to as the Separated Low Drag scenario (SLD). Streamlines of this state are shown
in Figure 1.2b

The Ahmed body presents a sharp edge at the start of the slant, forcing in general the wake to separate. It
is therefore difficult to observe a flow such as the one described in the ALD scenario. In 3D simulations this
scenario can be observed for low slant angles as it is favored by the slant side vortices (which induce a vertical
negative velocity on the slant), however in 2D this scenario is very uncommon.

On the other hand the SLD scenario is also not common in general due to the interaction of the unsteady
vortices that are being shed from the bottom of the Ahmed body rear base. Therefore it is more common to
observe partial reattachments of the boundary layer on the slant during the vortex shedding process. There-
fore the high drag scenario occurs frequently during the vortex shedding process.

To improve the Ahmed body performance it is therefore crucial to modify the vortex shedding process. In
this work the geometry is assumed to be fixed, and flow control is achieved through suction or blowing (active
flow control).

The three different wake states present clearly different drag values (see Figure 1.3). The lowest drag sce-
nario is the ALD (B in the figure), its drag being 15% lower than the SLD scenario. The HD scenario is 30%
higher than the ALD scenario.
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(a) Wake in the centerline for the HD configuration (b) Wake in the centerline for the SLD configuration

Figure 1.2: Comparison of the wake on the center-plane. Figures reproduced from [2]
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Figure 1.3: Drag coefficient as a function of the slant angle. Figure reproduced from [1]

3D EFFECTS

Although the flow in the center region of the slant is mostly 2-D, the three dimensional nature of the wake
cannot be neglected. Venning [2] tested different aspect ratios and determined that increasing the aspect
ratio had the same effect on the mid-section of the wake as increasing the slant angle (see Figure 1.4). This
behavior can be explained under the following reasoning: as the aspect ratio increases so does the distance
from the center-line to the c pillar vortices. These vortices are responsible for the reattachment of the wake in
the center-line. If the vortices are at a larger distance, then the induced velocity at the center-line is reduced
(Uinducea < 1/T).

One of the most interesting conclusions that can be obtained from this article is that the wake topology on
the center plane shares a common topology with different aspect ratios. Low aspect ratio bodies will present
reattachment on the rear slant more easily than high aspect ratio bodies, but the destabilization of the wake
follows the same path: first the wake will partially separate, producing a separation bubble, then the flow will
completely separate at the start of the slant.

The reason for this similarity is that the flow on the center region of the slant is mostly 2-dimensional. This
can be observed both in Figure 3.8 (velocity contours and separation regions). The reader can clearly observe
that wake influence is very strong at the edges 0.8 < |y/W| < 1, but much smaller in the center region.

In this project the simulations that are performed are 2-D to reduce the computational cost, as many
simulations have to be run for long time intervals. The validity of the results is limited to the center region of
the body and will fail to represent the effect of the lateral vortices. 3D simulations can be proposed as future
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Figure 1.4: Wake profiles for increasing aspect ratios. Figure reproduced from [2]
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work, but larger computational resources would be required.

The contribution of the wake of a bluff body to the total drag is usually higher than 60% [2]. Therefore, the
reduction of the wake can lead to large reductions of the drag coefficient of the order of 15% by active flow
control [5], [6] and up to 25% by passive flow control. Recently active flow control has received great attention
as it can avoid some of the inconveniences passive flow control struggles against (aesthetics, increased model
size, etc.) However, active flow control requires a great understanding of the flow to produce optimal results.

1.1.2. DRAG REDUCTION STRATEGIES
Drag reduction strategies in general target to modify the vortex shedding process in such a way that drag is
reduced. Drag is selected as the most relevant quantity because it is the most important factor that affects
road vehicle performance (reduction of consumption is currently a major target in industry). ! The goal of
this study is not to simply study the improvements in performance of the vehicle, but instead to determine
how the flow has been altered. However it would not be wise to disregard the performance. In fact, having an
indicator of which flow states are more desirable is a good way of focusing the study. Additionally most of the
relevant literature is focused towards this goal, which allows for a better comparison.

Vortex shedding can be described as a periodic behavior of the flow on the rear region of a bluff body.
In the case of the Ahmed body this behavior is asymmetric, as the geometry is not symmetric. In the slant
region the flow separates and reattaches periodically. This generates a vorticity that is shed to the flow. At the
bottom region the behavior is also periodic, as the flow is fully separated at the 90° corner. The general wake
dynamics is greatly determined by this phenomenon starting from the first flow instabilities to the highly
turbulent behavior.

3 main drag reduction strategies have been described in literature for the Ahmed body: vortex shedding
suppression, vortex pushing and vortex synchronization.

1. Vortex shedding suppression:
The separation bubble is eliminated, therefore increasing the static pressure at the wall. Pressure
drag can be computed as the difference between the front contribution and the rear contribution
D = [y Pds = [rfront Prrontdsl = | frreqr Prrontdsl. This has been achieved by several authors such
as Auburn [7], Tounsi [8], among many others.

2. Vortex pushing:
The separated recirculation bubble or shed vortices are pushed away from the wall. By pushing the
vortices away the induced velocity on the surface has less impact on the near wall velocity field. This
leads to an increase on the static pressure. This has been achieved by Barsotti [9], Aider [10] or [11].

3. Vortex synchronization:
The top and bottom vortices are forced to shed in a synchronous fashion. When this occurs, the size of
the shed vortices is reduced to one half, which reduces the induced velocity at the wall and increases
base pressure. This has been achieved by Pastoor [5], but in the case of a square Ahmed body.

These strategies try to explain the main relation between drag reduction and wake topology. In practice it
is complicated to obtain one of the cases, instead the reduction can be explained as a combination of these
effects.

1.1.3. APPLICATION OF ACTIVE FLOW CONTROL (AFC)
When analyzing the performance of active flow control systems the jet momentum coefficient C;, is the most
used non-dimensional quantity. Most active flow control systems have a linear behavior from 0 actuation to
the saturation point, after which increasing C;, does not produce any improvement in the performance of the
control system. Cy, is usually defined as:
C I_] (1.2)
BT 5. :

3Pous A

Where pg and uy are the free-stream conditions, Ay the reference height I_] is the time averaged momen-
tum:

IHowever the lift balance of the vehicle can also be a key aspect in the performance of the vehicle, especially in the area of racing.
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I; :;PAFCAAFC A uj(ndt (1.3)
Since the jet fluid is the same as the free-stream fluid, parc = po, Aarc is the actuation length and the
velocity profile depends on the type of actuation.
To characterize active flow control through periodic excitation the Strouhal number is also used. It de-
scribes the non-dimensional frequency of a certain phenomena or actuation.
H
Str= f— (1.4)
0

There are two main strategies in the application of AFC: flow control using a frequency of the order of
the natural vortex shedding frequency and flow control using a frequency that is much larger than the that of
the vortex shedding. Examples in literature include: Kourta [12], who studied actuation at frequencies of the
order of 1 to 8 times the natural vortex shedding frequency, Bruneau [13] who studied actuation at half the
natural vortex shedding frequency or [14] who did the same but at much larger frequencies. In this project the
first strategy has been selected. The goal is to force the solution to bifurcate to a new flow state. It is assumed
that it is more likely that the flow can adapt to a new solution that has a periodicity of the same order as the
natural frequency of the problem than if the forcing frequency is an order of magnitude larger. On the other
hand, however, high frequency excitation of the flow has also been used effectively to trigger new flow states
and reduce drag. This strategy can be studied in future work.

1.1.4. REQUIREMENTS

In order to successfully implement active flow control, it should be implemented on an attached boundary
layer on the verge of separation. Locating the separation point on streamlined bodies can be a challenge,
however in the case of bluff bodies it is usually determined by a sharp edge. For this reason the actuation
locations on the Ahmed body are limited. The most common actuation point by far is on the roof immediately
before the start of the slant. Alternatively the lower part of the rear surface has also been proposed, but has
been studied to a lower extent. In this study the first option has been chosen as it is the "standard" in AFC
studies on the Ahmed body.

1.2. SIMULATION AND ANALYSIS OF THE MODEL

The equations that govern the motion of fluids are the Navier-Stokes equations. This set of non-linear dif-
ferential equations cannot be solved analytically for most of the cases of interest. However they allow for
two main types of solutions: laminar solutions in which the flow shows orderly motion and turbulent solu-
tions, which exhibit a chaotic motion associated to a large range of time and length scales. In between these
two regimes, the transitional region is observed, in which complex but ordered behaviors are can be found.
The transitional regime is rich in different types of solutions as several bifurcations (or drastic changes in the
behavior of the solution) are usually observed. For this reason several periodic states are often reported in
this regime, which separate the fully laminar steady solutions from the first chaotic pre-turbulent states. The
study of this regime allows to develop a greater understanding of how the wake shall develop, and how to
define strategies to control it, that will hopefully be efficient at high Reynolds numbers. Due to the non-linear
nature of the N-S equations the study of these transitions requires the tools developed in the field of dynami-
cal systems and bifurcations. These tools allow to characterize the transitions based on the linear instabilities
of the solutions and study the growing complexity of the new solutions that appear.

1.3. RESEARCH OBJECTIVES

Two main goals were established in the literature study prior to the start of this MSc thesis:
1. To characterize the transition from laminar to pre-turbulent chaotic flow of the Ahmed body wake
2. To determine the effect of active flow control on the transitional regime

To summarize the objectives of this work, a series of research questions have been established. For the
first part, the main research question can be stated as:

- What are the main characteristics of the Ahmed body flow in the transitional regime?

This task can be split to two more precise questions:
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1. Which wake states can be observed experimentally using DNS of the flow?

2. Are these wake states representative of the high Reynolds behavior?

It is important to note that if the second subquestion is answered negatively, then the model must be
rebuild. Having established a representative model of the study target a second research question can be
defined:

- How does periodic actuation affect the transitional regimes?

This can be again reduced to more specific questions:

1. Isit possible to trigger different flow states using AFC?

2. Are these states related to the ones observed in the previous part of this work?
3. Which states are more desirable?

4. Isit possible to control which state is triggered?

5. What is the efficiency of the flow control?

The target of this work is to provide a reasonable answer to these questions.

1.4. STRUCTURE OF THE REPORT

This report is structured in three main parts. In the first part the baseline Ahmed configuration is presented:
the numerical setup of the problem, boundary conditions and meshing are described, a validation of the
model is performed and the results are presented. The temporal evolution and CI-Cd curves of the different
types of solutions are studied at different Reynolds, and the bifurcation scheme of the model is described.
Unfortunately the conclusion of this section is that the model does not present the desired flow features due
to early separation, and therefore a suction is applied to correct this situation. This part is structured in two
chapters: The baseline Ahmed body configuration and Bifurcation analysis for the baseline model.

The modified Ahmed body configuration is presented in the second part of this thesis. It features a de-
scription of the changes that have been applied to the original model, a validation of the new flow fields and
a study of the new bifurcation scheme. The new model is found to bifurcate at higher Reynolds, which re-
quires a higher mesh density, but presents the expected flow features. Additionally, the variation of the types
of flow solutions is found to be small along the transitional regime, which allows to reduce the study of the
problem to a significant Reynolds number. This part is structured in two chapters: The modified Ahmed body
configuration and Bifurcation analysis for the modified model.

Having determined the new bifurcation scheme of the new model, AFC is applied near the new separation
point at a representative Reynolds of the transitional regime. The flow control methodology and necessary
changes to the model are described, the problem is validated and the results are presented: different actu-
ation frequencies and amplitudes are compared to both the baseline case (flow without rear actuation) and
constant suction. Periodic solutions are found at certain combinations of frequency and amplitude actua-
tions, and the mechanisms by which this occurs are studied. Great attention is put on the changes to the
global forces, as they are the most relevant quantities. This part is structured in a single chapter: Application
of AFC.

Finally, conclusions are drawn, and recommendations for further work are proposed.






THEORETICAL BACKGROUND

2.1. STUDY OF COMPLEX DYNAMICAL SYSTEMS

A dynamical system can be described as a certain model whose time evolution is described by a mathematical
model [15]. Dynamical systems may be time-continuous or time-discrete. The former are governed by differ-
ential equations, while the latter respond to the iteration of maps (difference equations). The NS equations
are the set of non-linear equations that describe the motion of fluids. Non-linear dynamics can become ex-
tremely complex in some situations, as the solutions can exhibit completely different forms depending on the
value of certain parameters. It is common knowledge that the Navier Stokes equations can present laminar
behavior when the Reynolds number is low, turbulent behavior if it is high, natural convection if the Rayleigh
number is high, among many others. One of the tools that have been developed to study the behavior of such
systems is stability analysis. Stability theory allows to determine the values of a relevant parameter (in the
present study Re) at which a certain system will experience qualitative changes in its behavior (bifurcations).

The study of bifurcations allows to determine the different qualitative behaviors of the system. This is
particularly interesting for flow control, as some states have beneficial properties (for instance low drag) while
others do not. The goal is then to determine how a certain beneficial state can be favored in an efficient
fashion.

Unfortunately the study of the stability of non-linear systems is complex and dependent of the particular
case. To overcome this problem several methods exist: linear stability analysis, weakly non-linear stability
analysis, etc. Linear stability analysis is preferred in this work as it provides the most relevant information
regarding the stability of the system while keeping a more simple approach than other methods.

In this chapter the application of linear stability theory to the NS equations will be described. The discus-
sion will include the linearization of the NS equations, the most relevant stability analysis tools, and relevant
literature regarding the study of the transitional regime applied to bluff body wakes.

2.2. WHY LINEARIZED SYSTEMS?

A linear system is a system that verifies superposition, i.e. scaling of actions results in proportional effects
and addition of actions in addition of their individual effects.

Linear systems have an extremely simple behavior that is easy to analyze. Most dynamical systems are
however nonlinear, and this introduces a degree of complexity that renders a global analysis unfeasible. Lin-
earization around particular solutions allows for a local analysis that remains valid sufficiently close to the
solution around which the system has been linearized.

In stability analysis the focus is placed in the study of certain points that present drastic changes in the be-
havior of the solution. This implies that the distance from the bifurcation at which a completely new behavior
of the system can be observed is small. Therefore the linearized system will offer a good approximation of the
qualitative changes in the system at the bifurcation point.

2.3. LINEARIZATION OF THE NS EQUATIONS

In the previous section the interest of studying the linearized version of complex non-linear equations has
been discussed. in this section the linearization of the NS equations will be discussed. The NS equations can

9
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be written as:

oru+ u-Vyu= —Vp+vV2u 2.1)

V-u=0 (2.2)

And some boundary conditions. Assuming that a steady solution exists (ug, po):

(up-V)ug =-Vpg + vV2u0 (2.3)

V- up=0 (2.4)

Equation 2.3 is a constrained non-linear system of equations. The constraint comes form the fact that the
continuity equation is not a dynamical system, instead it only projects the velocity field to a divergence free
space.

A perturbation can be applied to the solution u = ug + eu’ p = p, +€p’, where € << 1. Substituting and
simplifying using eq 2.1 and 2.2:

0u’ +e(u-V)ug+e(uyV)u' +€* (u'-V)u' = —eVp' +evvid (2.5)

V-u'=0 (2.6)

Neglecting the high order terms:

ou’ + (u'-V)ug + (up- V)u' = -Vp' + v’ 2.7

V-u'=0 (2.8)

With homogeneous boundary conditions. This does not depend on the type of boundary condition.
Equations 2.7 and 2.8 represent the linearized system of equations, which can be decoupled in the basis
of eigenmodes.

Then it is possible to seek for a solution that will only amplify (or decay) the perturbations in time but does
not alter them in any other way. u’ = ¥ ; @; itandp' =Y jPj eit. Since the system is linear each equation
can be decoupled:

A0aeM + (@ V)uge + (ug- V) iet = -vper +vviaet 2.9)

V-iie* =0 (2.10)

In this step a small abuse of the notation has been applied. Since the equations are solved on a finite grid
the solution u’ is defined at N grid location points. The linear system is therefore now a system of equations
of 3 x N +1 equations and 3 x N + 1 unknowns: 3 components of velocity and pressure on N grid points.
Simplifying:

A0+ (@-V)ug + (ug- V)i = —-Vp + vV 2.11)

V-a=0 (2.12)

Defining the linear operator of velocity as L, (x) = vx, the linear operator of pressure as L,y = —Vy, the
divergence operator as kx = —V - x and the linearized non-linear term as: D, N(up)x = — [(up - V) x + (x- V) ug]
The system can be rewritten in matricial form:

(2.13)

DuN(ug) + Ly, L
k 0

oo

Which is an eigenvalue problem with eigenvalues A and eigenvectors (i1, 7).
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Figure 2.1: Example of a 2D map of the aerodynamic coefficients

It is useful to give a physical interpretation of the eigenvalues and eigenvectors of the system. The eigen-
vectors were introduced as a certain solution that grew or decayed exponentially in time @ = e*. The eigendi-
rection is then the direction in which a perturbation would grow or decay exponentially without changing its
shape (the velocity and pressure field distribution). In the discretized 3D solution, each eigenvector consists
in a velocity field and there are as many eigenvectors as nodes the discrete system has. These eigenvector
velocity fields can then be understood as the perturbation fields that would produce an exponential growth
of growth rate A. It is customary then to order them in such a way that Re(1;) > Re(A2) > ... > Re(1;) > ... >
Re(Ap), where N is the number of discrete equations of the system.

Linear systems allow to study the bifurcations of steady solutions. Unfortunately once the solution be-
comes unstable the bifurcations of the unsteady solution can be different. It can sometimes occur that the
secondary bifurcations of the linear system are similar to the bifurcation of the unsteady solution. However in
general this is only an approximation. A better alternative to trying to infer the stability of the original steady
solution is to directly simulate the unsteady solution bifurcations. This is more computationally expensive,
but since the Reynolds number is low, it can be accomplished.

2.4. REPRESENTATION OF THE SOLUTIONS

Mapping is a very powerful tool for studying the different types of solutions that a dynamical system presents.
In this work it has been used to project the solution into a lower dimensional space (2D), for ease of represen-
tation. Using this method a steady solution is represented as a point and a periodic solution is represented as
a closed loop. This method is commonly used in the field of stability analysis. Two main types of mappings
exist: continuous and discrete.

In this work continuous maps have been extensively used to determine the properties of the different
types of solutions. These kind of maps are extremely useful when studying periodic solutions. The non di-
mensional coefficients of lift C; and drag C; of the body have been chosen as the most relevant variables to
map the solution on a 2D space.

However in some cases the use of continuous maps is not the most useful procedure. In these cases the
use of discontinuous maps can provide additional information of the different types of solutions. In this
work discrete maps such as Poincaré sections have also been used in the advent of quasi-periodic solutions
to overcome the limitations of continuous maps.

2.4.1. CL-CD MAP

One of the most simple maps that can be applied to a certain flow solution is the Cl-Cd map. This map is also
one of the most useful ways of classifying the types of solutions as it allows to determine whether a solution
is steady, periodic, quasi-periodic or chaotic. A solution is steady if for all times the solution is mapped into a
single point. In fluid dynamics steady solutions are only observed for extremely low Reynolds numbers, and
represent extremely simple laminar flow states. A solution is periodic if it can be mapped in the parameter
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space as a closed curve after one period. In fluid dynamics periodic solutions are often found in the first
stages of the transitional regime when vortex shedding is observed. A solution is quasi periodic if its map
wounds on a torus (doughnut) densely. Its dynamics respond to two incommensurate frequencies. Finally a
solution is chaotic when, independently of the number of periods, it does not close on itself. The number of
periods required to determine if a solution is quasi-periodic or chaotic can be large (order 10%). An example
of this kind of representation can be found in figure 2.1.

The choice of Cl and Cd as the representative quantities is motivated by the fact that they are usually
regarded as the most relevant quantities in the study of aerodynamic problems. However, in the study of the
different types of solutions any quantity that can be extracted from the problem could potentially have been
used. Examples of other quantities that could have been used can include point-wise quantities such as the
horizontal and vertical velocity at a point located in the wake, pressure drag vs pressure lift, etc. The choice
of the lift and drag coefficients has three main advantages: they are integral quantities (and therefore are less
subject to local effects), they are computed in the region of interest, and they are the most commonly used
quantities in the study of these kind of problems (making them more comparable to other studies).

2.4.2. POINCARE MAPS

The Poincaré map is a dynamical system that that maps the system’s phase space trajectory with a Poincaré
section from one crossing to the next (see Figure 4.1). This type of representation can be described as a
discrete map: it represents the solution only at discrete time instants. The Poincaré section is a mapping of
the points on S to itself. The Poincaré map can be written as:

X1 = P(Xg) (2.14)

Figure 2.2: Diagram of a Poincaré map. Figure reproduced from [16]

The goal of the Poincaré map is to reduce the study of a limit cycle of a continuous time dynamical system
to the study of a fixed point of a discrete time dynamical system. It provides useful information of the time
evolution of a solution under the action of a dynamical system. It is a useful tool in determining if a solution
exhibits periodic or quasi periodic behavior (for instance after a great number of periods): the Poincaré map
of a closed 1 period orbit will always be a fixed point on a map. If the closed orbit closes every two cycles then
the the Poincaré map will show two points and so on. If the flow does not exhibit any periodicity the map will
show infinite points. The Poincaré map is useful for the study of the destabilization of periodic orbits.

2.5. BIFURCATIONS

A bifurcation is defined as a sudden change in the qualitative behavior of a certain system under a small
change of a relevant parameter [16], [17]. In the case of study the NS equations present two distinct solutions:
laminar and turbulent. At extremely low Reynolds numbers laminar flow presents a steady ordered behavior.
On the other hand turbulent flow presents chaotic unsteady oscillations. Therefore there has to be at least
one critical point in which the behavior of the system dramatically changes. In fact this cannot occur in a
single step, instead several bifurcations must occur [18] [19].

Bifurcations can be related to the creation or destruction of fixed points, periodic orbits, quasi periodic
orbits or to the change of stability of these types of solutions. In complex systems the study of bifurcations
is usually performed through the study of their maps. Two main types of mapping methods can be used:
discrete and continuous maps. The study of bifurcations must therefore include the qualitative changes for
both types of dynamical systems. A thorough analysis of the advent of these bifurcations has shown that this
can only occur in a limited number of ways. This will be further explained in Section 2.5.2. To introduce the
study that is presented in this thesis, it is necessary to introduce two theorems, the center manifold theorem
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and the normal form theorem. These fundamental laws describe the basis of what will be presented along
this document.

2.5.1. CENTER MANIFOLD THEOREM

The center manifold theorem states that at a bifurcation point the dynamics of a system are governed by the
evolution of a certain critical mode, while all other modes are forced to follow [16], [20]. It also states that
a manifold is stable if the real part of all eigenmodes of the (linearized) system are negative and unstable
if the real part of all eigenmodes are positive. This implies that the system will go through a bifurcation
when the real part of the first eigenmode changes sign. Close to the bifurcation point the system can be
approximated as the linearized system. Therefore the center manifold theorem states that sufficiently close to
the bifurcation point the stability of the system is defined by the eigenvalue problem defined by the Jacobian
of the linearized system.

According to the center manifold theorem, if a system is stable the real part of all the eigenvalues of the
linearized system should be negative. Then its stability will change when its first eigenvalue becomes 0.

This theorem provides the tools to determine the stability of the system after a bifurcation occurs. Fur-
thermore, the study of the bifurcation can be reduced to the study of only the nodes that become positive.
Generically, only as many eigenvalues can be made to change stability simultaneously as control parameters
has the system. The key to understanding the stability of the system is to study the mode that will change
sign.

In linear systems the growth of an positive eigenvalue near a bifurcation is exponential. In non-linear
systems this will only occur during the initial transient, and when the solution is sufficiently far away from
the stable solution the second, third and all other orders will take control of the system, avoiding a blowup.

2.5.2. NORMAL FORM THEOREM

The normal form theorem is a powerful tool in the classification of bifurcations. The main concept behind
it is that the ways in which a system can bifurcate are limited and depend on the dimension of the system.
Intuitively the normal fold theorem states that sufficiently close to the critical point the way in which the
bifurcation occurs is always similar to one of the prototypical cases. Then it is possible to determine the
normal form of a bifurcation. Some of the most common bifurcations can be saddle-node, pitchfork, Hopf,
Neimark-Sacker or period doubling. The application of the normal form theorem allows to study these types
of bifurcations independently of the problem of study, and the results of the study of the prototypical bifur-
cations simplify the study of the stability of any problem.

It is important to note that the normal form theorem only accounts for the linear and minimal non-linear
terms that describe the nonlinear dynamics of the system close to the bifurcation point. This implies that in
some cases it can conclude that there is no stable solution, leading to a blowup. In reality higher order terms
take control of the system when the distance form the bifurcation is large, preventing the blowup scenario.
However, in the classification of bifurcation points, the normal form theorem allows to describe accurately
the behavior of the system.

2.5.3. PROTOTYPICAL BIFURCATIONS OF CONTINUOUS MAPS

Continuous maps are those maps that represent the solution for all time instants. These maps are usually
used to simplify those solutions which present a complex spatial distribution, as they reduce the order of
the representation. Continuous maps are particularly useful in the study of solutions which present a simple
temporal evolution such as steady and periodic orbits. The study of the types of bifurcations that these maps
can present can be reduced to the study of the most relevant prototypical bifurcations. In this work two types
of bifurcations of continuous maps have been studied: saddle node and hopf bifurcations.

SADDLE NODE BIFURCATION

The saddle node bifurcation is one of the basic ways in which fixed points can be created or destroyed, and
occurs when a real eigenvalue becomes unstable. It can be observed when by varying the control parameter
two fixed points collide, annihilating each other. A fixed point stable solution is destroyed, leading to a blowup
of the linear system. A graphical representation of this bifurcation is presented in figure 2.3: a stable fixed
point (black dot) collides with an unstable fixed point (white dot) for a value of the parameter equal to 0, both
annihilate and for values of ¢ < 0 no fixed point can be found. Saddle node bifurcations account for brusque
changes in the behavior of a certain solutions. A simple example of a saddle node bifurcation is the problem
in which a ball is placed on a slope. Assume a slope such as the one presented in figure 2.4. Depending on the
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Figure 2.3: Representation of a saddle node bifurcation
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Figure 2.4: Slope problem bifurcation

slope, there can be 1 marginally stable node, a pair of stable-unstable locations or none. Another example of
saddle node bifurcation is the straight leveled flight problem. Taking thrust as the main parameter of study
three types of solutions can be obtained: for insufficient thrust it is impossible to maintain horizontal flight
and no solution can be found. If exactly the minimum thrust is applied, then the solution is unstable, making
the aircraft very difficult to pilot. Finally when additional thrust is applied, then parasitic drag dominates the
problem and one stable solution can be found.

HOPF BIFURCATION

A Hopf bifurcation is a bifurcation of an equilibrium point of a dynamical system in which at the critical
point the modes that become unstable are purely imaginary. This generates a family of closed fixed point
curves, which are also known as limit cycles. Two types of Hopf bifurcations have been described: sub-critical
and supercritical, depending on the stability of the periodic orbit. Stable fixed points destabilize through
supercritical bifurcations, becoming unstable and generating stable limit cycles. This is represented in figure
2.5a. The limit cycle behaves as an orbit when time tends to infinity, as all nearby trajectories are attracted by
it. On the other hand, unstable fixed points, destabilize through supercritical bifurcations, creating unstable
limit cycles which repel all trajectories. This type of limit cycles divide the phase space into two basins of
attraction (the new fixed point and infinity) as shown in figure 2.5b. Hopf bifurcations are the basic way
in which periodic solutions are born. A good example of a Hopf bifurcation can be found in the cylinder
wake at the onset of vortex shedding, presented in figure 2.6. The flow transitions from a steady solution to a
solution in which the wake is periodic locally, and then the instability becomes large, forcing the whole wake
to oscillate periodically. Another example of a Hopf bifurcation can be found in the field of aero-elasticity in
the case of flutter: under some conditions a wing can begin to oscillate periodically due to the aerodynamic
forces, leading to a dangerous scenario in which the structure can fail due to fatigue.

2.5.4. PROTOTYPICAL BIFURCATIONS OF DISCRETE MAPS

Discrete maps can be used to simplify the study of solutions which present complex temporal evolutions.
To do so, the temporal evolution is reduced to a number of discrete points. The study of these dynamical
systems can be reduced to the study of their prototypical bifurcations. The two most relevant prototypical
bifurcations of these maps for this work have been described: Neimark-Sacker and period doubling.

NEIMARK-SACKER BIFURCATION
A Neimark-Sacker bifurcation is a bifurcation in which a discrete dynamical system with a fixed point desta-
bilizes, generating a closed curve of fixed solutions. This type of bifurcation is similar to the Hopf bifurcation



2.6. BIFURCATION STUDIES APPLIED TO BLUFF BODY WAKES 15

5\ ©

u<o u>0

u=0 p=0

a) Supercritical Hopf bifurcation
(a) Sup p (b) Sub-critical Hopf bifurcation

Figure 2.5: Representation of a Hopf bifurcation

Figure 2.6: Cylinder base bifurcation scheme

in the sense that a curve of fixed points is born from a fixed point, and also because the eigenvalue that has
become unstable at the critical point is purely imaginary. The closed curve that is generated can be both
continuous and discrete, depending on whether the new solution periodically falls on the same points or not.
This is due to the fact that the dynamical system of study is discrete, and therefore so is the solution. Neimark-
Sacker bifurcations are particularly interesting because they can be responsible for the transition of ordered
solutions to chaotic states: a quasi-periodic solution generated by this bifurcation can become chaotic by the
loss of regularity of the solution.

PERIOD DOUBLING BIFURCATION

A period doubling bifurcation is a type of bifurcation in which a periodic orbit becomes unstable and a new
stable orbit of double period is born. Period doubling bifurcations are interesting because they allow for an
ordered solution can become chaotic: usually this occurs in a cascade fashion, several period doubling bi-
furcations are observed separated by increasingly smaller distances. Eventually, the solution reaches a point
in which the periodicity is lost. An interesting fact that is observed in this type of cascades is that periodic
windows are usually observed in the chaotic regime: regions of order inside chaos. The difficulty in the study
of period doubling bifurcations is that the distance between bifurcations is reduced after every bifurcation,
and therefore at some point the bifurcations are so close to each other that they cannot be distinguished. The
most relevant example in the study of this type of bifurcation is the logistic map. In this example, depending
on the value of a parameter, the solution can present periodic solutions of period 1, 2, 4, etc, or chaotic solu-
tions [16]. Figure 2.7 shows the typical representation of a period doubling bifurcation, in which a periodic
solution of period 1 is shown for values of a < 3. When the critical point is reached two stable solutions are
observed for a € (3, 3.4), as the solution will travel from one to the other periodically. Therefore the period has
doubled. This occurs several times and eventually chaos is reached.

2.5.5. SUMMARY

The study of bifurcations allows to determine the different qualitative behaviors of the system. Furthermore,
the study of the different maps allows to determine the bifurcation scheme and classify the different bifurca-
tions into "prototypical" bifurcations. The study of the flow states and bifurcations is particularly interesting
for flow control, as some states have beneficial properties (for instance low drag) while others do not. The
goal is then to determine how a certain beneficial state can be favored in an efficient fashion.

2.6. BIFURCATION STUDIES APPLIED TO BLUFF BODY WAKES

In this section the author will describe the most important contributions in the field of stability analysis ap-
plied to aerodynamic problems.

In the study of aerodynamic problems from the stability point of view, authors have mostly focused in
symmetric cases (spheres, disks, etc.). Symmetric cases are interesting because for low Reynolds the flow
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Figure 2.7: First period doubling bifurcations of the logistic map. Figure reproduced from [21]

0.8

0.6+

@ 0.44

0.2

.

Re, 120 R 135 R 150

Figure 2.8: Bifurcation map for the disk, figure reproduced from [24]

structure will respect the symmetry of the problem. Pitchfork and Hopf bifurcations are usual in these cases.
In this work the Author will focus in the cases that possess a blunt trailing edge. The particularity of these
systems is that the separation point is fixed. Therefore the Author will review the literature regarding stability
studies on disks, axis-symmetric bluff bodies and the Ahmed body.

2.6.1. FLOW ON THE DISK
Natarajan [22] Fabre [23] and Meliga [24] have performed relevant contributions to the stability analysis of
flow on a disk. Meliga studied the theoretical bifurcation diagram and performed linear and weakly non-
linear analysis of numerical solution. Using linear analysis the first two bifurcations can be determined: the
first one is steady (w = 0) and the second one is unsteady (w > 0). Then weakly non-linear analysis can be
used to complete the bifurcation map shown in Figure 2.8.

For very low Reynolds the solution is steady and axis-symmetric. A first steady bifurcation occurs at
Re = 115, and the solution looses the axis-symmetry but keeps a reflectional symmetry. When Reynolds
is increased the center of the wake moves away from the disk and for Re «~ 125 the steady state (SS) solu-
tion becomes unstable through a Hopf bifurcation and looses its symmetry. During the bifurcation the first
destabilizing eigenmode of the system becomes unstable and the solution will present a natural frequency of
Strouhal number St = 0.121 [24]. At the threshold of the first bifurcation (stable) all perturbations will decay,
however on the threshold of the second bifurcation some regions will amplify the perturbations very fast and
others much slower. These regions are the most susceptible regions of the flow.
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(b) Unsteady non symmetric solution (115 < Re < 125)

(c) Unsteady symmetric solution (125 < Re < 140)

Figure 2.9: Top and side view of the wake, black line represents the main axis of symmetry. Figures reproduced form [24]

According to [23] a symmetry preserving bifurcation is also possible (as it is for the sphere), however for
the disk wake this bifurcation would be unstable. Fabre [23] defines these two possibilities as Reflectional
Symmetry Preserving (RSP) and Reflectional Symmetry Breaking (RSB). Interestingly a last bifurcation occurs
at Re = 140 which restores the reflectional symmetry of the wake but in a plane perpendicular to the previous
reflectional symmetry plane or Standing Wave state(SW). The three flow states can be observed in Figure 2.9

CONCLUSIONS

The wake of the disk is characterized by a steady symmetry breaking bifurcation, an unsteady symmetry
breaking bifurcation and an unsteady symmetry restoring bifurcation. These results were obtained with the
use of both linear analysis and weakly non-linear analysis, the only difference between the two being the ac-
curacy of the bifurcation point. Therefore the Author concludes that the flow on the disk can be qualitatively
studied using linear analysis.

2.6.2. FLOW ON THE AXIS-SYMMETRIC BLUFF BODY

The axis-symmetric bluff body is a bullet-like body with a blunt trailing edge. The main differences with the
Ahmed body is that the section is circular and no ground is present. The axis-symmetric bluff body shares
some similarity with the disk and some with the Ahmed body. The topology of the wake is shown in Figure
2.10.

According to Bury [25] and Rigas [26] at low Reynolds the wake of associated to the bluff body is a toroidal
structure. A first bifurcation occurs at Re = 450 and the wake loses the axial symmetry in favor of a specu-
lar symmetry. The destabilization of the torus shape wake is shown in Figure 2.10a and the new specularly
symmetric wake is shown in Figure 2.10b.

For Re = 600 the wake becomes unstable. This bifurcation preserves the reflectional symmetry of the
wake (RSP). An interesting feature of this state is that it can be divided in three sub-states. First there is only
one fundamental frequency (St = 0.12), and the lobes are equally spaced. Note that this frequency is almost
identical the natural frequency of the first unstable mode of the disk. Then a second peak in the frequency
spectra appears, which is associated to vorticity bursts. The dynamics of the wake become more and more
affected by this new frequency until the system becomes chaotic (but preserving the reflectional symmetry).
This process is shown in Figure 2.10c.

The wake instabilities grow for increasing Reynolds and finally at Re = 900 the wake goes through another
bifurcation and looses the remaining symmetry (RSB). For Re > 1000 the wake becomes chaotic.
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Figure 2.10: Top and side view of the wake. Figures reproduced form [25]
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According to Bohorquez [27] the aspect ratio of body determines the critical Reynolds values. In his study
he used a body with an aspect ratio of 1 and 2, while bury [25] used a body of aspect ratio 7. This explains
why he predicted that the first bifurcation should appear for a Reynolds a 50% lower than bury for L/D =2 or
70% lower for L/D = 1. Furthermore, he also compared the predicted values using linear theory and exper-
iments, and determined that linear theory overestimates the Reynolds critical values. The most remarkable
fact, however, is that linear stability studies can accurately predict the bifurcations and the properties of the
wake in the transition states even if the critical point is not determined correctly.

Rigas [28] studied the high Reynolds chaotic regime experimentally. He concluded that the wake has two
main characteristic frequencies: one due to vortex shedding (St = 0.2) and one associated to the rotation of
the vortex shedding plane (St = 0.002). This is relevant because he determined that the vortex shedding fre-
quency at the chaotic regime could be related to the low Reynolds flow properties. Therefore, Rigas concluded
that the large scale coherent structures of the turbulent regime maintain a relation with the low Reynolds in-
stabilities in a statistical sense.

CONCLUSIONS
The wake of the axis-symmetric bluff body is characterized by a steady symmetry breaking bifurcation, an
unsteady reflectional symmetry preserving bifurcation and an unsteady symmetry breaking bifurcation.

When comparing to the disk, it is possible to conclude that the destabilization of the wake is qualitatively
different since in the disk wake the symmetry of the wake is broken first to then be recovered while this
does not occur in the axis-symmetric bluff body case. However, the natural frequency of the flow at the first
unstable state is similar, which seems to point out that the first transition to unstable behavior is similar.

Linear studies have been found to be a good tool for determining the qualitative behavior of the wake.
However they do not seem to predict correctly the exact value of the critical points, which they tend to over-
estimate. This is similar to what other literature reports for the disk.

Evidence was found that supports the idea that instabilities at the transitional regime can be directly
related to the vortex shedding properties of the turbulent regime [25], [27], [28]. Since vortex shedding is the
most relevant phenomenon of the wake in both regimes Rigas [26] showed that both vortex shedding and
vortex shedding actuation could be described using transitional regime tools for much larger Reynolds. The
author concludes therefore that the implementation of flow control strategies that target vortex shedding
suppression at transitional Reynolds can be representative of flow control strategies at turbulent Reynolds.

2.6.3. FLOW ON THE AHMED BODY

In Chapter 3 the Ahmed body geometry was classified into square and slanted. Less literature exists regarding
stability studies in this geometry than for the disk or axis-symmetric bluff bodies, and it is generally focused
on the 3D square Ahmed body.

SQUARE AHMED BODY

Grandemange [29] studied the low Reynolds Ahmed body wake and determined that the wake is steady and
symmetric left to right. When increasing the Reynolds number a Reflectional Symmetry Preserving (RSP)
bifurcation is observed, leading to an unsteady symmetric left to right wake. This bifurcation is identified as
a Pitchfork bifurcation, as two symmetric states are possible.

Then by further increasing the Reynolds number a new bifurcation is observed and the wake became
stable again but lost its symmetry, in what can be described as a Reflectional Symmetry Breaking bifurcation
(RSB). It is worth mentioning that the wake seems to have turned 90° and is now aligned with the floor plane.
Furthermore this state only appears if the ground clearance is greater than 0.4. It seems that the wake can
only orient itself parallel to the ground plane if there is enough flow on the underbody.

Finally, the wake undergoes a last bifurcation to become unstable and non-symmetric. Dye images of the
wake from [29] are shown in Figure 2.11.

The flow behavior at high Reynolds number regime retain some of the characteristics of the transitional
regime. This seems to be due to the fact that the main phenomena driving the dynamics of the system is in
both cases vortex shedding. This thesis is supported by the fact that peaks at the vortex shedding frequency
can be observed both at transitional and highly turbulent regimes. The exact Strouhal number associated
to vortex shedding is more controversial. Grandemange [29] proposes 0.17 (vertical) and 0.127 (horizontal),
which is in good agreement with Li [30] and Volpe [31] 0.19 (vertical) and 0.13 Horizontal, however Pastoor
[5] finds 0.23, which is in better agreement with Bruneau [32], Parkin [33] or Henning [34] who propose 0.25.
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Figure 2.11: Transitional states of the Ahmed body wake, figure reproduced from [29]
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Figure 2.12: Effect of ground clearance and aspect ratio on the pressure gradients (horizontal, left and vertical, right) at the center of the
rear base, figure reproduced from [37]

Grandemange [29] determined that the location at which the measuring took place was relevant when
determining the frequency of vortex shedding. This could be the reason for which the results vary so much
between different authors. Tunay [35] proposes that the reason for this variation could also be related to how
the Strouhal number is computed. Some authors determine the results from the total forces of the vehicle,
while others use properties of the flow, as for instance the pressure gradient at the center of the cavity. It is
not illogical then to assume that all authors observe the same phenomena even if the values do not match
exactly.

In this regime the center of pressure (and therefore the wake) is reported to switch between two preferred
positions randomly [36]. These positions can be associated to the two stable positions that appear at the
transitional regime after the pitchfork bifurcation. This behavior is reported to be Reynolds independent.
The characteristic timescale of this switching is much smaller than the vortex shedding. However, according
to later articles [37], [38] this can be highly influenced by ground clearance and aspect ratio of the body.
The bi-stability of the wake can be analyzed through the pressure gradient at the center of the cavity. Figure
2.12 shows the pressure gradient at the center of the cavity as a function of the aspect ratio and the ground
clearance. From the Figure it is clear that horizontal bi-stability is only possible for low aspect ratios and
vertical bi-stability is only possible for large enough ground clearances.

Other authors [39] have also observed these low frequency oscillations, but attributed it to bubble pump-
ing (a low frequency change in size of the recirculation bubble) while other authors [14] do not report this
frequency at all. Parkin [33] (who has studied the 2-D Ahmed body) did not observe the low frequency oscil-
lations either. Due to the high aspect ratio the bistable lateral vortex shedding does not appear. This is sup-
ported by the studies of Grandemange, [37], which determined the aspect ratio is a key element in whether
the bi-stability appears or not.

Varon [40], recently studied the bistable behavior from a deterministic point of view (opposed to the
stochastic approach proposed by Grandemange). According to his data the barycenter of pressure seems
to present dynamics that resemble a strange attractor similar to the one first presented by Lorenz [41]. The
author concludes that the nature of the bistable behavior of the wake is still controversial.

Gentile [42] and Rigas [28] have linked the bistable symmetry breaking motion of the center of pressure
of the Ahmed body wake to the fluctuations of the center of pressure of the bluff body wake. According
to this authors the low frequency oscillations around the center of the body are the same phenomena, the
only difference being that the in this case the symmetries are infinite, and so there are as many stable points
forming a circle.

Interestingly, in the highly turbulent flow (in average) symmetry is restored. This could be related to what
occurs in lower order dynamical systems when a fixed point is destroyed: even if the fixed point has vanished,
a ghost remains which influences the system [16]. In this case the two attractors seem to be ghosts of the two
stable points that appear when the system goes through a pitchfork bifurcation at the transitional regime.

CONCLUSIONS
The square Ahmed body wake transitions to chaos through the following stages:
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¢ An unsteady symmetric state. This bifurcation is identified as a pitchfork bifurcation.
¢ A steady non-symmetric state. This state only appears if the ground clearance is large enough.

¢ An unsteady non-symmetric state

When the wake destabilizes it is due to vortex shedding. This phenomenon will dominate the wake both
during transition and after the chaotic stage is reached. Additionally, the highly turbulent wake is determined
by a low frequency bi-stable behavior. The wake seems to switch between two stages that are similar to the
two symmetric positions that appeared after the first pitchfork bifurcation.

When comparing the Ahmed body wake to the bluff body wake it seems that the type of bifurcations are
different from one to the other. However they do share the common feature that vortex shedding dominates
the wake both in some transition states and at the chaotic state. The bi-stability of the wake seems to be
a singular feature of the 3D Ahmed body and seems to be due to the fact that it is only symmetric in two
planes. This does not allow for the wake plane to rotate as it did in the case of the axis-symmetric bluff body;,
and drastically changes the transitions sequence to turbulence. The behavior of the wake is then determined
by two characteristic time scales: vortex shedding St o« 10~ and the switching between the two bistable
points. As stated in the studies of the axis symmetric bluff body, evidence indicates that the active flow control
strategies developed at transitional regimes can be successfully applied to higher turbulent regimes if they
target vortex shedding suppression.

Finally attention should be put when choosing the ground clearance, since it can drastically change the
topology of the wake, and therefore the bifurcations sequence. A ground clearance of more than 0.1 is essen-
tial, and a ground clearance of 0.4 is recommended.

SLANTED AHMED BODY

The bifurcations sequence from laminar regime to pre-chaotic behavior of the slanted Ahmed body geometry
has not been characterized to the best of the authors knowledge. It seems then that it is a good research area,
as it presents some characteristic features that can be of interest. However, there are several studies regarding
the highly turbulent regime.

The dynamics of the slanted Ahmed body wake are directed by vortex shedding. Therefore the spectral
analysis of the wake shows a peak at the vortex shedding frequency. Thacker [43], Joseph [14], Duell & Geroge
[39] and Parkin [33] report a peak at St = 0.11,0.1,0.07,0.22 respectively although in the last case the geometry
is 2D, making it less comparable to the 3D cases, but more comparable to this work.

According to Barsotti [9] the turbulent regime of the slanted geometries presents a second characteristic
peak different from vortex shedding. This peak can be associated to shear layer Kelvin-Helmholtz instabili-
ties, which typically occur as the destabilizing phenomena in shear layers. The author concludes that this can
occur in the cases where the wake detaches and a shear layer appears in the separated region. Thacker [43]
and Joseph [14] also observe a second frequency peak in the shear layer region, but associate it to its flapping
motion. The reason of this additional frequency is yet to be fully understood.



THE BASELINE AHMED BODY
CONFIGURATION

3.1. AHMED BODY GEOMETRY

The geometry of the Ahmed body that will be simulated is presented in figure 3.1. To simplify the computation
of the Reynolds number of the problem Rep the height of the model has been imposed to be H =1 and the
inlet velocity is imposed to u = 1. Therefore the following measures are imposed: h = 0.1736, L = 3.6825,
Lgiant =0.7929 and a = 25. The density of the problem is also imposed to be p = 1, and the desired Reynolds
number can be imposed through the modification of the kinematic viscosity v.
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Front Floor/underbody Rear base

Figure 3.1: Ahmed body geometry

3.1.1. NUMERICAL SETUP

As in any numerical simulation, the first step that is required is the definition of the domain. To define it three
main dimensions have been defined Hj, L; and L, (shown in figure 3.2). The rectangular shape of the domain
is standard in literature.

It is general knowledge that the domain size can greatly affect the solution due to boundary conditions
interference. This is due to the fact that far field conditions do not necessarily apply at the chosen bound-
ary locations, forcing an unphysical solution of the problem. During the literature study performed prior to
the start of this thesis the following minimum domain sizes were determined: the inlet should be located
at least 10H upstream from the Ahmed body geometry, and that the outlet should be located at least 20H

23
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Figure 3.2: Domain dimensions

downstream from it. The ceiling location is also recommended to be located at least 10H. To validate these
recommendations the author has performed a study to determine the impact of boundary conditions.

3.1.2. BOUNDARY CONDITIONS
The boundary conditions of the problem have been set in the following way:

1. Inlet: The inlet velocity is set to free-stream horizontal velocity and 0 vertical velocity

2. Outlet: Convective (robin) outlet boundary conditions have been applied to u, v and p. This type of
boundary conditions can be specified in the Nektar++ to reduce instabilities when energetic vortices
cross the boundary[44].

3. Ahmed body boundary: Both horizontal and vertical velocities are imposed to 0.

4. Bottom wall: Horizontal velocity is imposed equal to free-stream velocity and vertical velocity is im-
posed to 0.

5. Top wall: Horizontal velocity gradient is imposed to 0 and vertical velocity is imposed to 0.

3.1.3. MESHING
Producing a quality mesh is one of the most important steps when solving the Navier-Stokes equations. Mesh
design determines the quality of the solution and computational efficiency.

The meshes described in this section will be 2D to reduce the computational effort of the simulations.
However some of the simulations performed in this project are quasi 3D. The mesh that has been used in
these cases is exactly the same, since Nektar++ allows to expand the 3rd dimension using Fourier expansions.
To produce the 2D meshes the software Gmsh has been used.

MESH TOPOLOGY
To mesh the domain a structured approach has been used. However, in the region adjacent to the bottom
front region the author has chosen an unstructured algorithm to improve the mesh quality. Additionally the
domain has been divided in 3 main zones to allow for localized sub-grid refinements (see figure 3.3). These
refinements are implemented directly in the solver software as polynomial expansions. In the boundaries
between regions of different order the base functions of largest order are truncated. For this reason it is
recommended that the difference in order between two adjacent regions is 2 or lower. For this reason 3
regions have been implemented: then it is possible to have a very large order (8, for example) in the near
wake and 4 in the very far wake, with an intermediate region of order 6 in between.

The order of the polynomial expansions will be a key parameter in adequately representing the flow prop-
erties. This is particularly relevant immediately at the boundary layer, as to adequately represent it, the first
node should be in the laminar sub-region of the flow. This criterion is the y+ criterion and should be taken

Lpressure gradient is always imposed to 0, unless specifically specified otherwise
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Figure 3.3: General mesh topology
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Figure 3.4: Near body mesh topology

into account. The general mesh topology is represented in figure 3.3 and a zoom of the near body mesh is
presented in 3.4.

3.2. VALIDATION

In this section the accuracy of the solutions will be discussed. The discussion will be based on 2 main criteria:
first the impact of changing mesh resolution will be determined; second the impact of changing the domain
size will be established.

The study of the mesh resolution will be performed using two methods, one for the boundary layer and
one for the overall resolution of the mesh. For determining the boundary layer accuracy the y* of the first
element of the mesh is computed and forced to be of order 1. For determining the accuracy of the mesh in
the wake, different mesh resolutions are compared.

The study of the domain size will be performed by comparing different solutions with different domain
sizes.

3.2.1. MESH RESOLUTION

In wall bounded flows it is crucial to adequately resolve the boundary layer development on the surface of
the object of study. Boundary layers are often characterized in three main regions: the inner layer (which
depends only on the wall boundary condition), the outer layer (which depends on the outer flow) and the
overlap layer. It is generally known that to adequately resolve the boundary layer, the mesh resolution has to
be such that the inner layer is accurately represented. To characterize it, non-dimensional wall coordinates
(also known as wall units) are generally used. Wall units are defined as:
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= 3.1
y v (3.1)
Where:
v = [ 3.2)
0

The inner layer can be characterized in three main sub-layers. The viscous sub-layer (y* < 5), the buffer
layer (5 < y* < 30) and the logarithmic overlap layer (y* > 30). The viscous sub-layer is particularly interesting
from the simulation point of view because it presents a linear behavior. This is due to the fact that in this
region viscous stresses are much larger in magnitude than any other effect. Therefore, to correctly represent
this sub-layer at least one point is required.

To take into account the boundary layer resolution considerations the y* criterion will be used. This
criterion states that if the nearest point of the mesh from the wall is at a distance of order 1 wall unit, then the
viscous sub-layer is adequately represented and so is the boundary layer.

Figure 3.5 shows the value of y* for the upper and lower surfaces of the model. As stated previously in
this section, the goal is to obtain a y* of order 1 in all the Ahmed body surfaces. This is achieved in all the
domain (see figure 3.5), the maximum y* being approximately 1.1 and the minimum being 0.2. The graph is
presented for the most critical case, this being the highest simulated Reynolds number (550).

Additionally, to verify that the solution is mesh independent a comparison of different mesh resolutions
is performed. Nektar++ is a spectral hp solver, which means that the solution is represented by polynomials
of arbitrary order established by the user. As explained earlier in this chapter, the mesh has been designed in
three regions of different polynomial order, with the highest order polynomials near the body. The increase
of the polynomials can also be referred to as p (polynomial) refinements.

To verify the accuracy of the solution a p refinement has been applied in all the domain. Taking the
lowest polynomial of the domain as a reference, the baseline case can be referred to as p = 4. The range of
polynomials that have been tested is in the range from 3 to 6. To quantify the accuracy the Mean C; and Cp
of the body are compared, as well as the two main frequency peaks of the lift and drag signals. This study has
been performed for representative Reynolds numbers of the two main states (periodic and quasi-periodic).
In general, in these situations only the case of largest Reynolds number is studied. In this case, however,
a number of bifurcations are present near the highest Reynolds number of study, which could potentially
question the validity of this study. To compensate for this, two cases have been studied, one at Re = 525 which
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Re =400 Re =500
Polynomial order | MEAN CD | MEAN CL | MEAN CD | MEAN CL
3 0.7349 1.5755 0.75671 1.35963
4 0.7306 1.5713 0.75198 1.35745
5 0.7296 1.5699 0.75079 1.3567
6 0.7302 1.5674 0.75059 1.35664

Table 3.1: Effect of the polynomial order on the solution at Re = 400 and Re = 500

1.0% Error due to mesh resolution

0.8%
0.6%
0.4%
0.2%

0.0%
3 4 5 6

Order of expansion of the far field elements

MEAN CD - Re 525 MEAN CL - Re 525
MEAN CD - Re 400 MEAN CL - Re 400

Figure 3.6: Effect of the polynomial order on the solution at Re = 400 and Re = 525

corresponds to the traditional approach, and one at Re = 400, which is not affected by nearby bifurcations.
The results are presented in figure 3.6 and table 3.1. The order of the error introduced by the mesh resolution
in both cases for average C; and C, is lower than 0.5%, which is than other contributions to the global error.
The error in the location of the peaks is two orders of magnitude smaller, so it is not presented. The solution
type is unaffected by the order of expansion of the mesh. The order of the mesh is therefore considered
adequate.

3.2.2. DOMAIN SIZE

It is general knowledge that the domain size can greatly affect the solution due to boundary conditions in-
terference. This is due to the fact that far field conditions do not necessarily apply at the chosen boundary
locations, forcing an unphysical solution of the problem. During the literature study performed prior to the
start of this thesis the following minimum domain sizes were determined: the inlet should be located at least
10H upstream from the Ahmed body geometry, and that the outlet should be located at least 20H downstream
from it. The ceiling location is also recommended to be located at least 10H. To validate these recommenda-
tions a study was performed to determine the impact of boundary conditions.

As a starting point the recommended distances were been selected. The inlet and top boundary are ex-
pected to have an impact on the base pressure of the Ahmed body geometry, while the outlet conditions are
expected to affect the vortex shedding process. Since the focus of this project is put in the study of the vortex
shedding process, a convective boundary condition on the outlet has been imposed. This type of boundary
condition can be specified in the Nektar++ to reduce instabilities when energetic vortices cross the boundary.

Figure 3.7 shows a diagram of the domain and the parameters that have been varied. L, represents the
distance from the inlet, H; the height of the domain and L, the distance to the outlet. A study of the im-
pact of the domain size was performed by varying these three parameters. This study was performed for
representative Reynolds numbers of the two main states (periodic and quasi-periodic). In general, in these
situations only the case of largest Reynolds number is studied. In this case, however, a number of bifurca-
tions are present near the highest Reynolds number of study, which could potentially question the validity of
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Figure 3.7: Domain dimensions

Hy | Ly | MeanCp | f1 b MeanCy | fi H

12 | 8 0.7908 0.0896 | 0.1792 | 1.6527 0.0896 | 0.1792
12 | 10 | 0.7657 0.0884 | 0.1768 | 1.6224 0.0884 | 0.1768
12 | 15 | 0.7426 0.0875 | 0.175 1.5955 0.0875 | 0.175
15 12 | 0.7438 0.0861 | 0.1722 | 1.5894 0.0861 | 0.1722
15 15 | 0.7306 0.0855 | 0.1711 | 1.5713 0.0855 | 0.1711
15 | 20 | 0.7218 0.0851 | 0.1702 | 1.5634 0.0851 | 0.1702
20 | 15 | 0.7253 0.0842 | 0.1684 | 1.5632 0.0842 | 0.1684
25 | 15| 0.7213 0.084 | 0.168 1.5571 0.084 | 0.168

Table 3.2: Domain size study for L; and Hj at Re =400

this study. To compensate for this, two cases have been studied, one at Re = 525 which corresponds to the
traditional approach, and one at Re = 400, which is not affected by nearby bifurcations.

As explained in this section the parameters L; and H; have a strong impact on the base pressure of the
body. After performing an initial exploration, it was concluded that since the gradients are of the same order
of magnitude, the error introduced by varying both parameters is also expected to be of the same order of
magnitude. For this reason both parameters are varied at the same time.

To study the accuracy of the solution 6 parameters have been evaluated. The mean C; and C; values and
the two main frequencies of the C; and C; signals. To adequately compare the solutions it is important to
consider that the initial values can have an important effect on the steady state solutions. For this reason
the same starting condition has been imposed for all cases. An initial exploration showed that using the
proposed values in literature would not be accurate enough at the proposed Reynolds number. Table 3.2
presents an exploration of the most relevant cases that have been compared. The difference between each
case and the finest case is presented in figure 3.8 in percentage. This allows to observe that except for a
unexpected behavior in the case where H; = 12 and L; = 15, al solutions converge towards the finest case.
The chosen domain size is H; = 15 and L; = 15 which presents a good accuracy while keeping a reasonable
domain size. The error with respect to the finest case is of the order of 2%, which is considered acceptable for
the present simulations.

The parameter L, was varied independently of the other two parameters. The effect of vortical struc-
tures on the flow field near the body requires to simulate a large portion of domain downstream of the body.
Starting from the recommended values in literature an exploration to determine the impact of the outflow
boundary conditions on the solution was performed. Table 3.4 shows the results obtained by increasing and
decreasing the outlet distance by 30 H (approximately 9 vehicle lengths). As in the previous section, the signal
has been evaluated at Re = 400 and Re = 525 to avoid contamination of the results due to the bifurcations.
The results are plotted graphically in figure 3.10.

The results show that the error introduced by the outflow distance is one orders of magnitude lower than
the error introduced by the parameters L; and H; for L, > 20H. Therefore the recommended values deter-
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Figure 3.8: Error as a percentage with respect to the finest case for Re = 400.
H1 L1 Mean CD f1 fg Mean CL f1 f2
12 | 8 0.8151 0.0933 | 0.0466 | 1.4168 0.0933 | 0.0466
12 | 10 | 0.7872 0.0929 | 0.0464 | 1.4077 0.0929 | 0.0464
12 | 15 | 0.7635 0.0916 | 0.0458 | 1.3875 0.0916 | 0.0458
15 | 12 | 0.8224 0.0954 | 0.0477 | 1.441 0.0954 | 0.0477
15 | 15 | 0.7519 0.0895 | 0.0447 | 1.3578 0.0895 | 0.0447
15 | 20 | 0.7435 0.0889 | 0.0445 | 1.3497 0.0889 | 0.0445
20 | 15 | 0.7448 0.088 0.044 1.3439 0.088 0.044
25 | 15 | 0.7432 0.0874 | 0.0437 | 1.3354 0.0874 | 0.0437
Table 3.3: Domain size study for L; and H;j at Re =525
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Figure 3.9: Error as a percentage with respect to the finest case for Re = 525.
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Lg Mean CD f1 fz Mean CL f1 fz

20 | 0.7243 0.0835 | 0.0460 | 1.4262 0.0823 | 0.0460
25 | 0.7516 0.0885 | 0.0442 | 1.3481 0.0885 | 0.0442
35 | 0.7518 0.0895 | 0.0447 | 1.3572 0.0895 | 0.0447
35 | 0.7518 0.0895 | 0.0447 | 1.3572 0.0895 | 0.0447
40 | 0.7517 0.0895 | 0.0447 | 1.3576 0.0895 | 0.0447
45 | 0.7519 0.0895 | 0.0447 | 1.3578 0.0895 | 0.0447
50 | 0.7523 0.0893 | 0.0446 | 1.3549 0.0893 | 0.0446
55 | 0.7526 0.0893 | 0.0447 | 1.3536 0.0893 | 0.0447

Table 3.4: Effect of L on the solution at Re = 525
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Figure 3.10: Error as a percentage with respect to the finest case for Re = 525.

mined in the literature study will be used.

3.3. CONCLUSIONS

In this section the accuracy of the simulations has been assessed. To assess it, two main factors have been
studied: the mesh resolution and the domain size. To quantify this accuracy the forces on the body have
been monitored. Additionally, to avoid a possible contamination of the results due to the proximity of several
bifurcations, two Reynolds numbers have been tested.

First the effect of the resolution has been studied. Two verifications were applied: first, the mesh y* was
determined to be of order 1 or smaller on the whole domain. Second, a comparison of solutions of different
accuracy (through a polynomial refinement) was performed. As a result of these verifications it is possible to
conclude that the simulations should be representative of the physics of a the actual case. Obviously this is a
2D case, and therefore this does not imply that the the simulations are representative of the 3D case. This is
out of the scope of this work.

Second the impact of the domain size has been assessed. Since unphysical artificial boundaries were
imposed to reduce the computational domain this is a key factor. Several distances at which the artificial
boundaries are located were tested. This includes the inlet, the outlet and the top boundary. The results
proved that for the case of study the recommended distances for the top and inlet boundaries found in lit-
erature seem to have a meaningful impact on the solution. For this reason it can be concluded that using
a height of the top boundary (H;) of at least 15 body heights and an inlet distance (L) of at least 15 body
heights seems to be a better choice. On the other hand the results show that the outlet distance (L) has a
lower impact on the solution than the other boundary distances. This is probably related to the fact that spe-
cific convective boundary conditions have been applied. According to this study, the outlet distance can be
reduced up to L, = 25H without a loss of accuracy.



BIFURCATION ANALYSIS FOR THE BASELINE
MODEL

4.1. INTRODUCTION

The goal of this section is to provide information on the bifurcation scheme of the Ahmed body wake. Since
several bifurcated states are expected, the goal is to characterize the bifurcations through the study of the
different types of solutions. This is performed through the direct numerical simulation of the problem (DNS)
until the steady state is reached. Since the Reynolds number is low and the flow is 2D, the computational
cost of solving the problem is not very high. However, to study the different types of solutions it is necessary
to study the fully developed flow states. For this reason, many time units must be ran, increasing the com-
putational cost. To perform this task, the department of physics of the Universitat Politécnica de Catalunya
allowed to run the simulations in their computational cluster.

4.2. DESCRIPTION OF THE FLOW FIELD STATES AND BIFURCATIONS

4.2.1. STEADY STATE

At very low Reynolds numbers the 2D flow is steady and fully laminar. A strong separation on the front upper
surface is observed, and the roof of the body presents a separated boundary layer. The flow field is shown in
figure 4.1. This type of solution is observed in the range 0 < Re < 220. This solution can be mapped to a point
in the CI-Cd space.

4.2.2. FIRST PERIODIC STATE
At approximately Re 220 the solution destabilizes, leading to a periodic behavior in the aerodynamic forces.
This bifurcation can be therefore identified as a Hopf bifurcation.
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Figure 4.1: Horizontal velocity field at Reynolds 100
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Figure 4.2: Temporal evolution of the vorticity field at Reynolds 500

By plotting the flow fields it is easy to observe that the periodic solution is due to the occurrence of vortex
shedding (see figure 4.2). Since the model is not symmetric, neither are the shed vortices. The perfect pe-
riodicity is due to the fact that (after the initial transient) all vortices are shed identically. The best proof to
this statement can be obtained by plotting the long term behavior of the Cl-Cd map, which closes on itself
perfectly. It is presented in figure 4.4a.

The vortex shedding frequency has been established as approximately 0.083Hz. This frequency remains
unchanged in the range 220 < Re < 500. The Fourier transform of the lift coefficients can be used to prove
this statement, and is presented in figure 4.4b.

The amplitude of the vortex shedding phenomenon highly depends on the Reynolds number. Starting
from a 0 amplitude at Reynolds 220, it grows until a new bifurcation is observed.

4.2.3. SECOND PERIODIC STATE

At approximately Reynolds 520 a new bifurcation occurs and a new periodic solution is observed. The new
periodic solution is particularly interesting for two reasons: first of all the new state is radically different from
the previous solution, indicating a saddle node bifurcation. At the critical point, the original periodic solution
becomes unstable, forcing the system towards a new stable solution. On the other hand, the new solution
presents a new natural frequency, which is exactly half of the vortex shedding frequency. This indicates a
period doubling bifurcation. Surprisingly, the vortex shedding frequency has been affected, and the peaks are
slightly displaced in the frequency domain. The variation is of the order of 10%, and could be related to the
saddle node bifurcation that occurs at the same time. This bifurcation cannot be directly identified as one of
the normal form bifurcations because the two flow states that are being analyzed are not the result of a single
effect. The destabilization of the original solution generates a new unstable branch that links the two stable
branches. This branch is particularly interesting because it appears in the range 500 < Re < 520. Therefore
in this region 3 solutions coexist: two of which are stable, the other being unstable. This phenomenon is
also known as hysteresis, and the initial conditions of the problem are the key factor that determine towards
which solution the problem will tend to. The study of the unstable branch can bring more light to how the
two bifurcations occur and will be performed in section 4.3

The second periodic state consists in the shedding of two different types of vortices, one which is larger
than the vortex that was observed at Re = 500 and one that is smaller. Therefore contrarily to the first periodic
state, in this case the vortex shedding periodicity occurs after two vortices have been shed. This can be easily
observed in figure 4.3: each half period is represented in six snapshots. Therefore snapshots 1 and 7 are at the
same phase of the cycle, 2 and 8 as well, etc. This allows to observe that during the first half period the rear
base vortex is much larger than in the second half period. In the C;-C; map shown in figure 4.4c this is clearly
observable as there are two branches, one which has a large amplitude (C; € (0.2,0.5)), and one which has a
much smaller amplitude (C,; € (0.3,0.45)).
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Figure 4.3: Temporal evolution of the vorticity field at Reynolds 520

4.2.4. QUASI-PERIODIC STATE

At approximately Re = 525 a new bifurcation occurs, leading to a quasi-periodic state. The Cl-Cd map of this
type of solution is shown in figure 4.4e. In this state a new frequency occurs, which is incommensurable with
respect to the vortex shedding frequency. For this reason the solution only closes after a number of vortex
shedding cycles.

The Cl-Cd map is not the most useful tool for the study of quasi-periodic solutions. Instead Poincaré
section maps allow to better study this kind of solutions, and allow to compute the new incommensurable
frequency. Alternatively, it can also be determined by analyzing the Fourier transform of the signal. Both
methods will be presented in section 4.4.

4.2.5. CHAOTIC STATE

By further increasing the Reynolds number (Re > 540) a great amount of noise appears, making the solution
even more complex. However, vortex shedding remains the most relevant phenomenon, and therefore the
Fourier transform of the signals maintain a peak at that frequency and at its harmonics. The incommensu-
rable frequency also remains as a relevant phenomenon, also maintaining a peak at this Reynolds number.
However, the solution does not exhibit any kind of periodicity. No substantial quantitative changes can be
observed in the forces applied to the body (see figure 4.4c), which indicates that the wake topology has not
been substantially affected by the destabilization of the periodic orbit.

In figure 4.5 the long term temporal evolution (initial transients have been suppressed) of the lift coeffi-
cient signal for Re = 500, Re = 510 and Re = 550 is presented to show the difference between the periodic,
period two and chaotic types of solutions. The results confirm that the chaotic solution seems to be attracted
by the period two orbit. This is consistent with the destabilization of a new mode, the amplitude of which is
small compared to the main modes that drive the problem (vortex shedding and its subharmonic frequency).
Re = 525 is not presented as it seems chaotic to visual inspection. This is because the periodicity occurs
after a large number of cycles. This will be further discussed in section 4.4. The steady solution is also not
presented as it is a line of constant C;.

4.2.6. COMMENTS ON THE VALIDITY OF THE MODEL

The early separation on the front region represents a large difference between the model behavior and the
expected high Reynolds behavior. This is particularly problematic because it is not possible to actuate on
a separated boundary layer, which implies that an active flow control placed in the rear slant will not be
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Figure 4.4: Summary of the different types of solutions
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effective. To solve this problem several possibilities can be considered:

1. Applying a suction in the front region to suppress separation: The application of a flow control on the
front top region can be used to suppress the early separation and produce a model that resembles more
the case of interest. This solution has the advantages of not altering the geometry and producing a case
that is similar to the higher Reynolds behavior, but will alter the bifurcations scheme that has been
studied. The philosophy of this solution is somewhat similar to the boundary layer tripping technique
(that is usually applied to wind tunnel experiments). This technique consists in forcing the transition
of the boundary layer at a given location to mimic what occurs at higher Reynolds. Similarly, in this
case the boundary layer separation is suppressed.

2. Redesigning the front region to prevent separation: Similarly to the previous solution this will produce
the desired flow behavior. However it has the added inconvenient of introducing a geometry change,
which makes it less comparable to the original geometry as well as being complicated to perform (dif-
ferent Reynolds number may require different curvatures).

3. Applying the AFC on the front region: This solution consists in accepting the new problem and adapting
the control strategy to it. However the problem will not be comparable to higher Reynolds scenarios.

Having considered all the options, the first solution is considered to be the most optimal. This is due to
the fact that it does not require any modification to the geometry and allows for a reasonable comparison
with the higher Reynolds cases in which AFC in the rear slant are effective.

4.3. STUDY OF THE HYSTERESIS REGION USING EDGE TRACKING

In the study of the different states, the region of 500 < Re < 520 has been found to be particularly interesting
due to the fact that two stable solutions can coexist. This phenomenon is also known as hysteresis. The key
parameter in determining towards which solution the case will tend to are the initial conditions. Figure 4.4c
presents the two types of solutions that are obtained at Re 510.

The justification for the study of this region is that the bifurcation that separates the two states is not a
simple bifurcation, instead two bifurcations occur. On the one hand the transition from one to the other is
not smooth, indicating a saddle node bifurcation. On the other hand, the new state presents a new frequency
which is one half of the original vortex shedding frequency, which indicates a period doubling bifurcation.
Then, three possible scenarios can occur:



36 4. BIFURCATION ANALYSIS FOR THE BASELINE MODEL

1. First the period doubling bifurcation occurs, then this solution bifurcates immediately again, and the
unstable branch is born period doubled.

2. First the saddle node bifurcation occurs, the unstable branch is not period doubled and the period
doubling occurs on the new stable branch.

3. First the saddle node bifurcation occurs, then the period doubling bifurcation occurs on the unstable
branch.

4.3.1. EDGE TRACKING TECHNIQUE

Edge tracking is a technique that targets to determine the nature of an unsteady solution by modifying the
initial conditions of the problem. As a starting point two converged stable states of the two types of solutions
are required. The method consists then in generating an array of new initial conditions and determining
towards which final state they will tend. The unsteady branch will therefore be located in the subregion
between the two closest initial conditions points that tend to different solutions. To produce the array of
initial conditions the parameter space between the two solutions is discretized. The accuracy of the unsteady
branch properties will the be determined by the distance between the starting conditions of the simulation
and the unstable branch. As a general rule the attraction towards the stable solution decreases when the
initial conditions are placed closer to the unstable branch. This implies that by increasing the accuracy of the
location of the unstable branch, the solution will remain closer to it for a larger number of periods.

Figure 4.6 aims to clarify this process. It consists of a hysteresis region map where two stable solutions (or
states) (solid line)coexist. If this is the case, then they must be separated by an unstable branch of solutions
(dashed line). The dashed line separates the basin of attraction of the two stable solutions. This implies that
if a solution starts between the unstable solution and one of the stable solutions, then it can only tend to
that solution. For a fixed Reynolds this implies that it can only go "up" or "down" in the diagram. The edge
tracking method consists in placing a number of initial conditions in this region and determining towards
which stable solutions they tend to. By doing so the location of the unstable branch can be pinpointed to a
certain accuracy, which depends on the spacing resolution. Producing a solution that will remain near the
unstable branch indefinitely is impossible due to the obvious limitations in simulation capability and costs.
However, it is possible to produce initial conditions such that the solution will remain close to the unstable
branch for a sufficient amount of time such that the properties of this branch can be studied. This, however
requires a fine discretization of the initial conditions space. If the initial conditions space were to be equally
spaced this would require a great amount of simulations to be run. To minimize the computational cost of
this process the discretization of the space should not equal, but instead it should be finer in the region close
to the unstable branch. The most optimal method to discretize the problem in terms of computational time is
the bisection method which consists in splitting the space in two, determining in which of the two subspaces
the branch has fallen, and then repeating the process in the subspace of interest until the desired resolution
is reached. However this procedure is far from being optimal from the simulation time point of view, since
only one job is being run at a time. To speed up the process the arbitrary number of 9 equally space points is
placed and the region between the two closest points which tend to different solutions is chosen as the new
region of interest.

4.3.2. RESULTS

The two stable solution types at Re = 510 are shown in figure 4.7. One flow state from each solution is chosen
and 10 interpolated flow states are computed. This procedure is repeated 4 times until the unstable solution
is clearly observable (several periods can be observed before the solution tends to one of the stable solutions).
The unstable branch is observed as the limit cycle that separates the two closest initial conditions that tend to
different stable solutions. In this case, the two solutions are represented in blue and orange. Since this curve
has two branches, it is possible to state that the unstable solution is period doubled.

Period doubled solutions can be understood as if the problem tries to follow the original period but is
unable to close after the full cycle. Instead it deviates from the initial conditions and can only return to them
after two cycles. By taking the Poincaré section of this solution it is possible to clearly observe two points,
which represent the difference between the two states that are possible after n cycles. By measuring the
distance between these two points a period doubling amplitude can be determined. The PD amplitude of the
unstable branch at Re = 510 is determined to be approximately 50% of the PD amplitude of the stable branch.
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(a) Poincaré map of the solution at Re = 525. (b) Fourier transform of the lift coefficient at Re = 525.

Figure 4.8: Analysis of the quasi-periodic solution at Re = 525

4.4. STUDY OF THE QUASI-PERIODIC STATE

The study of the quasi periodic state can be performed using the Poincaré section method, which consists in
evaluating making a Cl-Cd map of the solution when a third variable is constant. In this case the viscous drag
has been chosen as the constant variable. In this graphical method, the viscous drag is used to determine the
"periodicity" of the signal and therefore the time length of a vortex shedding cycle. By plotting the Cl-Cd after
each vortex shedding cycle it is possible to observe that after 18 cycles the solution closes on itself as shown
in figure 4.8a (points 1 and 19 overlap and the same occurs with points 2 and 20). Furthermore, the points
do not fully fill the circle, instead only 18 discrete positions are valid (in figure 4.8a 50 red crosses are being
plotted). This clearly indicates that the solution is quasi-periodic. On the other hand the solution closes 7
or 10 (depending on the rotation direction that is taken into account) laps to complete the Poincaré map.
Therefore the incommensurable frequency is 7/18 or 10/18 times the vortex shedding frequency (0.033 and
0.046).

The Fourier expansion of the signal presents peaks at the location of each of the two main frequencies,
and also at the location of all the linear combinations of the two frequencies. Therefore the incommensurable
frequency must be the location of one of the peaks, such that the location of all the other peaks can be written
as a linear combination of it and the vortex shedding frequency. The best frequency estimate that has been
obtained by using this method is 0.036. This coincides with a good accuracy with the estimation of Poincaré
section method (0.033) with an error margin of 10%.

4.5. QUASI-3D APPROACH

The results presented in this work are 2D in general, however it can be interesting to determine whether the
problem would be stable if it had been imposed to be 3D. To do so the program Nektar++ allows to perform a
study of the growth of perturbations in the third dimension by applying a purely spectral expansion in the Z
direction and applying periodic boundary conditions. This expansion can be imposed to have any arbitrary
number of modes, effectively allowing to simulate the three dimensionality of the problem. However this
can be extremely costly, as running the 3D simulation will greatly increase the number of computational
points as the number of modes are increased. To obtain an estimation of the stability of the 3D case without
performing a purely 3D simulation the quasi-3D approach can be applied. In this type of simulation only two
modes are imposed in the third dimension: mode 0 represents the 2D simulation and mode 1 represents the
instability of the 2D simulation in the third dimension. By varying the length of the domain in Z it is possible
to determine if a certain perturbation of the length scale of L, would grow or decay. If the perturbations
decay for all length scales, then the 2D simulation can be considered representative of the 3D case. If they
grow, then the most energetic length scale of the quasi-3D approach (the one which grow faster) is the most
likely length scale to destabilize in the fully 3D problem.

A quasi 3D approach has been applied to the model to determine if the different periodic solutions ob-
served in the 2D problem are stable in a 3D case. Perturbations of the order of 1076 are applied to the con-
verged states in the form of velocity in the Z direction. This order of perturbation is chosen as it is halfway
between the machine precision and the maximum velocity. Unfortunately for all periodic solutions the per-
turbations grow for length scales of the order of Lz ~ 10°, which indicates that they are not stable in 3D.
The same approach is then applied to the steady solution before the first bifurcation to determine if this
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Figure 4.9: Temporal energy of Mode 1 in the quasi-3D simulation of the problem at Re = 200

flow topology can be representative of the 3D case. This type of solution is also unstable, indicating that the
steady solution is not stable in a 3D environment either. The modal energy of mode 1 (which corresponds to
the component of the energy in Z) is presented in figure 4.9 for this type of solution (Re = 200). For Lz < 4 the
perturbations are observed to decay, while for Lz > 4 they grow after an initial transient. The fastest growing
lengths is Lz = 16. This supports the idea that the model is not representative of the 3D flow, and gives an
idea of order of magnitude of the first scales to destabilize, which will lead to a new 3D state.

4.6. SUMMARY AND CONCLUSIONS

In this chapter the different types of flow states that were observed experimentally (using DNS) were de-
scribed. The transition from steady laminar behavior to chaotic pre-turbulent behavior was characterized.
Three main states were observed: first a periodic state, second a periodic state of double period, third a quasi-
periodic state and finally a chaotic solution.

The study of the second periodic state allowed to determine that there is a region where both the first and
the second periodic state coexist, which is also known as a hysteresis region. This implies that the bifurcation
that separates the two states must be a supercritical bifurcation (a bifurcation by which the previous stable
solution becomes unstable). The study of the unstable branch revealed that it is also period doubled.

The study of the quasi-periodic state revealed that this regime is governed by two main frequencies, the
vortex shedding frequency and a second frequency. The study of the Poincaré map of the solution allowed
to determine that a sub-critical Neimark-Sacker has occurred. The new frequency has been determined by
using two different techniques.

After the quasi-periodic state the last state could not be identified clearly. Its behavior seems to be chaotic
although the vortex shedding frequency and the new-born frequency guide the new phenomena. This sce-
nario is consistent with a cascade of Neimark-Sacker bifurcations. In this scenario, it should be possible to
find a new state in which only three incommensurable frequencies are observed. However, this was been
attempted for three reasons: first, it is difficult to find a new state that presents these properties(the distance
between bifurcations is reduced with each bifurcation); second, it is not trivial to identify the third frequency
even if the state is found; third, there is no particular interest in determining the value of the third eigenmode.

The study of the flow fields showed, however, that it does not present the desired flow features. This is due
to an early separation of the top surface boundary layer in the front region of the body (which does not occur
at higher Reynolds). As explained, this could be related to the 2D nature of the simulation, which does not
allow the instabilities in the third dimension to grow and force a new equilibrium. This has the unexpected
consequence of negating the effect of the AFC on the rear slant of the vehicle.

To solve this unexpected issue a new model is proposed. The new model consists in applying a suction
on the front region of the top surface of the body. This will prevent the early separation of the boundary layer,
making the model comparable to the higher Reynolds flow fields and allowing for the rear region flow control
to be effective. This has been determined to be the least intrusive solution to the problem. This new model
will be discussed in the second part of this thesis






THE MODIFIED AHMED BODY
CONFIGURATION

5.1. CHANGES TO THE MODEL

The conclusions of the first part of this thesis were that the original model of study is not valid for the appli-
cation of AFC on the rear slant. Therefore the model must be modified in such a way that it allows to study
the rear slant phenomena. To do so, the top boundary layer early separation must be suppressed. The least
intrusive way to obtain the desired results is to introduce a suction to the front top part of the roof (see figure
5.1). This introduces 2 obvious effects on the model and 1 that is not so obvious. First of all, the resolution
of the mesh must be increased in the actuation region to account for the the new phenomena. The second
obvious change is that a new boundary condition must be imposed in the actuation boundary, however the
amplitude of the suction is not so clear. Finally the least obvious effect on the problem is that when an ade-
quate suction is applied, the periodic state of the flow is maintained until much larger Reynolds numbers. As
a matter of fact the chaotic behavior is observed at Reynolds that are almost of the order 10 times larger than
the one at which chaotic behavior was observed when suction is not applied. The new model that was been
designed for this section must take into account these three phenomena and at the same time the experience
obtained from the first part of this work.

Figure 5.1: Schematic representation of the front actuation

The increase in the Reynolds number requires a drastic change in the design of the mesh. At Reynolds
of the order of 10° the boundary layer at the top wall will require a special treatment to keep the y* of the
problem in the order of one. Also, the resolution of the mesh in the wake mush be greatly increased. Further-
more, reducing the mesh size forces the time-step to be reduced to prevent the solution from diverging from
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(a) Flow on the top roof before flow control (b) Flow on the top roof after flow control

Figure 5.2: Comparison of the flow features with and without flow control

numerical instabilities (respecting the CFL condition). This implies that the computational cost will greatly
increase. To reduce the computational cost of the problem two actions have been taken: the domain size has
been reduced and the meshing philosophy has been drastically changed.

5.1.1. CHANGES TO THE DOMAIN SIZE

In chapter 3 it was shown that using convective boundary conditions the impact of the outlet was minimal
compared to the impact of the other boundary conditions. This was confirmed for lengths greater than 20H.
Taking advantage of this fact, and with the goal of reducing the computational cost of the simulation, the
outlet distance is reduced to 25H. The rest of dimensions has been kept the same, respecting the results of
the domain size study performed in the previous part.

5.1.2. CHANGES TO THE MESH TOPOLOGY

To maintain the y* criterion the mesh density must be increased. To avoid increasing the mesh density in
great measures the height of the elements is set to decrease in the near-wall region. To maintain a reasonable
aspect ratio the width of the near wall elements is also reduced. Finally, to reduce the element count of the
domain an unstructured algorithm is chosen for the far field. The number regions of the far field is reduced
to 1, so therefore to maintain the order of the polynomials in the boundary layer and wake, the far field order
of polynomial is increased to 6. To maintain the vortical structures inside the high resolution region the wake
separation line is given a certain angle. A scheme of the mesh topology is shown in figure 5.3. Additional
resolution is added near the AFC location. A zoom of the mesh near the body is shown in figure 5.4

Unstructured mesh

Structured mesh

Figure 5.3: New mesh partitioning scheme
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Figure 5.4: Detail of the new mesh near the body

5.1.3. CHANGES TO THE BOUNDARY CONDITIONS

The changes to the boundary conditions are exclusively applied to the flow control surface. The Ahmed body
top surface has been split, and a region of approximately 5% of L has been selected for actuation. The suction
amplitude has been set to 30% of the inlet velocity. This value has been set after some extensive testing at the
Reynolds range of interest. Higher values do not provide any advantage and can generate numerical insta-
bilities due to the high velocity in the front region, which require reducing the time-step. On the other hand
reducing the suction amplitude can lead to not being able to reattach the boundary layer. It is interesting to
note that this constraint decreases when the Reynolds number is increased. In the range of 1000 < Re < 5000
the value of 30% of the inlet velocity has been judged adequate.

5.2. RESOLUTION

5.2.1. y* CRITERION
Similarly to what was done in the first model to take into account the boundary layer resolution considera-
tions the y* criterion will be used. This criterion states that if the nearest point of the mesh from the wall
is at a distance of the order 1 wall unit, then the viscous sub-layer is adequately represented and so is the
boundary layer.

Figure 5.5 shows the value of y* for the upper and lower surfaces of the model. As stated previously in
this section, the goal is to obtain a y* of order 1 in all the Ahmed body surfaces. This is achieved in all the
domain, the maximum y* being approximately 2.1 and the minimum being 0.4.

5.2.2. OVERALL RESOLUTION

The study of the resolution will be presented for Re = 3750 as it is the Reynolds that will be used for the case
of active flow control. Similarly to what was presented for the model from part 1 the mesh resolution will be
evaluated by comparing the total forces on the vehicle by varying the polynomial order of expansion of the
mesh. The near wall mesh polynomial order of expansion is varied in the range 6 < P, 4., < 10. The error of
the mean Cl and Cd of steady state solution is presented in figure 5.6a, and the mapping of the solutions in
figure 5.6b. Note that for P,, 4., = 6 the graph is significantly thicker (the solution is not periodic). Therefore it
is possible to assume that resolution is not sufficient. It is also interesting to note that for the lowest odd order
of expansion (P, 4er = 7), the error is significantly larger than for all other cases, which seems to indicate that
there is an error in this case. In fact some unphysical oscillations are observed in the Cl-Cd map for all odd
orders of polynomial expansion (but are attenuated with increasing polynomial order). These oscillations are
not observed for lower even orders of expansion, indicating that perhaps odd orders of expansion are less
stable in this type of code. 8 is the lowest order of expansion that is deemed acceptable from the results,
which is in good agreement with the y* criterion, which indicated that for this order of expansion y* = 1 for
all the body. The mesh resolution is considered acceptable because by increasing the polynomial order of
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Figure 5.6: Analysis of the error as a function of the near-wall polynomial order of expansion at Re = 3750

expansion the solution is unchanged from the stability point of view. Furthermore the y™* criterion is fulfilled
and the error of increasing the number of computational points per element from 8 x 8 to 10 x 10 is inferior to
2% both for drag and lift. This order of accuracy is similar to the one estimated in part 1. Higher polynomials
would compromise the computational time of the simulations.

5.3. FLOW CONTROL VALIDATION

The validation of the flow control devices will be reduced to assuring that there are no unphysical abrupt
changes in the velocity, vorticity and pressure fields that can perturb the downstream flow. The goal of actu-
ation is to suppress the boundary layer separation and produce a fresh boundary layer. The actuation will be
considered valid if this goal is obtained. The suction is constant along the actuation surface and the suction
has been fixed to the arbitrary value of 30% of the inlet velocity. Values lower than 10% will fail to achieve
reattachment of the boundary layer, while increasing the suction amplitude can lead to numerical instability
due to violation of the CFL condition at the flow control location®.

1The near wall mesh has a very high resolution in the perpendicular direction to account for a good description of the boundary layer
development and flow control effect. If the imposed velocity is increased, particles will eventually travel a larger distance in one time-
step than the mesh size, violating the CFL condition
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Figure 5.7: Study of the top roof boundary layer properties as a function of the near wall polynomial expansion order

5.3.1. STUDY OF THE BOUNDARY LAYER PROPERTIES
As explained earlier in this section the goal of the active flow control is to produce a boundary layer that

is attached to the top roof. Therefore the effect of the flow control should be measured downstream of the
control location. To evaluate the impact of mesh resolution on the active flow control the boundary layer
properties at several downstream distances are evaluated. Several mesh resolutions are tested to establish
that the solution is mesh independent. To perform this study the polynomial order of expansion of the mesh
is varied in the range 6 < P,,4.r < 10. Defining X = x/L The velocity profiles over the roof at positions % =
0.17, £ = 0.33 and X = 0.50 are presented in figure 5.7a. The quality of the boundary layer representation
is deemed good for all polynomial orders of expansion. However, for a polynomial order of 7 the result is
slightly less accurate than for the other polynomial orders. Again, the software Nektar++ seems to produce
lower quality solutions for odd orders of polynomial expansion than for even ones. To avoid this problem an
even polynomial of expansion is used. The mass flow at the same locations is presented in figure 5.7b to give a
quantitative approximation of the error. The order of magnitude of the error introduced in the boundary layer
properties is less than 1% for all cases except for P,,4.r=7, Which has already been discussed and discarded.






BIFURCATION ANALYSIS FOR THE MODIFIED
MODEL

6.1. INTRODUCTION
Similarly to what was done in the first part of this master thesis, the transitional regime of the new model will
be studied. As already explained the main difference between the two models is that in this case there is no
early separation in the top surface. This implies that the flow will remain attached to the top surface for a
large range of Reynolds and consequently move the location of the bifurcations to values that are of the order
10 times larger than the ones observed in the previous part.

The aim of this section is to determine the different types of solutions of the transitional regime and study
their properties. The information obtained in this section will be used in the application of AFC to the model
(last part of this master thesis). The flow fields over the transitional regime are very similar.

6.2. DESCRIPTION OF THE BIFURCATIONS

The first behavior that is observed is a periodic vortex shedding in the rear slant. This is due to two reasons:
first the slant is not rounded, second the lowest Reynolds of study is 1500. Following the discussion of the
first part of this work one would expect to choose a lower Reynolds, fully laminar flow. However, the current
model (which includes a suction on the front region) cannot force the flow to reattach in the front region
at extremely low Reynolds, as the suction magnitude would have to be increased the more the Reynolds is
decreased. Therefore, to study this region the geometry would have to be redesigned. Since the steady case
does not present features as interesting as the consequent flow states it has been omitted.

6.2.1. FIRST PERIODIC STATE

For Reynolds greater than 1500, the model functions correctly, the boundary layer is reattached and a pe-
riodic flow is observed. Vortex shedding is the most relevant phenomenon. The natural vortex shedding
frequency is found to be fs;» = 0.187. This value is in good agreement with Parkin [33], who performed 2D
simulations of the Ahmed body at higher Reynolds. On the other hand it is also in good agreement with some
measures of the vortex shedding frequency performed for the square Ahmed body which were presented in
section 2.6.3 and were found to be in the range fs;r € (0.17,0.25). However it is in a worse agreement with
the measures performed on the 3D slanted Ahmed body which showed a vortex shedding frequency in the
range fs;r € (0.07,0.11). The vortex shedding process becomes more complex with increasing Reynolds. This
can be observed in figure 6.1a. However, the natural frequency remains approximately constant in the range
1500 < Re < 3850. This is shown in figure 6.1b, where the first peak of the Lift signal is located at the same
frequency for all three shown Reynolds.

6.2.2. SECOND PERIODIC STATE

At approximately Re = 3850 a bifurcation occurs and a new periodic state is born. In this state the flow does
not return to a certain flow state every vortex shedding cycle, instead it does every two cycles. This allows to
identify the bifurcation as a period doubling bifurcation. The new branch is very similar to the previous one,
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Figure 6.1: Summary of the different types of solutions
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and the general flow characteristics and forces of the body do not vary greatly. Comparing the maps of the
two branches, however, it is very clear that the qualitative behavior of the solution has changed (at Re = 3750
the solution repeats a single loop, while at Re = 3900 the solution performs two loops). This is shown in
figure 6.1c. The Fourier transform of the signal presents a peak at half the vortex shedding frequency, which
confirms the period doubling bifurcation (see figure 6.1d). The wake topology is not significantly altered (the
shed vortices are slightly smaller one period, and slightly larger the next one), differences in the flow fields
are almost imperceptible.

6.2.3. CHAOTIC WINDOW

At approximately Re = 4000 the solution becomes much more complex and is no longer periodic. The map of
this state shows that there is no quasi-periodicity as the CI-Cd curve does not close on itself (see figure 6.1e).
This is further confirmed by a Poincaré section analysis of the signal. The study of the Fourier transform of
the lift signal (figure 6.1f) reveals a great number of small peaks. These peaks could perhaps be associated to a
new frequency (and its harmonics and the linear combination of this unidentified frequency with the vortex
shedding frequency). If not, they can only be identified as noise. The solution can be classified as an early
chaos which is mostly driven by the original solution. However, during the bifurcation the periodic solution
has destabilized, so the new solution behaves as if it the periodic solution was attracting it but could not force
a fully periodic state.

6.2.4. PERIODIC WINDOW

In the range 4050 < Re < 4300 the solution re-stabilizes to a periodic state. The new periodic solution is simi-
lar to the period doubled case, as can be observed in figure 6.1g. Note that the peaks in the Fourier transform
for the main frequency are almost identical (figure 6.1h). On the other hand, the peak of the period doubling
phenomenon is now more energetic: it has a larger impact on the solution. Finding periodic windows after
the first chaotic windows is not a common behavior. It can occur in at least two situations: a period doubling
cascade or a sub-critical saddle node bifurcation.

SUBCRITICAL SADDLE NODE BIFURCATION

Assuming that the flow undergoes a supercritical saddle node bifurcation, implies that two solutions coexist.
Assuming that the periodic solution is solution A and that the chaotic is solution B, it should then be possible
to find a Reynolds at which it is possible to observe both states. Finding initial conditions that lead to the
different states is therefore the way of verifying this scenario.

In the present study case the two states were found to occur at different Reynolds: the periodic solution
is found at Re < 3950 and Re > 4050 while the chaotic solution has is observed in the range between these
two values. If there were a supercritical saddle node bifurcation, then it should be possible to find a periodic
solution in the range 3950 < Re < 4050. The initial conditions that are most likely to produce this scenario are
those of a fully developed periodic solution at Re = 3900 or Re = 4100. However, this scenario would also be
validated if there were a point of the periodic region where with adequate IX the chaotic behavior could be
observed.

To verify this possible scenario 4 experiments were performed:

1. Running a simulation at Re = 4000 starting from initial conditions of Re = 3900.
2. Running a simulation at Re = 4000 starting from initial conditions of Re = 4100.
3. Running a simulation at Re = 3900 starting from initial conditions of Re = 4000.

4. Running a simulation at Re = 4100 starting from initial conditions of Re = 4000.

All these experiments were designed with the goal of observing two different types of solutions at a given
Reynolds. If all 4 cases tend to the solution that has already been observed, then it is reasonable to assume
that this scenario does not occur. The results of this experiment have turned out to be negative. For all
Reynolds numbers all solutions tend to the already observed flow state.

PERIOD DOUBLING CASCADE BIFURCATION
The period doubling cascade has been studied in the paradigmatic case of the logistic map (this example was
discussed in section 2.5.4). In this cases the solution undergoes a number of period doubling bifurcations
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separated by an progressively smaller distance in the control parameter (in the present study the Reynolds
number). This progression can be determined using what is known as renormalization theory. This theory
states that the distance between superstable states (in this case a certain period double state and its period
doubled state) decreases progressively with a scale a. To confirm this scenario, a new periodic state of period
4, 8, 16, etc. should be found. However, as already explained, the size of the windows in which these states
occur is reduced with increasing period. This implies that the size of the largest window (period 4) can al-
ready be smaller than the experimental accuracy. To verify this scenario the only possibility is to increase the
resolution in Reynolds number near the bifurcation point. After increasing the resolution to Reynolds steps
of the order of 0.5 the period four solution was found. Since no further information would be obtained from
finding this solution, it was concluded that further investigating this branch was not relevant as the compu-
tational cost is too large for the expected gain. The bifurcation scheme is assumed to be a period doubling
cascade as it is the most likely possibility: a period 2 solution was observed before chaotic solutions were
first observed and a periodic window is observed in the chaotic region. Given the similarities with the logistic
map, the conclusion of this study is that a period doubling cascade is the most feasible bifurcation scheme.

6.2.5. CHAOTIC STATE

At approximately Re = 4300 the flow undergoes another bifurcation and becomes chaotic. This is consistent
with the scenario of a period doubling cascade with periodic windows.

6.3. DESCRIPTION OF THE FLOW FIELDS

As an example of the behavior of the wake, the temporal evolution of the model at Re = 3750 is presented in
figure 6.4. It is compared to the temporal evolution at Re = 4100 to show that there is no substantial difference
in the flow fields in the transitional regime (Re € (3750,4300)) and therefore any Reynolds number in this
range is representative of this regime. This case (Re = 3750) will be referred to as the baseline case from now
on, as it is the basis for the actuated cases presented in the last part of this thesis. The analysis of the flow
fields shows that vortex shedding is the driving phenomenon of the wake: two shear layers are observed (at
the top and bottom separation regions) and vortices are shed alternatively. From the point of view of the
bottom shear layer the process is simple: a vortex is generated, grows until it occupies the full rear base and is
then shed. It is therefore possible to identify three phases, which are shown in figures 6.4 and 6.5: generation
(frames 1-2), growth (frames 3-6) and shedding (frames 7-9). The snapshots are equally spaced in time from
each other. The behavior of the top shear layer is more complex, but is mostly defined by the bottom vortex
shedding. Three phases can also be observed: generation (frames 7-8), growth (frames 9-2) and shedding
(frames 3-6). Therefore the two main vortex trails are shed in an out of phase synchronized fashion. Several
key flow features can be identified in the vorticity snapshots: first of all a large shear layer is observed over
the slant and destabilizes after it reaches the rear base. The separation angle of this shear layer oscillates
between 10deg and 20 deg (measured from the slant surface). Second, the bottom vortex is much larger than
the top one, and dominates the wake (for instance in frames 2 and 3 it is possible to observe that it forces the
shedding of the top shear layer vortex). Finally, the bottom vortex is observed to force flow to travel from the
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Figure 6.3: Comparison of the temporal evolution of the Cl-Cd maps at Re = 3750 and Re = 4100

rear base to the slant region during growth, generating a complex separation and reattachment scenario over
the slant. This is clearly observed in the pressure and streamlines flow fields, which can present attached flow
(frame 9), one large separation bubble (frames 1-3) or a complex combination of several vortices (frames 5-8).

The CI-Cd curve behavior can be directly related to what is observed in the flow states, and is presented
in figures 6.3a and 6.3b. The drag behavior can be directly related to the phases of the bottom vortex. During
the bottom shear layer generation phase drag is observed to be constant, during this vortex’s growth drag is
slowly increased until reaching its maximum value, and finally during its shedding it is drastically decreased.
This confirms that the bottom vortex shedding is the dominating phenomenon in the drag behavior. The
largest changes in pressure are observed in the underbody region, indicating that the bottom vortex is also
the determining factor in the behavior of Cl. The pressure variations over the slant are minor compared to
those of the underbody, further confirming that this vortex is by far the most important flow feature in the
analysis of the global forces of the body. This control over the wake is so important that it has frequency
locked the top shear layer, and both phenomena occur at the same frequency. This is observed in figures
6.1b, 6.1d, 6.1f, 6.1h or 6.2b, which only present one peak at the vortex shedding frequency.

The conclusion of the study of the baseline case is that the most important phenomenon is the bottom
vortex shedding. Large structures are observed near the rear base, which produces low pressure regions near
the rear base in a periodic fashion. The oscillations in lift and drag are large due to the large pressure vari-
ations between when the vortical structures are observed near the rear base and when they are shed into
the wake. Furthermore, this behavior is observed to occur along the whole transitional regime, and irrespec-
tive of the type of solution. To prove this, two periodic solutions are compared (Re = 3750 and Re = 4100)
which correspond to two types of solutions. The similarities in the flow fields prove that any solution in the
transitional regime is representative of the whole range of Reynolds.

Large variations on the global forces over each cycle imply that the vortex shedding phenomenon is large
and therefore that actuation can potentially have a large impact on the solution. Furthermore, the flow is ob-
served to separate and reattach over the slant during the vortex shedding period, indicating that a reduction
in drag is potentially possible (the wake presents the High Drag topology, explained in section 1, which has
been observed to be the wake topology that presents highest drag). Furthermore, as explained in section 1,
large structures that appear next to the body are associated to high drag, which point towards a possible drag
reduction by vortex splitting and/or vortex pushing.

6.4. CONCLUSIONS

The first goal of this chapter was to determine the transitional behavior was to characterize the transitional
regime of the model. For this reason, the different types of solutions that appear in the transitional regime of
the Ahmed body model were described and discussed. Starting from a periodic behavior the flow undergoes
a first period doubling bifurcation, and then a period doubling cascade to a chaotic solution. However this
chaotic regime seems to re-stabilize in the region 4050 < Re < 4300, in which the period doubled solution is
observed.

The study of the transitional regime has allowed to determine that the key flow features are maintained
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(a) Vorticity field for the baseline case at Re = 3750

(b) Pressure field and streamlines for the baseline case at Re = 3750

Figure 6.4: Wake evolution diagrams for the baseline case at Re = 3750, snapshots are equally separated in time
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(a) Vorticity field for the baseline case at Re = 4100

(b) Pressure field and streamlines for the baseline case at Re = 4100

Figure 6.5: Wake evolution diagrams for the baseline case at Re = 4100, snapshots are equally separated in time
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relatively constant in the range of Reynolds numbers in which bifurcations are observed (Re € (3500,4300)).
For this reason Re = 3750 is selected as a representative case of this regime for the application of AFC.

The second goal of this chapter was to determine the most interesting frequencies for the application of
active flow control. Two main natural frequencies are found to appear: the vortex shedding frequency and
the period doubling frequency (which is 1/2 of the vortex shedding frequency).

As explained in section 1.1.3 two main strategies in the application of AFC have been proposed in liter-
ature: flow control using a frequency of the order of the natural vortex shedding frequency and flow control
using a frequency that is much larger than the vortex shedding frequency. In this project the first strategy
was selected for two main reasons: first, the goal is to force the solution to bifurcate to a new flow state. It
is assumed that it is more likely that the flow can adapt to a new solution that has a periodicity of the same
order as the natural frequency of the problem than if the forcing frequency is an order of magnitude larger.
On the other hand this was shown to be effective on other transitional flow models that are currently being
studied in the physics department of UPC.

Both the natural vortex shedding frequency and half of it were selected as interesting actuation frequen-
cies. Therefore the study of the actuation will be performed at these two frequencies and its harmonics. This
study is presented in the third and last part of this thesis.



APPLICATION OF AFC

7.1. DESCRIPTION OF THE MODEL

The model that will be used for this section is similar to the one used for the second part of this thesis. The
main difference is that a new region on the rear part of the roof is defined where a periodic suction and
blowing boundary condition is imposed see figure 7.1. The domain that is used and the meshing philosophy
are identical, however the mesh is refined near the new actuation surface.

Figure 7.1: Schematic representation of the rear actuation

7.1.1. AFC BOUNDARY CONDITION

The changes to the boundary conditions are exclusively applied to the flow control surface. The Ahmed body
top surface is split, and a region of approximately 5% of L (immediately next to the slant) is selected for
actuation. The suction amplitude is set to vary between 5% and 100% of the inlet velocity. The velocity profile
is chosen to be quadratic with maximum velocity at the center and 0 velocity at both ends. The jet momentum
coefficient can be computed using the following formula:

LparcAarc fy V3 (D)dt
C, = J (7.1)
v 1 2 .
2P0u0A0

Therefore the actuation amplitudes correspond to a variation of C,, in the range C, € [3.6x 1076,1.4x1073].
The maximum suction velocity that can be imposed is determined by the mesh density. Large suctions can
bring numerical instabilities to the solution due to poor resolution. However small actuation amplitudes can
fail to excite the flow instabilities, resulting in an unsuccessful actuation.

55
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The actuation frequency is also presented in a non-dimensional fashion. Since the most relevant fre-
quency was found to be related to vortex shedding, the non dimensional frequency f can be defined as the
ratio between the actuation frequency and the natural vortex shedding frequency:

»_ Jarc
= — (7.2)
f fStr

ACTUATION METHODOLOGY

The actuation frequency is one of the key parameters in AFC. As explained in the introduction section, two
approaches exist in the application of active flow control based on this parameter: actuation at frequencies
of the order of the natural vortex shedding phenomena and actuation at frequencies much larger than the
natural vortex shedding phenomena. The first approach was chosen as the main area of study for this thesis
project: in the second part of this master thesis several frequencies were selected to be studied because they
represented the most relevant phenomena:

1. The natural vortex shedding frequency:
Vortex shedding is the key phenomenon that drives the wake dynamics. Therefore an actuation at this
frequency can potentially resonate with the vortex shedding process and bring new types of solutions.
The flow actuation effect is not centered in changing the vortex shedding frequency; instead it is cen-
tered in trying to force the vortex shedding phenomena to occur in a synchronous fashion with the
actuation. This corresponds to a non dimensional frequency of f = 1

2. The first subharmonic of the vortex shedding frequency:

In part 2 of this work the wake destabilization process in the transitional regime was described. The
conclusions of this part were that the solution destabilized through a period doubling cascade process.
The natural frequency of this phenomenon is equal to one half of the natural vortex shedding frequency.
Actuation at this frequency could potentially resonate with the period doubling instabilities that occur
in the transitional regime and bring new types of solutions. Therefore the target of this actuation is
to modify the vortex shedding phenomenon by exciting a different one: in this case period doubling
instabilities. This corresponds to a non dimensional frequency of f =0.5

3. The first harmonic of the vortex shedding frequency:

This frequency was selected for two main reasons. On the one hand because it represents the second
highest energy mode. This was observed in part 2 of this report, where the Fourier transform of the
signal was presented. Since it is the first harmonic of the vortex shedding phenomenon, it presents
the second strongest energy peak. On the other hand it was selected because several authors in lit-
erature present it as a relevant frequency. This type of actuation targets to force the vortex shedding
phenomenon to occur twice per cycle, introducing new types of solutions and flow states. The instabil-
ities that are targeted in this type of actuation are the vortex shedding instabilities, however in this case
they are excited by applying two full actuation cycles per vortex shedding period. This corresponds to
a non dimensional frequency of f =2

To complete the study a fourth actuation strategy was applied. It consisted in actuating at a frequency
that is not a multiple of the vortex shedding frequency, but instead it is incommensurable. This strategy
is not recommended in literature in general, however it was selected to determine if vortex shedding can
be forced to occur at a frequency that is not related to the natural vortex shedding frequency. There exists an
infinite number of possible frequencies that are incommensurable with respect to the natural vortex shedding
frequency. As a representative example of these frequencies, f = 1.3 was selected. This strategy does not
target any physical instabilities, instead it tries to impose a new frequency to the vortex shedding process.
Unfortunately, this actuation did not bring any new types of solutions that cannot be presented with f =1 or
f =2. For this reason, it was decided not to include the results in the report.

7.1.2. CHANGES TO THE MESH TOPOLOGY

The mesh topology for this model was maintained similar to that of the baseline case, but additional resolu-
tion was added added near the AFC location and slant as in this region more energetic flow is observed. This
has no impact on the baseline case, neither in flow properties nor in the CI-Cd map. A zoom of the mesh near
the body is shown in figure 7.2. The near wall mesh and the wake were imposed to have an expansion order
of 8 and the far field laminar flow is imposed to have an order of expansion of 6.
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Figure 7.3: Study of the accuracy of the solutions

7.1.3. VALIDATION

The mesh resolution has been increased near the AFC to better resolve the actuation, and therefore the if
the y* was already sufficient, now the boundary layer will be resolved with excess accuracy. However this is
necessary to adequately resolve the effect of the actuation. To determine the accuracy of the solution both
the y* criterion and a refinement in the polynomial order were applied, and are presented in figures 7.3a and
7.3b. The case of f = 2 and maximum actuation amplitude (Cp=14x 103) was chosen as the most critical
case, as it is the case that introduces the largest changes to the flow fields and is periodic. The study of the y*
criterion reveals, as expected, that the representation of the boundary layer should be more than adequate, as
the maximum value of y* is below 1. The resolution analysis only features the even polynomials of expansion
because as explained in the previous sections the odd polynomials tend to introduce unphysical pressure
oscillations. The results show that increasing the polynomial order of expansion produces changes to the
average forces of the order of 0.5% when the near wall polynomial order of expansion is increased form 8 to
10, which is considered adequate. Additionally it is important to take into account that since the width of the
periodic window is rather small, there are several bifurcations that could force the solution into a completely
different solution. For this reason it is significant that the type of solution is unaffected by the polynomial
order. The results are considered to provide sufficient accuracy.
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Figure 7.4: Analysis of the forces signal for C, = 1.2 x 1075 at Re=3750and f =1/2

7.2. STUDY OF THE DIFFERENT TYPES OF SOLUTIONS

In this chapter the study of the results of the actuation application on the roof, at the junction with the slant
of the Ahmed body at Re = 3750 will be presented. This actuation was performed at 4 discrete actuation
frequencies ( f 0.5, f =1, f =13, f 2). However, f = 1.3 will not be presented because it does not bring
any new interesting information. The velocity was imposed to vary in the range u4FC € [0.05 x up, up] with
up to 11 different actuation amplitudes. The jet momentum coefficient was therefore varied in the range
Cu€13.6x10751.4x1073].

In this section the different types of solutions that can observed will be described. The different types of
actuated flows will be compared to the baseline (non-actuated) flow presented in section 6.3. The results will
be discussed as a function of both the non-dimensional actuation frequency (f) and the non-dimensional
actuation amplitude: the momentum coefficient (C,).

7.2.1. ACTUATION AT f =1/2

Actuation at the first subharmonic of the natural vortex shedding frequency has only been observed to pro-
duce chaotic solutions. From the quantitative point of view, however, it produces interesting results as aver-
age drag can be reduced up to 20% with respect to the baseline case.

In the study of the baseline case the bifurcation sequence of the model was discussed, and the two most
unstable modes were identified. The first one was the natural vortex shedding frequency of the problem and
the second one was the first subharmonic frequency, which produced a period doubling bifurcation. The
target of this section is to investigate whether it is possible to excite the flow at this frequency and obtain a
resonance that produces a new type of solution. This frequency has not been reported to produce interesting
drag reductions at high Reynolds numbers in literature, and the amplitude of the period doubling instability
is small in comparison with the natural vortex shedding instability, which indicates that this frequency is less
likely to produce new solutions than the natural vortex shedding frequency. Nevertheless, it will be presented
to demonstrate whether the flow is receptive to this kind of actuation.

Actuation at f = 1/2 only produces chaotic solutions because the flow states that are generated are main-
tained for enough time to allow for the solution to naturally destabilize. During the blowing half-period the
flow is forced to separate at the junction between the roof and the slant. For small amplitudes this does not
produce large variations on the flow field, as the top shear layer destabilizes slightly earlier (but still near the
rear base) and the separated region is slightly larger, but the location and size of the vortices is quite similar.
When the amplitude is increased the separation on the rear slant becomes more massive and vortices are
shed over the slant, changing the pressure distribution over the slant. This reduces the intensity of the shed
vortices on the rear base, as the rear base vortex is not allowed to grow in the slant direction. However this
has a low impact on the rear base pressure. On the other hand during the suction phase the flow is forced to
remain attached over the slant, in which the attached low drag scenario is observed, and the intensity of the
rear base vortices is significantly reduced. Furthermore, they are not allowed to grow in the slant direction
either, and appear at a larger distance from the rear base, leading to a drag reduction both by vortex pushing.
In general this type of actuation seems to force the solution to shift between a constant suction and a con-
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stant blowing scenario, leading to a drag reduction during the suction half-period and a no gain or even drag
increase during the blowing phase. In general this type of actuation does not seem to produce any interesting
effects that are not present in constant suction or blowing.

Figure 7.4a shows that the amplitude of vortex shedding is increased with respect to the baseline case
both in lift and in drag, confirming that reduction of the vortex shedding intensity has not been achieved.
The Fourier transform of the signal further confirms that the flow is controlled by the AFC, as it presents a
peak at the actuation frequency, but there is no indication of relevant resonances on the flow.

SUMMARY OF ACTUATION AT f = 1/2

The result of this actuation can be compared to applying a constant suction at the start of the slant during
one vortex shedding period and a constant blowing during another one. During the suction period the vortex
shedding amplitude is reduced, accounting for most of the drag reduction, and during the blowing phase
the flow is forced to separate, accounting for most of the lift increase. Figure 7.6 presents the average Cl and
Cd and the root mean square of the signals, compared to the baseline case. To evaluate the vortex shedding
amplitude the RMS of both CI and Cd can be computed. These provide a measure of deviation from mean
quantities. Since the main phenomenon in all solutions is vortex shedding, in this case it provides with an
approximate order of magnitude of the amplitude of this phenomenon. According to the results the RMS of
the lift coefficient is maintained constant or slightly reduced (the extreme cases present a 20% reduction and
a 5% increase in this quantity), while the RMS of the drag coefficient is increased with increasing actuation
amplitudes (reaching up to a 25% increase). This indicates that in average the gain in vortex shedding inten-
sity the top shear layer during blowing is compensated by the suction period (which is reflected in the slight
reduction in the RMS of Cl). Second it seems to indicate that the vortex shedding intensity of the bottom shear
layer is slightly increased (which is reflected in the slight increase in the RMS of Cd). Since drag is reduced
in average, the only possible explanation is that although the bottom shear layer vortices are more energetic,
they are shed faster into the wake, which is consistent with a drag reduction by vortex pushing.

It can also be interesting to analyze which regions of the vehicle contribute most to drag in each case. In
the baseline case the pressure drag accounts for approximately 75% of the total drag and is the quantity that
best represents the effect of flow control on the problem!. Therefore it is possible to compare which part of
the Ahmed body (rear base or slant) contributes most to the total pressure drag in each case. Surprisingly
the largest effect on pressure drag is observed on the rear base and not in the slant. This indicates that the
average pressure over the slant is not greatly affected by actuation (on average), while the rear base is more
affected. The reason for the rear base reduction was already explained, but a non-zero effect on the slant
was also expected. This can only be explained because in average the additional separation during blowing
is compensated by the reattachment introduced by suction.

In general it is not possible to conclude that the vortex shedding phenomenon has been substantially
reduced, as the size and intensity of the vortices has been reported to remain similar or become larger both
in the analysis of the flow fields and the study of the quantitative data. Therefore it can be concluded that
despite the drag reduction, the actuation was not successful in reducing the vortex shedding intensity, nor in
achieving resonance with the main flow structures.

7.2.2. ACTUATIONAT f =1

Actuation at the natural vortex shedding frequency targets to excite the main instability of the flow. By intro-
ducing a perturbation right before the separation point of the top shear layer, the goal is to change the way in
which the top shear layer behaves. Actuation at this frequency is one of the most successful types of actuation
at high Reynolds. This can be due to the fact that the active flow control resonates with the global instability
of the flow (which is at the current Reynolds the only unstable mode that has been observed for the baseline
case and is the most unstable mode at higher Reynolds).

Actuation at the natural vortex shedding frequency creates 3 different types of new solutions. These so-
lutions can be qualitatively different from the stability analysis point of view or quantitatively different (for
instance in the lift and drag coefficients). In this section the differences in flow features that drive these
changes will be presented and discussed.

1The variations in friction drag are minor as the surfaces and velocity fields have not been greatly changed over the top and bottom
surfaces, furthermore friction drag only contributes to 25% of the total drag
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Figure 7.5: Wake temporal evolution for f =1/2 and Cy=12x 1073 at Re = 3750 (chaotic), snapshots are equally separated in time
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Figure 7.8: Analysis of the forces signal for C;, = 1.4 x 107 at Re=3750and f =1

LOW ACTUATION AMPLITUDES (Cj, < 2.3 x 107%)

For low actuation amplitudes the flow control fails to excite the vortex shedding instability, and the flow char-
acteristics resemble the baseline case from the quantitative point of view. However the flow control destabi-
lizes the periodic vortex shedding process, generating a chaotic solution. The CI-Cd map of this new flow state
is presented in figure 7.8a. The main flow characteristics remain similar to those observed for the baseline
case.

MODERATE ACTUATION AMPLITUDES (Cj, = 2.3 x 107%)

For moderate actuation amplitudes a new periodic solution is observed. The frequency of this solution is
equal to the original vortex shedding and actuation frequency. From the point of view of global forces this
new type of solution does not present any interesting new features (the average quantities are very similar
to those of the baseline case). However, the vortex shedding process has been altered: in this new scenario
the separation of the boundary layer is affected during the blowing phase of the flow control (figure 7.10,
snapshots 1 to 3). The separation of the top shear layer during this period of the flow control is larger, forcing
the destabilization of the wake at the center of the slant region. However, the vortex that is generated is not
sufficiently energetic to stop the flow from the rear base vortex from entering the slant, and the rest of the
vortex shedding cycle is very similar to the baseline case. This explains why the average forces are similar to
the baseline case and why the Cl-Cd map (figure 7.9a) is only significantly different during the blowing phase
of the cycle (points 1 to 3). The rest of the cycle is very similar with respect to the baseline case from the point
of view of the velocity fields. The largest difference is observed on the slant region (figure 7.10, snapshots 5
to 7), where a single vortex is observed (in the baseline case multiple vortices where observed: snapshots 5 to
7). The bottom vortex is only slightly modified, showing that the flow control fails to excite the bottom shear
layer. Although this solution may seem very similar to the baseline case, it shows that actuation is imposing
a larger separation over the slant during the vortex growth process. In the baseline case the vortex shedding
of the top wake was controlled by the bottom vortex, as it was the most energetic phenomenon. A moderate
actuation amplitude, however, is energizing the vortices produced by the top boundary layer, and now both
phenomena compete to dominate the slant vortex shedding process.

The conclusion of the study of the periodic solution is that although the chaotic solution is observed
to re-stabilize into a periodic solution, the new wake state is not interesting from the point of view of drag
reduction. Furthermore, it is not interesting from the point of view of the changes to the flow, as they are
constrained to the blowing phase of the actuation in the slant region. The most interesting phenomena of
this type of solution is its bifurcation scheme. Figure 7.9a shows the type of solution for both C, = 2.4 x
10~* and Cu=24x 1074, showing that both a period 1 and period 2 solutions are observed. This indicates
that similarly to what was observed in the bifurcation scheme when changing the Reynolds number, period
doubling cascades seem to be the natural mechanism for the creation and destruction of periodic solutions.

LARGE ACTUATION AMPLITUDES (C, > 2.3 x 107%)
For actuation amplitudes C;, > 5x 10~ the flow is completely modified and the average forces on the body are
greatly affected. By increasing the momentum coefficient to C;, > 1 x 1073 the mean Cd is reduced by 30% and
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Figure 7.9: Analysis of the forces signal for C, = 2.3 x 1074 at Re=3750and f =1

the mean lift is increased by 250%. For Cy, > 7.1 x 1073, the effect saturates, presenting a Cd approximately
40% lower than the baseline Cd and approximately 400% larger than the baseline CI.

In this range of C, the solutions become chaotic. No periodic solution could be found in the range
Cuel23x107% 1.4 x 1073]. The Fourier transform of the lift and drag signals (see figure 7.11b) reveals that
the natural frequency of the solutions has not varied, indicating that vortex shedding remains the main phe-
nomenon. An interesting fact is that the amplitude of both the Cl and Cd signals has been reduced, indicating
that vortex shedding has been attenuated. Although the solution is chaotic it is possible to observe clearly the
vortex shedding process. This phenomenon now occurs differently depending on time, and therefore it is not
possible to present an accurate description with only a few snapshots, however it is still possible to observe
some common features with the previous cases. The top actuation now completely controls the vortex shed-
ding process as the top shear layer dominates the near wake over the bottom vortex. The result is that now
very little flow from the bottom region is introduced into the slant, and when this occurs it is shed into the
near wake in a short time interval. The oscillating motion of the flow moving from the rear base towards the
slant and back is now substituted by a motion that is unidirectional from the slant towards the wake. To ob-
tain this behavior, however, a periodic reattachment and massive separation is observed over the rear slant.
This is due to the fact that the top shear layer destabilizes over the slant and therefore the vortices are shed
there (see figure 7.12). This implies that the low pressure vortex cores are generated directly in the slant re-
gion (which partially explains the increase on average lift). Since there is no flow moving from the rear base to
the slant region the lower vortex cannot grow as it would in the baseline case. This is particularly important
for two reasons: first of all the strength of the vortex is greatly reduced and secondly as it is not bound to the
slant, the vortex core is observed to appear at a greater distance from the rear base. Additionally, the vortices
from the top shear layer now push the bottom vortices away from the rear base. This has a large impact on
the drag of the body, but also on the lift, as the underbody pressure is increased. A surprising effect of this ac-
tuation is that now the rear base vortex shedding frequency is observed to be larger than the NVS frequency.
This can also be observed in the Fourier transform of the signal, which presents a second peak at f = 1.5. The
chaotic behavior is introduced by the fact that there are now two different main frequencies on the flow. The
conclusion of this section is that forcing a dominating vortex on the top slant will reduce the rear base vortex
intensity and increase its frequency, effectively moving the vortex generation towards the slant. This has the
positive effect of greatly increasing the pressure on the rear base and underbody, greatly reducing drag and
increasing lift.

To summarize the complex behavior of the flow fields figure 7.11 shows the growth of two consecutive
vortices. The changes in the slant region are observable in snapshots 4 to 6 and 11 to 12, where the large vor-
tices generated by the destabilization of the top shear layer the slant travel downstream without opposition
from the rear base vortex. This vortex is now clearly less energetic, and is generated at a larger distance from
the rear base in both periods. This is observable both in its size and location (for instance in snapshots 3 and
9) but also particularly in the intensity and size of the low pressure regions. The reader can compare with
figure 6.4 to see to which extent these changes have altered the wake topology.
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Figure 7.10: Wake temporal evolution for f =1 and Cu=23x 104 at Re = 3750 (periodic), snapshots are equally separated in time
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Figure 7.11: Analysis of the forces signal for C;; = 7.1 x 1074 at Re=3750and f =1

SUMMARY OF THE ACTUATION AT f = 1

By actuating at the natural vortex shedding frequency on the rear slant the performance of the body has been
greatly modified. The drag coefficient has been reduced by up to a 40% and the lift coefficient has increased
by up to 400%. This improvement, however is only observed when the actuation amplitude exceeds the
threshold of C, > 2.3 x 107, The effect quickly saturates, presenting similar drag reduction and lift increase
for Cy, > 7.1 x 1073, This reduction is obtained by exciting the natural instability, the resonance of which
reduces the vortex shedding amplitude. This can be observed in figure 7.13, in which the average Cl and Cd
and the root mean square of the signals is presented. In the case of Cl, the RMS of the signal for successful
actuation cases is reduced between 60% and 80% of the non-actuated baseline case RMS. On the Cd signal
this reduction is smaller, but still represents between 20% and 30% of the baseline case RMS. This clearly
indicates that the vortex shedding phenomenon has been substantially reduced. This seems to contradict
what was described in the previous sections, as forcing the breakup of the shear layer by generating larger
vortices over the slant was responsible for the drag reduction. The explanation for this phenomenon is simple:
flow actuation has greatly reduced the strength of the rear base vortices by exciting the slant shear layer. The
additional energy introduced in the top shear layer is smaller than the decrease of energy of the rear base
vortex, effectively reducing the amplitude of the oscillation of the global forces.

It is also particularly interesting to analyze which regions of the vehicle contribute most to drag in each
case. In the baseline case the pressure drag accounts for approximately 75% of the total drag and is the quan-
tity that best represents the effect of flow control on the problem. Therefore it is possible to compare which
part of the Ahmed body (rear base or slant) contributes most to the total pressure drag in each case. According
to what was observed in the pressure fields, it is expected that for successful actuation the drag contribution
of the slant is increased due to the new low pressure vortices, while the drag contribution of the rear base is
reduced as the low pressure cores have been pushed away. Figure 7.14 shows a comparison of the drag con-
tributions of three relevant cases (unsuccessful actuation, moderately successful actuation, and large drag
reduction) with the baseline case. From the results it is clear that for the unsuccessful case the drag con-
tributions of the different parts are almost identical both in percentage and total contributions to those of
the baseline case. However, as the actuation amplitude increases the rear base drag contribution greatly de-
creases (approximately 50% of the baseline case) while the contribution of the slant increases (approximately
30% of the baseline case). Since the rear base is the surface that contributes most to total drag by far, the net
effect on the body is a reduction of this quantity.

The study of average fields can also bring new interesting information on the wake topology. In particular
the average pressure fields are very interesting as they show where the vortex cores spend most time and can
be directly related to the total forces exerted on the vehicle. Figure 7.15 shows a comparison of the baseline
case pressure distribution with a successfully actuated case. The base pressure has been greatly increased by
generating a large depression on the rear slant that was not present in the baseline case. The high pressure
of the rear base can be explained due to the fact that the vortex cores that are generated by the bottom vortex
shedding are now being generated at a larger distance from the base, and are less energetic (smaller in size).
The increase in the lift coefficient can be explained by two factors: on the one hand the slant average pressure
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has been reduced. On the other hand the bottom surface pressure has been greatly increased as it is directly
connected to the rear base pressure, which has also been greatly increased. This low pressure observed in the
bottom region is usually known as ground effect. Therefore the conclusion of this section with regarding lift
is that by increasing the base pressure the ground effect has been indirectly reduced. The average pressure
fields confirm what was described in the instantaneous pressure fields.

Figure 7.15: Qualitative comparison of the average pressure field for the baseline case (top) and a successfully actuated case (bottom) at
Re=3750 and f =1 (dynamic ranges for Cp are set equal)

7.2.3. ACTUATION AT [ =2

Actuation at twice the natural vortex shedding frequency targets to excite the main instability of the flow.
However instead of trying to resonate with it directly it tries to do so through the excitation of its first har-
monic frequency. By introducing a perturbation right before the top shear layer, the goal is to change the way
in which the top shear layer behaves. Actuation at this frequency is reported to be one of the most successful
types of actuation at high Reynolds. This can be due to the fact that the active flow control resonates with the
global instability of the flow, but in a more energetic way than simply actuating at the natural vortex shed-
ding frequency. This type of actuation introduces one full perturbation every half cycle which is particularly
interesting because the baseline case presents two clearly differentiated states: attached wake over the slant
and separated wake over the slant. For this reason introducing one full perturbation during each flow state
can have a large impact on the wake.

Actuation at twice the natural vortex shedding frequency is observed to produce 4 types of different solu-
tions: 2 of which are periodic and the 2 other are chaotic. This frequency is observed to be the most interesting
actuation frequency from both the qualitative point of view (two different stable states are observed) and the
quantitative point of view (maximum drag reduction is obtained for low amplitudes, leading to maximum
efficiency).

LOW ACTUATION AMPLITUDES (Cﬂ <3.6 x 10_4)

Differently to what occurs in the case of f = 1 the amplitude at which the flow responds to actuation is very
low. Additionally, the response increases constantly with increasing Cy,. This is a completely different behav-
ior to what was observed in the case of actuation at f = 1, where the average quantities abruptly shifted from
one type of solution to the next when the periodic solution was observed. This behavior is similar to what has
been observed experimentally at higher Reynolds. Qualitatively, the baseline solution destabilizes due to the
AFC effect. This produces a series of chaotic solutions in which vortex shedding rapidly becomes affected by
the blowing-suction actuation. Its effect on the flow fields is similar to what was observed in the case of f =1
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Figure 7.16: Analysis of the forces signal for C, = 2.3 x 1074 at Re=3750 and f =2

at high actuation amplitudes, and the vortex shedding of the top shear layer rapidly dominates the bottom
shear layer.

In this section the chaotic behavior of the flow fields will not be described as depending on the actuation
amplitude the flow resembles the baseline solution that was already described (C, <1 x 1072) or it resembles
the flow features of the solution for moderate amplitudes (which will be described in the following section).
However, as an example the Cl-Cd map of the aerodynamic forces and the Fourier transform of the drag sig-
nalat C, =2.3 x 104 is shown in figure 7.16. An interesting effect of actuation at f = 2 is that the main vortex
shedding frequency is increased and is now observed at f = 1.2 (see figure 7.16b). The second peak corre-
sponds to the actuation frequency, which is approximately twice the original vortex shedding frequency and
corresponds with the second peak of the baseline case in the Fourier transform diagram. It seems therefore
that increasing the actuation frequency modifies the rear base vortex shedding phenomenon in such a way
that it is accelerated. This will be further commented in the following sections.

MODERATE ACTUATION AMPLITUDES (C;, =3.6 x 107%)

For moderate actuation amplitudes a periodic solution with a period three times that of the actuation ap-
pears. This can be clearly observed in the Fourier transform diagram of the drag signal (figure 7.17b), which
now presents three peaks of approximately the same energy. The top actuation completely controls the vor-
tex shedding process as the top shear layer dominates the near wake over the bottom vortex. The result is
that similarly to the case of f = 1 very little flow from the bottom region is introduced into the slant?, and
when this occurs it is shed into the flow in a short time interval, not allowing the rear vortex to grow as in the
baseline case. Figure 7.18 shows the temporal evolution of the wake during one period. Close observation of
the vorticity and pressure snapshots shows that during one period, three vortices of the top shear layer have
been shed (one in frames 1 to 3, a second one in frames 4 to 7 and the last one in frames 8 to 12). During the
same time period, however, only two have been shed from the bottom shear layer. This leads to a frequency
locking of the solution of the type 2:3, and explains why the solution is periodic®. This indicates that now two
phenomena are competing for the domination of the wake, at two different frequencies One period can be
divided in three sub-periods that are clearly distinguishable according to the behavior of the top vortex: first
the top vortex is shed directly into the wake, second the top vortex becomes trapped, and finally the vortex
combines with the trapped vortex from the previous period. This is clearly distinguishable in the snapshots
shown in figure 7.18. Snapshots 3 to 6 show the direct shedding of the vortex, 7 to 10 show how the vortex
core becomes trapped, and 11 to 12 show how the two vortices combine. Regarding the bottom vortex it is
interesting to note that the two vortices that are shed during one cycle are extremely different. One (frames
9-12) grows adjacent to the rear base (similarly to how it occurs in the baseline case) while the other one
(frames 4-7) grows at a much greater distance. Both vortices are less energetic than those observed for the

2note that in figure 7.17 the top shear layer vortices are generated over the slant, not allowing the bottom ones to affect the slant region.
Furthermore, the bottom vortices are now forced to shed faster by the influence of the top ones (see as an example frame 8). This clearly
indicates that the top boundary layer dominates the wake dynamics.

3In the baseline case the vortices were frequency locked at a ratio of 1:1
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Figure 7.17: Analysis of the forces signal for f = 2 and Cu=36x 10~% at Re = 3750

baseline case, explaining why drag is greatly reduced. However when the vortex is near the body the average
drag is much larger that when it is further away from it. This is shown in figure 7.17a, which clearly shows that
for snapshots 10 to 12 the drag of the vehicle is significantly larger than for snapshots 4 to 6. Furthermore it
shows that the fast shedding of the bottom vortex has eliminated the highest drag section of the baseline case
orbit, accounting for the large drag reduction.

The conclusion of the study of the flow fields is that (similarly to the case in which f =1 and Cy>5x 1074
forcing a dominating vortex on the top slant will reduce the rear base vortex, effectively moving the vortex
generation towards the slant. This has the positive effect of greatly increasing the pressure on the rear base,
but at the cost of moving the depression to the slant and increasing the underbody pressure, greatly increasing
the average lift coefficient of the model. Furthermore drag reduction is not only achieved due to the reduction
of the vortex intensity (and size), it is also achieved through the increase of the distance between the core and
the body. This is consistent with what was described in section 1 as both vortex splitting and vortex pushing
have been reported to produce significant drag reductions, however the increase in lift had not been reported,
showing a limitation of the current model. The result is that average drag is reduced by approximately 30%
with respect to the baseline case and that average lift is increased by approximately 400%.

It is interesting to note that changing the actuation frequency has had the effect of changing the synchro-
nization of the vortices shed by the two shear layers, which now combine in such a way that the whole process
repeats itself after three actuation periods. However, the vortex shedding frequency of the rear base has been
altered and is now approximately f = 4/3. It seems therefore that the high actuation amplitude on the top
shear layer precipitates the bottom vortex shedding. As explained for the case of smaller actuation ampli-
tudes, if this state cannot be triggered (the actuation amplitude is not around 2.3 x 107%), the flow states tend
to it. This seems to indicate that the stable solution behaves as an attractor for those cases in which periodic
behavior cannot be obtained.

The conclusion of this section is that the vortex shedding process is now totally determined by the ac-
tuation on the top slant, which accelerates the rear base vortex shedding. When comparing with f = 1, it is
worth mentioning that the momentum coefficient required to produce periodic solutions has been reduced.
Furthermore in the case of f = 1 no impact on the global forces could be achieved in the case of periodic
behavior, and only the high momentum coefficient actuations were observed to decrease drag. Therefore it
is clear that forcing at twice the natural vortex shedding frequency is much more efficient than doing so at
the natural vortex shedding frequency. Furthermore, the effect is gradual to the actuation momentum coeffi-
cient, which is considered desirable, as even if the desired amplitude is not achieved, a partial effect can still
be obtained.

LARGE ACTUATION AMPLITUDES (C,J =1.4x1073)

When increasing the actuation amplitude, a series of new chaotic solutions is observed. The new solutions
rapidly tend towards a new flow state which is periodic (C, = 1.4 x 1073). This periodic state recovers the
natural actuation frequency of the baseline case and its period doubled solution. As in the previous case, the
vortex shedding is under the control of the AFC, which forces the vortex shedding of the boundary layer to
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Figure 7.18: Wake temporal evolution for f =2 and Cu=36x 104 at Re = 3750 (periodic), snapshots are equally separated in time
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Figure 7.19: Analysis of the forces signal for f = 2 and Cy=14x 1073 at Re =3750

occur at the actuation frequency. The main difference is, again, how the two shear layer vortex shedding pro-
cesses are synchronized: the frequency locking of the top and bottom shear layer shed vortices has changed
to 3:4. In this case the flow of the wake is very similar to what was described in the previous successfully actu-
ated cases. Similarly to what was observed for C, = 3.6 x 10~ and f = 2 the wake presents massive separation
on the slant dominated by the AFC. It also features vortices that are shed directly into the wake and vortices
that become trapped in the near wake. The difference is that now this occurs every four top shear layer vor-
tices, and therefore there are two vortices that are directly shed into the wake, one that gets trapped, and one
that combines with the trapped vortex when shed. Figure 7.19 shows the temporal evolution of this process:
in frames 1 to 6 two top vortices are shed directly. Frames 7 to 9 show how that the top vortex is shed similarly
to how it was before, but now the bottom shear layer vortex blocks its path. This allows for the vortex from
the next period to reach it (frames 10-11), and they combine in frame 12.

Drag reduction as compared to the baseline case obtained in this case reaches approximately 40%, being
clearly superior to the drag reduction of approximately 30% obtained at smaller actuation amplitudes. How-
ever the actuation amplitude has been increased from Cj, = 3.6 x 107* to Cu=14x 1073 which represents
an increase of Cy, in a factor of approximately 3.5. Therefore, the efficiency of the flow control is decreased
as the actuation amplitude is increased. This is consistent with what was explained in section 1 because it
shows that drag reduction saturates with increasing actuation amplitude. The increase in lift coefficient is
almost identical to that obtained for smaller actuation amplitudes. It is interesting to note that in this case
the actuation frequency is the most energetic frequency in the flow. This was not observed for smaller am-
plitudes, where it was only the third most energetic peak of the drag spectra. This is due to the fact that now
the vortex shedding frequency of the bottom shear layer is a subharmonic of the actuation frequency, so the
actuation frequency is found in both shear layers. The Cl-Cd map presented in figure 7.19a shows a curve
that has three branches of limited amplitude both in Cl and Cd, and a fourth branch that closes in a much
wider fashion. This matches what was described in the flow fields, as also there three vortex shedding periods
were described to be similar (represented in snapshots 1 to 10) while the last vortex shedding was found to
be more energetic due to the combination of two vortices from successive periods (snapshots 10 to 12). This
is relevant because this branch presents higher drag than the other branches, and points to the reason why
the average drag is smaller than that of C, =3.6 x 10™* and f = 2: Now only one vortex out of four combines,
while before it was one out of three.

Figure 7.19a presents the CI-Cd curves for both C, = 1.3 x 1073 and Cy=14x 1073 to show the bifurcation
scheme of the problem when C,, is increased. In this case a period doubled solution is observed, pointing to
a destabilization of the solutions by a period doubling cascade. This is similar to what was observed in the
destabilization of the baseline solution, and seems to confirm that period doubling is the way in which the
model destroys its stable solutions.

The summary of this section is that increasing the actuation amplitude forces the bottom vortex to shed
its vortices faster, and a new synchronization of the wake is achieved of after every 4 actuation periods. The
drag reduction and lift increase are greater than for smaller actuation amplitudes, but it seems that this effect
is saturating, indicating that the efficiency of the flow control is smaller. Finally the destabilization of the orbit
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has found to occur in a period doubling cascade bifurcation, which seems to be the most common way for
the system to destroy stable orbits.

SUMMARY OF THE ACTUATION AT f =2 x fg;,

By actuating at twice the natural vortex shedding frequency on the rear slant the performance of the body
has been greatly modified. The drag coefficient has been reduced by up to a 40% and the lift coefficient has
increased by up to 400%. Increasing the actuation momentum coefficient has revealed that although the
solutions are different qualitatively (some are chaotic, others periodic), the chaotic solutions seem to orbit
around the underlying quasi-periodic solutions that eventually lock onto periodic. Two periodic frequency-
locked solutions have been observed in the range study of C,. These solutions are only stable for small ranges
of Cy;, and destabilize rapidly through what seem period doubling cascades. The chaotic states then start
orbiting the next periodic solution, which is determined by the next frequency locking of the two shear layers.
This is possible because increasing the actuation amplitude increases the vortex shedding frequency of the
bottom vortex, which coexists with the one from top shear layer: if the actuation frequency? and the bottom
base vortex shedding one are incommensurable, a chaotic solution is observed. However, for the particular
cases in which they are not, a periodic behavior can be observed. In this case resonances of 2:3 and 3:4 of
the vortex shedding of both shear layers are observed. This means that after three vortex shedding cycles of
the top shear layer, two vortex shedding of the bottom shear layer have occurred and the solution repeats
itself (similarly for 3:4). Note that this implies that for very low actuation amplitudes the bottom shear layer
vortex shedding already occurs at f > fs;. For moderate amplitudes occurs at f = 2/3 x farc. Finally for
large amplitudes it occurs at f = 3/4 x farc. This clearly indicates that the bottom vortex shedding is being
accelerated. A common fact of the periodic solutions is that after every period a large vortex is generated near
the rear base which increases the average drag. This implies that those solutions that repeat after more cycles
present a larger drag reduction than those that repeat more often. This justifies why a larger drag reduction
is observed in the case of large actuation amplitudes, as the higher drag branch occurs every 4 cycles while
for moderate amplitude it occurs every 3 cycles. An interesting feature of the Cd curve is that it presents
peaks of larger drag for those actuation amplitudes that produce periodic solutions. It seems then that the
synchronization of the two vortices is not a desirable feature, as very similar chaotic solutions produce lower
drag. This seems to be related to the combination of the vortices in the near wake, as the chaotic solutions
tend to produce less combined vortices than the periodic solutions.

Figure 7.21 presents the average Cl and Cd and the root mean square of the signals, compared to the
baseline case. In the case of Cl, the RMS of the signal for successfully actuated cases is reduced between
60% and 70% of the non-actuated baseline case RMS. On the Cd signal this reduction represents between
50% and 55% of the baseline case RMS. This clearly indicates that the vortex shedding phenomenon has been
substantially reduced. Similarly to what was explained in the previous section, the reason for this reduction is
that flow actuation has greatly reduced the strength of the rear base vortices by exciting the slant shear layer.
The additional energy introduced in the top shear layer is smaller than the decrease of energy of the rear base
vortex, effectively reducing the oscillation amplitude of the global forces.

It is also particularly interesting to analyze which regions of the vehicle contribute most to drag in each
case. Figure 7.22 shows a comparison of the drag contributions of the different types of solutions The results
show that for the baseline case the rear base is the largest contributor to pressure drag (representing approx-
imately 75% of the pressure drag). For moderate amplitudes the solution tends to the 2:3 resonance flow
state, showing approximately the same drag for the slant region than for the rear base. Finally this tendency
is shifted when the solution tends to the 3:4 resonance flow state showing a greater contribution to drag from
the rear slant than from the rear base.

Figure 7.23 shows a comparison of the baseline case pressure distribution with a successfully actuated
case. The base pressure has been greatly increased by generating a large depression on the rear slant that was
not present in the baseline case. The high pressure of the rear base can be explained due to the fact that the
vortex cores that are generated by the bottom vortex shedding are now being generated at a larger distance
from the base, and are less energetic (smaller in size). The increase in the lift coefficient can be explained by
two factors: on the one hand the slant average pressure has been reduced. On the other hand the underbody
pressure has been greatly increased as it is directly connected to the rear base pressure, which has been greatly
increased. The average pressure fields confirm what was described in the instantaneous pressure fields, and
the result is similar to what was observed for f = 1, but now the required actuation momentum coefficient
that is required is lower.

4Which coincides with the top shear layer vortex shedding
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Figure 7.23: Qualitative comparison of the average pressure field for the baseline case (top) and a successfully actuated case (bottom) at
Re=3750 and f =2 (dynamic ranges for Cp are set equal)

7.2.4. CONSTANT SUCTION

Several simulations were performed using a constant suction with the goal of comparing the results presented
in this chapter. Constant suction is usually applied to suppress the separation of the boundary layer at the
slant region, but presents the inconvenience of requiring a constant mass flux, which implies that in a real
case it should be expelled elsewhere. However in a numerical simulation this is not required, and for this
reason it is very simple to implement. Constant suction is interesting because by partially suppressing the
separation region the wake dimensions are greatly reduced, and therefore the intensity of its vortices.
Differently from what is observed in the case of periodic actuation, the effect of constant suction does not
change the stability of the periodic solution: independently of the actuation amplitude, a periodic solution is
observed. This is presented in figure 7.24a. However, the effect of constant suction is observed as a change
in the natural vortex shedding frequency, which is increased with increasing suction amplitudes. This effect
is presented in figure 7.24b, where the Fourier transform of different actuation amplitudes is shown. At max-
imum actuation amplitude the change in natural frequency reaches approximately 50%. The CI-Cd curve
(figure 7.24a) shows two important trends: on the one hand drag is substantially reduced and lift increased;
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Figure 7.24: Analysis of the forces signal for Re = 3750
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Figure 7.25: Wake temporal evolution for constant actuation for Re = 3750 and Cy, = 7.2 x 104 (periodic), snapshots are equally
separated in time

on the other hand, the amplitude of the curves is substantially reduced. This clearly indicates that the vortex
shedding intensity has been reduced.

The analysis of the flow fields further confirm what has been described. Figure 7.25 shows one full period
forC,, =7.2x 1074, In this case the flow over the slant does not separate at the start of the slant. The separation
point moves periodically along the slant, switching between totally attached flow (frame 6) and almost fully
separated flow (frame 3). This is substantially different from the baseline case, where fully attached flow was
not observed. The separated flow region over the slant has been reduced to a size that does not allow the
rear base vortex to grow. Therefore the vortex reaches its maximum size faster, and is shed faster, leading to
a higher bottom base natural frequency. This is consistent with the attached low drag scenario described in
chapter 1, and, as expected produces larger drag reductions than the separated low drag scenarios triggered
by the periodic actuations described in the previous sections.

7.3. CONCLUSIONS

The main conclusion of this section is that periodic actuation is successful in reducing the drag of the Ahmed
body in the transitional regime. Additionally, it can also generate new types of periodic solutions, which ap-
pear in the form of frequency lockings of the top and bottom vortex generation processes. These solutions are
destroyed through the advent of period doubling bifurcations. The main reason for drag reduction was found
to be the acceleration of the rear base vortex shedding process by preventing it from growing in the slant re-
gion. The baseline case featured a flow field with the characteristics of the high drag scenario described in
chapter 1. In this scenario the drag was high due to the flapping motion of the shear layer which presented
both partial reattachment and fully separated wake over the slant. This was generating a time evolution in
which large vortices were generated on the rear base which were interacting with the top shear layer and gen-
erating a large depression adjacent to the rear base. By introducing periodic perturbations into the top shear
layer, however, it is possible to dominate the bottom vortex shedding process, and to reduce its effects and
intensity. This is achieved by breaking the top shear layer and forcing it to generate vortices over the slant.
Upon reaching the rear base these vortices reduce the space available for the rear base vortex to grow, and
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greatly reduce the amount of flow that travels from the rear base to the slant region. This implies that the rear
base vortex intensity is greatly reduced, generates at a greater distance from the rear base and is shed faster.
This, however, comes at the cost of generating large vortices over the slant, and produces an unexpected ef-
fect: it greatly increases the pressure on the underbody of the vehicle (significantly reducing the ground effect
present in the baseline case). The result of all these changes is that drag can be reduced up to 40% at the cost
of increasing the lift of the body up to 400%.

The frequency of the periodic actuation is found to be the most relevant parameter in terms of efficiency
of actuation. Figure 7.26 shows a comparison of all the cases that were studied with the constant blowing
actuation, both in terms of drag and lift. The results show that actuation at frequencies that are lower than
the natural vortex shedding frequency allow for smaller reductions in drag as the flow has enough time to
destabilize on its own. For this reason no new types of solutions other than chaotic states (that resemble the
baseline case) could be found, independently of the actuation amplitude, for f = 1/2. This was not achieved
even at an actuation frequency which is naturally unstable for the problem and which had been selected
precisely for this reason. The results show that for large amplitudes the drag coefficient can be reduced up
to 20% using this type of actuation, however the drag reduction is not accompanied by a reduction in the
intensity of the vortex shedding phenomena.

Actuation at the natural vortex shedding frequency proved to be more effective as it can alter significantly
the type of solutions that can be obtained and the vortex shedding intensity. This type of actuation proved
to be effective only when the amplitude exceeded the threshold of C; > 5 x 1074, Above this value the drag
coefficient is reduced by between 30% and 40%, showing a behavior that could be described as on-off. Drag
reduction is obtained by forcing the top shear layer to destabilize over the slant, instead of doing so adjacent
to the rear base. The result is that the rear base vortex is shed faster and pushed away, increasing the base
pressure, and therefore decreasing drag. The conclusion of this type of actuation is that when aiming to
reduce the drag of the model, this can be obtained by preventing the rear base vortex from dominating the
wake.

Actuation at f = 2 proved to be the most effective method to control the wake. First of all it is the type of
actuation for which the largest drag reduction was obtained, and significant drag reductions can be obtained
with relatively low momentum coefficients (compared to the other actuation frequencies). In this case at low
actuation amplitudes the flow is already receptive to the perturbations, showing a reduction that increases
Cy. However as C, is increased the effect saturates, and for C;, > 1073 no further gain can be observed.
Secondly, this type of actuation produced two different types of periodic solutions, allowing to determine
how the control over the rear base vortex shedding is exerted. From the results it was concluded that the
actuation at a higher frequency is accelerating the vortex shedding of the bottom shear layer. Since the two
vortices are not shed at the same frequency, the solution is a complex combination of the two. However, in
some cases the two frequencies are commensurable, leading to the two periodic solutions that have been
presented. This is possibly the most interesting effect that is observed, as in general, when describing the
effect of flow control on the wake, the focus is put on the study of the slant region. For this reason changes
to the rear base vortex frequency were not found in literature. The results of this work, however, indicate that
changes to the rear base vortex are the key to understanding the active flow control drag reductions.

Possibly the most interesting effect of the successful application of active flow control is that in all cases
the bottom base vortex shedding frequency has been increased. This seems to indicate that drag reduction
could be linked to this effect directly. This is confirmed both for periodic excitation and constant suction and
explains why low frequency actuations have been unsuccessful. It also explains why f = 2 actuations produce
almost the same effect as constant suction: the relevant parameter in determining the average forces seems
to be the base vortex shedding frequency, and not the slant wake topology.

Finally, the study of the different types of solutions also confirmed that period doubling bifurcations are
the natural mechanism by which the problem creates and destroys periodic solutions. This confirms what
was observed in the study of the baseline case, as both by varying the Reynolds number (in the baseline case)
and by varying the momentum coefficient (in the actuated case), period doubling cascades have been found
to be the destabilization mechanism of the periodic solutions.

7.3.1. FLOW SIMILARITIES TO HIGHER REYNOLDS CASES

As explained in the introduction of this thesis, the study of AFC has been mostly centered in the turbulent
regime. However, some similarities are observed, which can be interesting to discuss briefly. Comparison
of the results to higher Reynolds 3D cases is difficult as two main obvious differences exist: Reynolds and
three-dimensionality. For the baseline case the vortex shedding frequency was found to be very similar to



7.3. CONCLUSIONS 79

Lift coefficient 0.35 Drag coefficient
0.30+
S TIL 0.25-
o
| ©0.20-
0.15+
----------- 0.10"
™ ? »
(] (@] o
— - —
Cu
—— NO AFC —— Ctsuction —— 1Xfsy
“““ RMS NO AFC DX Fser —— 2xXfsy

Figure 7.26: Lift and drag coefficients as a function of the jet momentum coefficient f =1/2, f = 1 and f = 2 at Re = 3750, the error bars
represent the RMS of the signal

3D slanted Ahmed body cases which feature no c-pillar vortices or square Ahmed body geometries. The
accuracy is however lower when comparing to the fully 3D slanted geometry. in the case of active flow control
it is interesting to mention that most of the results that were observed in the study of the transitional regime
were found to match the trends of what was described in literature quite accurately in the case of drag. First
of all, actuation at the natural vortex shedding and higher frequencies was found to be more effective than
actuation at lower frequencies. Second, the drag mechanisms observed in this work coincide with what was
described in literature: the baseline case was found to present a high drag flow field with partial reattachment
and moderate separation. The actuated cases, however presented the attached low drag (ALD) scenario in the
case of constant suction, and separated low drag (SLD) in the case of periodic excitation.

With respect to the total drag reduction it is worth mentioning that the drag reduction obtained is larger
than those observed in literature for 3D cases and higher Reynolds. This could be anticipated as two factors
are expected to produce this effect: on the one hand, as explained in section 1, for normal aspect ratios 2D
flow is observed in approximately 80% of the slant. Therefore the results are not valid in the remaining %.
Second, the effect of the c-pillar vortices consists in reducing the separation angle of the wake, and therefore
the 2D baseline drag is probably larger than in an equivalent 3D case.

Finally, the results are not matching what was described in literature with respect to lift. As explained,
the changes in rear base pressure have produced an increase in the under-body pressure that is responsible
for a dramatic increase in lift. This was not described in literature, and can be related to the differences in
Reynolds. Possibly, as the flow has less inertia, the impact of the wake low pressure is larger in the transitional
regime than at higher Reynolds. Additionally the 2D constraint can have a large impact on the underbody
pressure as in the 3D case flow can travel from the sides and reduce this depression. Overall, taking into
account the limitations of the present simulations, the results show a reasonable agreement with the real
main flow features.






CONCLUSIONS AND RECOMMENDATIONS

8.1. CONCLUSIONS

The goal of this work was to study the transitional regime of the 2D Ahmed body and to determine the effect
of active flow control on the rear slant in this regime using Direct Numerical Simulation. In part 1, the study
of the Ahmed body model was performed, and although it presented many interesting flow features, it did
not share similar features with the Ahmed body flow at higher Reynolds. The different types of solutions are,
however, very interesting from the stability analysis point of view. Periodic, quasi-periodic, period doubled
and chaotic solutions were observed. Unfortunately the differences in flow features are too large to apply
the same type of actuation directly in the transitional regime directly. The main difference that is observed
is that flow separation takes place at the front region of the body, while at higher Reynolds it is observed
at the beginning of the slant. The solution consisted in suppressing the point of separation by the use of
constant suction at the front region of the roof, while keeping all other parameters constant. This way the
boundary layer is forced to restart, generating a flow that shares a very good resemblance with the higher
Reynolds number flow. The separation of the boundary layer is therefore moved to the slant region, where
vortex shedding is observed. The new transitional regime occurs for this model at higher Reynolds, and only a
period doubling bifurcation can be observed. This led to the conclusion that a period doubling cascade is the
natural destabilization mechanism by which ordered solutions transition to chaotic behavior. Additionally
the period doubled solutions present very similar lift and drag characteristics, so no clearly differentiable
flow states were found in terms of drag and lift. The baseline case flow, however, was shown to present a high
drag wake topology, making it interesting from the point of view of drag reduction.

The last part of this work consisted in the introduction of periodic actuation near the separation point
of the top boundary layer. Different frequency and amplitude actuations were used, and the changes in the
stability of the solutions were observed. The goal of this section was to determine whether the new types
of solutions were interesting from the point of view of improving the performance of the body. The first
actuation strategy was defined from the natural destabilization of the periodic vortex shedding solution. The
philosophy behind this type of actuation consists in considering that perhaps resonance at this frequency
could be achieved, creating new types of solutions. Unfortunately this hypothesis was proven incorrect, as
the flow failed to resonate. Secondly, the natural vortex shedding frequency of the wake was tested. This was
an obvious choice from the stability point of view (it is the most unstable mode of the flow), and had also been
reported to produce a reduction in the global forces in literature. The results of this actuation showed that for
Cmu > 5 x 107* the actuation on the shear layer is successful and the dynamics of the wake are dominated
by the top shear layer destabilization imposed by the AFC. This generates chaotic solutions but also a new
periodic solution. This new periodic solution does not show relevant changes in the global forces but shows
the mechanism by which control of over the wake could be obtained: the breakup of the slant shear layer over
the slant. Once the actuation control threshold is overcome, large drag reductions are achieved, reaching up
to 40% of the baseline drag. For all successful actuations the frequency of the rear base vortices is increased
by preventing it from growing into the slant region. This reduces the intensity of the shed vortices and pushes
them away. This also greatly increases lift, an unexpected and probably unwanted effect.

Finally, actuation at twice the natural vortex shedding frequency was tested. This choice was also deter-
mined from literature, as it had been found to produce large drag reductions at high Reynolds. This actuation
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frequency was found to be the most interesting case for two reasons. On the one hand, drag reductions equiv-
alent to those observed for lower frequencies can be achieved for smaller actuation amplitudes. On the other
hand, two new periodic solutions were observed, which are a consequence of the frequency locking of the
top and bottom vortices. Actuation was found to force the vortex shedding frequency of the top shear layer
directly, but also the bottom shear layer frequency indirectly. However, as the top shear layer vortex frequency
remains fixed, the one from the bottom shear layer increases with increasing actuation amplitudes. The flow
changes responsible for drag reduction were not observed to be significantly different from those described
in the case of actuation at the natural vortex shedding frequency. However, the instabilities introduced by the
AFC are clearly more efficient.

The comparison of these actuations with constant suction also showed that vortex shedding on the rear
base occurs at a higher frequency as the flow separation is suppressed. The results presented in this work
showed that although the wake topology is different, periodic actuation and constant suction present similar
drag reductions and changes to the vortex shedding frequency. This further supports the idea that the vortex
shedding frequency of the rear base is a key parameter in the drag of the model, independently of the wake
topology.

The overall conclusions of this work are that by applying AFC new types of periodic solutions can be ob-
tained in the transitional regime. These solutions are generated by frequency lockings of the vortex shedding
phenomena and destroyed by period doubling cascades, which were found to be the natural destabilization
mechanism of the problem. However these solutions cannot be obtained efficiently by triggering the natural
instabilities of the problem, instead, artificial actuations of higher frequency should be used. In this way the
vortex shedding process is accelerated, and drag is reduced. The new types of flow solutions were found to be
very interesting from the point of view of drag reduction, however, they are accompanied by large lift incre-
ments, which are not desirable in general. Periodic solutions were also observed to be very delicate, as only
very particular amplitudes at a certain frequency can maintain the periodic behavior in time. However, this is
not important because the chaotic solutions are attracted by the underlying periodic orbits, and present sim-
ilar average forces in wide range of actuation amplitudes. In fact, the periodic orbits were found to be more
energetic and present slightly higher average forces. For this reason the actuated chaotic solutions present
the most interesting characteristics in terms of drag, lift and vortex shedding intensity reductions, leading to
maximum control efficiency. This efficiency is comparable (in the case of f = 2) to that of constant suction,
and does not require a constant mass flow, presenting a large potential.

8.2. RECOMMENDATIONS AND FURTHER WORK

The most obvious limitation of the current model is that the simulations that have been performed are 2D.
This has allowed to test the parameter space thoroughly, however it obviously introduces a large limitation
on the validity of the results. For this reason, performing this study in a 3D model can potentially bring more
relevant results, validating or contradicting what has been described in the present study. This however will
require a large computational capacity, and possibly more time than the duration of this thesis.

A second interesting area of research is the application of actuation frequencies that are at least one order
of magnitude larger than the vortex shedding frequency. In this work the application of active flow control at
frequencies of the order of the natural vortex shedding was judged the most interesting area of study from the
point of view of stability analysis. However it is not the only range of frequencies in which active flow control
has been found to produce important drag reductions. Furthermore, the results show that high frequency
vortex shedding is a desirable feature of the flow field in terms of resonating with the flow. For this reason,
actuation at f = 10 can be proposed as interesting future work that can be performed on the proposed model.

Another interesting area of research can be to reproduce the current model at higher Reynolds numbers
(Re =~ 10%). This can be performed using RANS and turbulence models. This way, the similarities and dif-
ferences in the flow features and the effect of the AFC can be assessed, allowing to better establish to which
extent the study of the transitional regime can provide useful information in the study of AFC.

An additional interesting topic that can be proposed is the study of the implementation of active flow
control on the rear base region. This approach has received much less interest in literature, and it has been
mostly studied in the context of constant actuation. The bottom shear layer vortex was found to be the most
relevant flow feature from the point of view of the global forces. Flow control on the top shear layer modified
the bottom vortex shedding process indirectly, leading to large drag reductions. Therefore it can be interesting
to directly actuate on the rear base flow, as it can potentially have a larger impact on the global forces.
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