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Flow around ground vehicles is fully three-dimensional and turbulent. Large-
scale separation and circulation regions, a complex wake flow, long trailing vortices and
the interaction of boundary layer flows can be given as typical characteristics of the flow
around ground vehicles. A Thorough understanding of the structure of the flow around
ground vehicles is essential for the designer when developing a new road vehicle
because the shape of vehicles has a strong influence on the aerodynamic drag, fuel
consumption, noise production and road handling. The simplified vehicle shape
employed by Ahmed et al. (1984) retains some main features of the flow around real cars
including fully three-dimensional large regions of separation elongated downstream of
the vehicle, large coherent vortex structures and unsteadiness.

Thus, the aim of the present study is to investigate characteristics of flow
structures around ground vehicles with the help of Ahmed body using both experimental
and numerical methods. Therefore, 1/4 scale Ahmed body having 25° slant angle was
employed. The Reynolds number based on the body heights, H and the free stream
velocity, U was Re,=1.48x10% Investigations were conducted in two parts. In the first
part of the study, particle image velocimetry (PIV) technique was used for the
measurement of the instantaneous velocity fields around the Ahmed body. In addition,
measurements were performed at several planes which were selected to highlight the
aerodynamic characteristics of the body. In the second part of the study, Large Eddy
Simulation (LES) method was used to resolve the flow structures around the Ahmed
body, numerically. Most of the flow features around the Ahmed body such as the
formation of trailing vortices, separation and re-circulatory flows were well predicted.
Finally the instantaneous and time-averaged velocity vectors maps, vorticity contours,
streamline topology and turbulence characteristics of the flow fields were presented and
discussed in details.

Key Words: Ahmed body, Flow separation, Ground vehicle aerodynamics, Large eddy
simulation, Particle image velocimetry.
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DOKTORA TEZi
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Kara tasitlar1 etrafinda olusan akis yapist tamamen ¢ boyutlu ve
turbllanshidir. Buyuk olcekli akis ayriimalari ve sirkilasyon bdlgeleri, karmagik
yapil girdaplar, aracin arka kisminda akis yonunde olusan girdaplar ve arag Uzerinde
olusan sinir tabakasimin yer ile etkilesimi karatasitlar1 etrafinda olusan akis yapisinin
tipik karakteristik Ozellikleri olarak belirtilebilir. Yeni bir kara tasiti tasarim
yapilirken, tasit etrafinda olusan akisin karakteristik o6zelliklerinin tam olarak
bilinmesi tasitin dis yapmsinin dizaymim, aerodinamik sirtinme direncini, yakit
tuketimini, tasit etrafinda olusan akustik gurdltileri ve yol tutusunu dogrudan
etkiledigi icin gok onemlidir. Ilk defa Ahmed ve ark. (1984) tarafindan Gnerilen
basitlestirilmis arag modeli, kara tasitlart etrafindaki akis yapisinin - genel
karakteristik zelliklerini korur.

Bu calismanin amaci kara tasitlar: etrafinda olusan akis yapisinin karakteristik
Ozelliklerini, Ahmed tasit modelini kullanarak, sayisal ve deneysel olarak
incelemektir. Bu amag dogrultusunda calismalarda 1/4 olgekli, 25° arka egik yiizeye
sahip Ahmed tagit modeli kullanilmistir. Akisin, model yuksekligine ve serbest akis
hizina gore tammlanan Reynolds sayisi Rey=1.48x10"dir. Calismalar iki kisimda
gerceklestirilmistir. Deneysel dlcimler ¢alismanin birinci kisminda tamamlanmustir.
Calismanin bu kisminda Ahmed tasit modeli etrafinda olusan akis yapisimn 6lgimi
parcacik goruntilemeli hiz 6lgme teknigi kullanilarak yapilmistir. Caligsmanin ikinci
kisminda model etrafindaki akis yapilarimin hesaplanmast igin Buyik Girdap
Simulasyonu (LES) yontemi kullamlmustir. Son olarak, akis alamna ait anlik ve
zaman-ortalama hiz vektorleri, girdap esdeger egrileri, akim cizgileri ve turbilans
karakteristikleri sunularak detayl: bir sekilde anlatil mistur.

Anahtar Kelimeler: Ahmed tasit modeli, Akis ayrilmasi, Tasit aerodinamigi, Buyuk
girdap similasyonu “Large eddy simulation”, Parcacik
gorunttlemeli hiz 6lgme teknigi.
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1. INTRODUCTION
1.1. Ground Yehicle Aerodynamics

Ground vehicles, in view of Fluid Mechanics, can be thought as bluff bodies
which move very close proximity to the ground. The flow around the ground vehicle
is fully three-dimensional and turbulent (Hucho and Sovran, 1993). Large-scale
separation and recirculation regions, a complex wake flow, long trailing vortices and
the interaction of boundary layer flows on the vehicle and ground can be given as
typical characteristics of the flow around ground vehicles.

Thorough understanding of the structure of the flow around ground vehicles
is essential for the designer when developing a new road wvehicle because it has
strong influence on the shape of the vehicle, acrodynamic drag, fuel consumption,
noise production and read handling (Robinson, 2001). Fuel efficiency is the major
objective in designing the new generation road vehicles. Wood (2004) stated that
27% of the total energy used, for example, in the United States is consumed by
transportation systems, and 60% of the transportation energy or 16% of the total
energy consumed in the United States is used to overcome aerodynamic drag in
transportation systems.

In the past, ground vehicle aerodynamics has not been interested as much as
their counterpart in aeronautics by the researchers for different historical and
technical reasons. The flow over the ground vehicle is much more complex than the
one around an airfoil. In the case of flow through the ground wehicles the gap
between the body and the ground manipulates the flow characteristics for example,
vortex periodicity and the mass flux through the gap etc. Rotation of the wheels and
complex geometries leading to fully three dimensional flows can be given as other
difficulty of ground wvehicle aerodynamics. Main difference between aeronautic
aerodynamics and ground vehicle aerodynamics, apart from the take-off and landing
situations, is that we are not concerned with the control of wall turbulence but with
the control of separation and large coherent structures in ground vehicle

aerodynamics (Beaudoin and Aider, 2008).
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Flow around ground wvehicles have been studied experimentally and
numerically by various researchers. Measure of all unsteady flow features around
ground vehicles, at the same time, is extremely difficult in a wind tunnel by using
experimental techniques. Computational Fluid Dynamics (CFD) is a powerful tool to
understand the flow features around ground vehicles because it can provide
enormous amount of information as well as high economical efficiency. Despite all
of the recent developments in computational fluid dynamics (CFD) and its
constituent technologies, however, it’s still not an easy task to accurately predict the
flow characteristics around ground vehicles. The complex configurations and flow
physics involved in ground vehicle aerodynamics require, among other things,
sophisticated geometry modelling and meshing tools, advanced turbulence models
and an efficient solution algorithm (Makowski and Kim, 2000). Numerical studies
conducted by using Reynolds averaged Navier Stokes (RANS) medeling have poor
prediction of this flow. Using the RANS model to predict the flow around ground
vehicles has two fundamental problems: its strong dependence on turbulence models
adopted and its difficulty of capturing the unsteady flow characteristics. It can be
concluded that RANS plays only a supplementary role of a wind tunnel test at the
moment. Large Eddy Simulation (LES) can be alternative to the conventional
numerical methods. LES with accurately fine mesh near the wall will be an
encouraging solution to the problem because it can resolves unsteady turbulence
characteristics with high accuracy, but in tumn it requires excessively large
computational resources. As a result, only few attempts have been made so far to
apply LES to predict the flow features around the ground vehicles (Tsubokura et al.,
2009).

Although the automotive industry has a high demand for reliable simulation
methods capable of tackling the complex turbulent airflow around ground vehicles, a
real-life automobile is very complex shape to model or to study experimentally.
However, the simplified vehicle shape employed by Ahmed et al. (1984) retains
some main features of the flow around real cars and generates fully three-
dimensional regions of separated flow which may enable a better understanding of

such flows (Guilmineau, 2008). The Ahmed body which has been used frequently as
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a benchmark test case for this kind of flow by other researchers has been become a
generic car-type blufl body with a slant back (Hinterberger et al., 2004). The flow
around the Ahmed body exhibits basic features, which are also charactenistic for
other bluff body vehicles, namely trucks, buses or trains: There exist large coherent
vortex structures and elongated separated flow regions downstream of the Ahmed
body, which give the main contributions to the drag (Ceyvrowsky et al., 2009).

The original Ahmed body used in the experiments of Ahmed et al. (1984) has
dimensions of length L = 1044mm, height H = 288mm and width W = 38%mm. The
length of the slanted surtace is Ls = 222mm, whatever the angle . The bottom
surface of the Ahmed body is located at 50mm above the ground. This geometry is
represented in Figure 1.1. In the present study a ' scale Ahmed body geometry was

employed, The model was made up of a Plexiglas material.
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Figure 1.1. Geometry of the Ahmed body (Ahmed et al., 1984, dimensions are in
millimeter)

The flow around this body is strongly influenced by the angle of the rear slant
surface, which indicates that large portion of the aerodynamic drag is generated by
development of three dimensional vortex separations from the rear slant surface
(Guilmineau, 2008). Three main flow phenomena can be seen in the complex
downstream flow of the Ahmed body. These are the recirculation bubble on the slant,
the longitudinal vortices created on the side edges of the slant and the recirculation

torus on the base of the body. In fact the pressure drag comes from rear part of the
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body and is related to the competition between these three strong coherent structures
(Beaudoin and Aider, 2008). For bluff bodies drag is mainly caused by pressure drag
in contrast to streamlined bodies such as aircraft and ships which suffer primarily
from the friction drag. In their experimental study, Ahmed et al. (1984) showed that
up to 85% of the total drag is govemed by pressure drag and in some vehicle
configurations, more than 75% of the pressure drag is due solely to the averaged
force applied on the rear part of the body while only 9% is due to the force applied
on the fore-body (Beaudoin et al, 2004). Clearly, a more exact simulation of the
wake flow and of the separation process is essential for the accuracy of drag
predictions.

In the experiments of Ahmed et al. (1984), a critical rear body slant angle .
= 30" is found at which the drag is maximum. This drag erisis is due to a drastic
change in the flow structure. The flow evolves, when increasing the angle from a
guasi-two-dimensional wake to a complex three-dimensional very dissipative
structure. Beyond this critical angle, the wake becomes again quasi-two-dimensional.
The incidence 35° corresponds to the low-drag configuration (quasi-two-dimensional
wake) while the incidence 25° is the high-drag configuration (strongly three-
dimensional wake) (Guilmineau, 2008).

Due to the fact that the location at which the flow separates determines the
structure of the wake flow and the size of the separation zone behind ground vehicles
which presents major contribution to the ground vehicle’s drag. avoidance of
separation or, if this is not possible, its control is the most important objective of
vehicle aerodynamics (Hucho and Sovran, 1993). Because different vortex structures
can occur depending on the rear slant angle of the Ahmed body, different control
strategies are required. The modern flow control techniques involve both passive and
active techniques modifying behaviour of vortical structures in the wake (Uruba and
Hladik, 2009). Active solutions need an external energy source in order to control the
flow around the vehicle without necessarily interfering with its shape. On the other

hand passive control techniques are energy free and often easier to implement.
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1.2 Objectives of Present Investigation

The main objective of this study is to be the investigation of flow structures
around the simplified ground vehicles, named as the Ahmed Body after the works of
Ahmed et al. (1984), including large regions of separations and unsteadiness using
experimental method employing Particle Image Velocimetry (PIV) technique and
numerical flow modelling tools with the aid of Large Eddy Simulation (LES). All
these investigations provide a detailed quantitative description of highly complex and
time dependent nature of the flow around the Ahmed body. Better understanding of
the physical phenomena encountered in the wake flow of the body and an
identification of parameters that contribute to the acrodynamic drag of the body is
aimed. Overall, understanding of the unsteady aerodynamic properties of the flow
around ground vehicles; such as drag, lift, stability, wind noise and the accumulation
of water and dirt on the surface of the vehicles could lead to better design of the
ground vehicles (Krajnovic and Davidson, 2003). Additionally suitable application
of new flow control devices capable of reducing the aerodynamic drag of the ground
vehicles needs detailed knowledge about the flow characteristics around the ground
vehicles.

Lienhart and Becker (2003), who conducted extensive experiments to
understand the unsteady characteristics of the flow structures around the Ahmed
body, state that the validation of turbulence models requires the availability of
detailed experimental data which cover the most critical flow regions around the
ground vehicle and they should give physical quantities that can directly be
correlated to the results of numerical simulations. So that a secondary but also
important goal in this study is to obtain quantitative data sets for validation of
numerical simulations of the flows around ground vehicles,

A % scale Ahmed body geometry (Ahmed et al., 1984) is employed as a test
case. The geometry of the body is given in Figure 3.1. The flow geometry employed
in the present LES calculations fit to the geometrical features of the Ahmed body

employed in the present PIV measurements.
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Experimental results obtained by using the Particle Image Velocimetry (PIV)
technique are compared with three dimensional flow structures resolved with the aid
of Large Eddy Simulation (LES) method. Our numerical and experimental results are
also compared with the results from literature. Benefits and shortcomings of the LES
method and the PIV method with respect to other methods are discussed.

In the present work, investigations were conducted in two parts. In the first
part of the study, experimental measurements were completed. Particle image
velocimetry (PIV) technique was used for the measurement of the instantaneous
velocity fields around the Ahmed body. In the second part, Large Eddy Simulation
(LES) method was used to resolve the flow structures around the Ahmed body.
Finally, quantitative results obtained with the aid of experimental measurements and
numerical calculations were presented in terms of important turbulent flow
properties. Hence, flow visualization and turbulent coherent structures observed

around the Ahmed body were discussed in detail.

1.3. Outline of Dissertation

The outline of the thesis is as follows. It is structured in five chapters. The
background and objectives of the present investigation have been presented in
Chapter 1.

Chapter 2 summarizes the literature survey and unresolved issues for the
ground vehicle aerodynamics.

Chapter 3 describes the experimental setup and numerical method employed
throughout the investigation. The simulation details, for example, computational
setup and grids employed are described.

Results and discussion of the experimental measurements (using PIV) and
numerical calculations (using LES method) of the flow around the Ahmed body are

presented in Chapter 4. Flow visualisations and turbulent coherent structures are

discussed.
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Finally, Chapter 5 summarizes the main findings and conclusion of the
present work and provides recommendations for further investigations as future

works.
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2. PREVIOUS STUDIES

In the beginning of twentieth century, when the motorized ground vehicles
had been introduced to the people’s life, nobody cared about their aerodynamics. In
the past, ground vehicle asrodynamics has not been interested as much as their
counterpart in aeronautics by the researchers. Application of aerodynamic principles
to the ground vehicles has initiated much after the significant development had been
done in the area of aeronautic acrodynamics. Initial efforts to improve ground vehicle
aerodynamics were performed with respect to progress achieved in aeronautical
aerodynamics. Streamlined body shapes emploved in aeronautics was directly used
in ground vehicle aerodynamics with almost no change. In those days, due to the bad
road conditions and limited technology in automotive industry, the benefits of
aerodynamics on the design of ground vehicles could not be attained and moreover
were not needed. Additionally unwanted aesthetic issues arisen by using streamlined
body shapes in the design of ground vehicles (Hucho and Sovran, 1993).

Critical events in the development of ground vehicle aerodynamics have been
summarized in chronological order by Bayraktar (2002) as follow:

1. First, Klemperer (1922) recognized that the pattern of flow around half a
body of revolution is significantly changed when that half body is brought close to
the ground in 1922 (Figure 2.1).

2. Kamm et al. (1934) and Koenig-Fachsenfeld (1951} conducted rear body
end truncation studies.

3. Hucho et al. (1976) introduced "detail-optimization" into wvehicle
development by modifying small components on the vehicle. Details such as radii of
edges and pillars, camber of panels and size and location of spoilers were changed
and significant results were obtained.

4. Morel (1978) and Ahmed et al. (1984) investigated detailed flow patterns
at car rear ends.

5. Han (1989) implemented CFD methods to ground vehicle aerodynamics.
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6. Today, aerodynamic design analysis on "add-on" devices such as mirrors.
air dams, fairings and wings to passenger cars, trucks, and race cars are getting

altention.
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Figure 2.1. Historical development of ground vehicle aerodynamics (Hucho and
Sovran, 1993)

In the 1930s, investigations were conducted on the characteristics of flow

around front and rear end configurations of ground vehicles and their interactions.

Strong interactions between front and rear end design were revealed in those studies.

In the 1960s, detail optimization strategy based on subseguent detail modifications to

10
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achieve substantial drag reductions was introduced. In detail optimization, a stylistic
design is made first and the modification of details such as radii, taper, spoilers, ete.,
are carried out wherever required and significant results were obtained (Bayraktar,
2002). The two oil crises of the 1970s generated great pressure for improving fuel
economy and provided a breakthrough for ground vehicle aerodynamics. In those
days, another design strategy named as shape optimization method has been started
to be used by vehicle designers. In this optimization process, shape design of the
ground vehicles starts from a low-drag streamlined body with the same overall
dimension as the final car and then converted into a real car step-by-step, applying
the optimization technique for each detail (Elankumaran, 1997). Common
applications of these two optimization strategies in developing new ground vehicles
increase day by day. Actually, today both detail and shape optimization strategies are
successfully used on the aerodynamic vehicle development process (Hucho and
Sovran, 1993).
On the other hand, due to the fact that there is no significant reduction of

10
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Figure 2.2. Development of drag coefficient cp versus time (Hucho, 2009)

11
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production car drag values for nearly two decades, strategies used so far have been
exhausted (Hucho, 2009). Hucho (2009) has proposed the “limit value™ strategy in
order to overcome this stagnation to obtain lower drag values with models of various
shapes shown at the bottom of Figure 2.2. He has stated that while developing this
strategy, it became evident that considerable gaps in the science of vehicle
aerodynamics still exist and require filling. He has shown the regions of a car that
require more attention in Figure 2.3, They include the following:

e The underbody: Devices must be developed to improve the flow passing the

wheels. Further measures must be adopted to smooth the underbody flow;

e The rear: Control of the near (and far) wake, and perhaps a rear diffuser;

o  Windshield, A-pillar, and mirrors;

s Interference between the different regions, notably the front and rear parts of

the car.

Figure 2.3. Regions for further improvement (Hucho, 2009)

Hucho and Sovran (1993) emphasize that the shape of cars has changed in an
evolutionary rather than a revolutionary manner over the years, and at first for
reasons other than aerodynamic ones. Research in road-vehicle aerodyvnamics has
always been far ahead of practical application. Nevertheless, they also indicate that
blaming the automobile industry for not taking advantage of the full potential of
aerodynamics is not justified, since the “concept” of any car is influenced by a
variety of factors (Figure 2.4) which, collectively, are summarized by the term
“market”. However, according to Hucho and Sovran (1993), the long-known

potential for reducing drag (which relates to one of these factors) is now being

12
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exploited more and more. How far this trend will go depends on the future course of

fuel prices and, perhaps, of emissions regulation.

SOCIETAL
CONSIDERATIONS
COMPETITIVE {public sscaptance
ENVIRONMENT of personal
franspnﬂalinn. o |

{vahicle fypa, salsabdly,
competitor's vehicles . . .} {
4
j FASHION
| —F
Iroads, parking / \ TECHNOLOGY
space. . .)
(materals, manufacturing

/ electronics . . .)

ECOMNOMIC REGULATIONS
ENVIRONMENT

{personal income,
car and fuelprices . . )

Figure 2.4. Factors that influence the concept of a car (Hucho and Sovran,1993)

(emessions, fuel economy
safely, others . . )

2.1. Ground Vehicle Aerodynamics

A real-life automobile is very complex shape to model or to study
experimentally. Therefore simplified vehicle shape which retains primary behavior
of the vehicle aerodynamics should be emploved. When the history of the ground
vehicle aerodynamics is reviewed, one can see that there are two common bluff body
geometries that have been used as a benchmark case in the literature. Morel (1978)
has proposed the first generic bluff body case for ground vehicle aerodynamics, and
then this bluff body geometry was revised by Ahmed et al. (1984). Ahmed et al.
(1984) conducted extensive research about the characteristics of flow around this
generic bluff body. Both Morel (1978) and Ahmed et al. (1984) have investigated the
characteristics of flow through the rear end of the bluff body model and reported
drag coefficient change. Afterwards, various types of bluff body geometry have also

13
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been studied by scientific community (Ludwieg (1984). Jenkins (2000). Krajnovic
and Davidson (2001), Barlow et al. (2001), Alam et al. (2003), Lawson et al. (2006)).
But still the bluff body model which was used in the study of Ahmed et al. (1984) is
the most preferred bluff body model for the studies in ground vehicle aerodynamics,
It has been used in several experimental (Ahmed et al. (1984), Lienhart et al. (2000),
Spohn and Gillieron (2002), Beaudoin et al. (2004}, Vino et al. (2004, 2005),
Strachan et al. (2007)) and numerical studies {Gilliéron and Chometon (1599),
Makowski and Kim (2000}, Howard and Pourguie (2002), Kapadia et al. (2003a.b),
Hinterberger et al. (2004), Krajnovic and Davidson (2004a,b, 2005a,b.c), Bernard et
al. (20035), Fares (2006), Guilmineau (2008)).

Le Good and Garry (2004) reviewed the design characteristics and use of
several key reference models which have been used in both experimental and
computational researches on the subject of automotive aerodynamics. They discussed
the advantages and disadvantages of these designs and also the applicability of the
results in providing guidelines for the development of production wvehicles, They
grouped the reference vehicle shapes into three categories based on the published
papers. These are: 1- Simple Bodies; such as the Ahmed medel, NRCC/SAE model
and Rover Bluff Body model, which are used mainly for research. 2- Basic Car
Shapes; such as the MIRA Reference Car, SAE Reference Car, which have been
used for calibration, correlation and research. 3- Production (series) Cars — which
have been used in both small-scale and full-size versions for a variety of specific
investigations and correlation studies. They concluded that the use of simple
reference models has provided an extensive insight into the fundamental
aerodynamic characteristics of automobiles. They also concluded that using the same
reference model have contribute to the development of experimental techniques,
providing systematic data sets for the development of wind tunnel blockage
correction theories and the calibration and correlation of wind tunnels. Moreover
reference models can be used as test cases in the validation of CFD codes.

Ahmed body is 1044mm long (L), 288mm high and 389mm width. The slant
part is 222mm long, whatever the angle. The bottom surface of the Ahmed body is

located at 50mm above the ground. Although its forms are free from all accessories
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as well as from wheels, it still retains the primary behavior of the wehicle
aerodynamics. This geometry is represented in Figure 1.1. The flow around this body
is strongly influenced by the angle of the rear slant surface, which indicates that the
large portion of aerodynamic drag is generated by the development of three-
dimensional vortex separation from the rear slant surface. The wind tunnel
experiments on this model (Ahmed et al., 1984, Lienhart et al., 2000) show critical
slant angle of 30" where the total drag on the body become maximum.

Ahmed et al. (1984) have carried out experiments with several slant angles ¢

and described the characteristics of the flow for various angles. The most important
finding driven from their studies can be stated as the most of the drag of the body is
due to pressure drag which is generated at the rear end. This can be seen from Figure
2.5. Various contributions to the drag coefficient as a function of the slant angle are
shown on the right of this figure. As Rodi (2004) reported sudden drop in drag
occurs above the slant angle of 30° at which the maximum drag was occurred.
Drastic change in the wake flow is also occurred beyond this angle. which is also
called as critical angle. He summarized the flow characteristics after the Ahmed body
for the angles below and above the critical angle as follow. Below this angle, strong
counter-rotating vortices emanating from the sloping edges of the body are present
and the flow separates in the middle region of the top edge and reattaches at the
sloping surface. For angles above the critical angle, the counter-rotating vortices are
much weaker, the separation occurs along the entire top and the side edges, and there
is no reattachment on the sloping surface. The main differences between the flow
characteristics, which are occurred in the wake after the Ahmed body, before and
after the slant angle of 30° are illustrated in the left of Figure 2.5.

Han (1989) investigated flow around the Ahmed body using steady Reynolds-
averaged Navier-Stokes solver with k-e model. Due to the lack of accuracy of the
turbulence modeling used, calculations of pressure coefficient on the base did not
match the corresponding value in the literature. His calculations predicted the

location of separation and trailing vortices as in the literature.



2. PREVIOUS STUDIES Tural TUNAY

o, slant angle 25°

i
}
]
{7‘1, Ex (]
_,JJ Voo < %
slant angle 35° — i/
o L PR 1

Figure 2.5. Development of the flow in the rear of the Ahmed body for two slant
angles (left; Lienhart et al., 2000) and dependence of drag coefficient on

slant angle ¢ (right; from Ahmed et al., 1984)

Basara and Alajbegovic (1998) presented an attempt to validate and test the
ability of turbulent closures in flow simulations of the flow around the Morel Body
by assessing two different models, standard k-e model and full Reynolds-stress
model. Their paper examines the validity of using steady state approach for this type
of flows. Their results show that the measured values of drag and lift coefficients for
various back slant angles by steady state calculations and standard k-e or Reynolds-
stress model can't be predicted correctly, Calculations confirm that the vortex
shedding is present for this geometry aﬁd therefore, transient approach is only
appropriate for such simulations.

In aerodynamic design, computational fluid dynamics (CFD) methods are
slowly superseding empirical methods and design engineers are spending more and
more time applying CFD tools to analyze and predict (Van Dam. 1999). Van Dam
(1999} studied on the CFD-based drag prediction with an emphasis on flow solutions
governed by the Euler and Reynolds-averaged Navier-Stokes equations. For these

types of flow solutions, various drag analysis methodologies have been outlined and
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applied to determine the drag of components of as well as whole-body airplanes,
helicopters. and ground-based wvehicles at subsonic and transonic flow conditions.
Although many advances have been made, his review shows that the physical
modeling of turbulence in boundary lavers and free shear laver limits the useful
application of CFD-based drag prediction, particularly for flows about multi-element
lifting surfaces with strong viscous interactions and flows over bluff bodies.

Gilliéron and Chometon (1999} used Fluent software to compute the flow
field variables around the Ahmed reference model, They compare computed results
against experimental findings for different angles of rear window inclination, and
offer qualitative analysis, chiefly concerning aerodynamic drag coefficient and the
behavior of vortex wake flows. Their results are in agreement with experimental
results of Ahmed et al. (1984). They found that the agreement of the time-averaged
quantities was good although some discrepancies were present, especially in the
lower part of the slant back with experimental data.

Makowski and Kim (2000) studied various aspects of applying modern
computational fluid dynamics (CFI}) to the prediction of aerodvnamic flows around
ground wvehicles using the unstructured-mesh-based solver technology in the
FLUENT code. Their study was in the framework of an unstructured mesh finite-
volume method applied to the steady-flow RANS equations. The main issues in their

paper include numerical details and turbulence modeling.
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Figure 2.6. Comparison of the recirculating wake region and attached/detached flow
for the two different rear slant angles (Lienhart et al., 2000)
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Lienhart et al. (2000) showed oil-flow pictures for the sloping surface and
visualization of the wake flow with smoke injection for the slant angles 25 and 35°.
Lienhart et al (2000) also measured the mean and fluctuating velocities by 2-
component laser-Doppler anemometer (LIDA) mounted on a traversing system and a
simplified model of a car (Ahmed model}. Measurements were made for two rear
vehicle body slant angles (25° and 35°) at a bulk air velocity of 40 m/s. These
quantitative data cover the most critical flow regions around a bluff car-shaped body
and they give physical quantities that can directly be correlated to the results of
numerical simulations.

Maore recently (within the last 10 years), computational fluid dynamics (CFD)
has matured sufficiently as a technology to enable it to calculate such quantities as
drag and lift for a road vehicle without resort to wind tunnel testing. (Robinson,
2001). Robinson’s study is concerned with the application of a cubic non-linear k-g
model to flows pertinent to road-vehicle aeredynamics. Three simple test cases were
initially considered and the Ahmed body was used as a final test case. He compared
the performance of the non-linear k-g model with the linear k-£ model. He conclude
that for the body with the 25° rear-slant, the linear k-& model calculates the attached
flow with the strong side-edge vortices reasonably well; the non-linear k-2 model
does not calculate this flow well. On the other hand, over the 35° rear slant both the
linear and non-linear k- models produce separated flow.

Spohn and Gillieron (2002) have investigated both the structure of flow
separations on the Ahmed body and the vortical structures in the near wake of the
body, For that purpose they employed the low-speed water tunnel which allows to
use visualizations techniques in combination with ordinary video acquisition
equipment. Their experiments were carried out at Reynolds numbers of about 8x10°.
Their results indicate that although the dimensions of the front part separation zones
which are open with periodic vortex shedding tend to decrease with increasing
Revnolds number, the shedding will persist and cause detrimental effects like sound
generation and unsteady interaction with the vortical structures anising from the hatch
panel. They recognized that the rear part separation zone appears to be more complex

than previously found by Ahmed et al (1984). They found an additional region of
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attachment in agreement with previous numerical simulations of Gilliéron and
Chometon (1999). Furthermore the central detached flow region is not closed but
contains two separation foci, which slowly evacuate the fluid above the panel into
the wake.

Kapadia et al. (2003) have conducted numerical studies on the characteristics
of the flow structure around the Ahmed reference model with 25° and 35° slant angle
by using Spalart-Allamaras based detached eddy simulation hybrid model. They also
employed one-equation RANS mode] for the same simulation. Both techniques were
compared by showing the capability of each technique in capturing the minor flow
details and in predicting the coefficient of drag (Cp). As a result of this comparison
the strong ability of DES in capturing unsteady structure of the flow with minor flow
details than RANS was showed. The Reynolds number based on body length
2.78x10° was used in their studv. They indicated that the flow over the base slant in
the experiments was attached at 25° and separated at 35°. This causes a large drop in
the drag with the increased slant angle as the vortices on the side of the slant are
weakened due to the separation. They also compared their DES results with the
experimental data available in the literature. They saw that DES predicted separation
at 25" slant angle, in contrast to the experiments. Drag was relatively close to the
experiments, but the distribution of drag was more on the rear than on the slant due
to the separation. At the 35° slant angle, DES was in good agreement to the
experimental drag, with the correct distribution, while RANS over-predicts the drag.

Beaudoin et al. (2004) studied the wake after the Ahmed body in a
hvdrodynamic flow. A cavitation technique is proposed to identify the lowest
pressure regions. They showed that the lowest pressure regions in the flow over a
simplified road vehicle correspond to the longitudinal vortices produced at the rear
part. They concluded that cavitation technique is the powerful tool to characterize the
flow structures by using a non-intrusive technique which provides both visualization
and pressure measurements of flow structures at high Reynolds numbers.

The latest improvements In computation power have introduced more
sophisticated numerical methods into bluff body aerodynamics. For example, LES and

Direct Numerical Simulation methods which are powerful numerical methods could not be
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applied on the real industrial problems through past decades. But. nowadays, it can be said
that there are numerous studies that are being conducted by using LES method.

Initial successful application of LES to solve the flow around the Ahmed
reference model was conducted by Howard and Pourquie (2002). They shown wide
range of flow results such as: time averaged mean profiles, time-dependent traces,
flow spectra and a number of two-dimensional and three-dimensional animations of
the flow field. The body geometry was analyzed at a slant angle of 28°. They used a
non-structured tetrahedral grid which enables accurate modeling of the body
geometry while avoiding the need for a prohibitively expensive mesh. Their
simulation revealed complex time dependence of the flow around the body.
Visualizations of the () eriterion showed a series of horseshoe vortices being shed in
the wake where previous studies indicated that the wake structure was made up of
discrete confra-rotating vortices.

Rodi (2004) studied the flow around the Ahmed body. LES was presented
there for the case with @= 25" and the Reynolds number is Re = 2.8 % 10° (based on
the length of the body). A Smagorinsky SGS model was employed in the LES with a
model constant of C; = 0.13. The calculations were performed on two multi-block
prids. The coarser one consists of 93 blocks and 8.8 = 10° cells and the finer one of
214 blocks and 18.5 = 10° cells. He observed that for high Reynolds number
situation with large regions of thin attached boundary layers on the body a detached
eddy simulation {DES} approach or in general a coupled LES/RANS calculation
would be more suitable in which the development of the attached boundary layer is
simulated by the RANS mode.

Hinterberger et al. (2004) performed the LES of the flow around the Ahmed
body with a slantback angle of 25° Their configuration has been specifically chosen
to match the experiment of Lienhart et al. (2000). The bulk velocity was 40 m/s, This
results in a Reynolds number Re = 2.8x10° (based on the length of the body).
Hinterberger et al, (2004) stated that the flow around the Ahmed body was a very
challenging problem because of the complex geometry and the high Reynolds

number,
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Krajnovic and Davidson have applied LES to the different type of bluff
bodies with ground proximity successfully. They presented LES of the flow around a
bus-like body (Krainovic and Davidson, 2001). Flow around a simplified bus was
further analyzed by Krajnovic and Davidson (2003) using large-eddy simulation with
different type of grids in detail. At the Reynolds number of (.21 x 10°, based on the
model height and the incoming velocity, the flow produced features and aerodynamic
forces relevant for the higher Reynolds number. The large-eddy simulation used in
this study predicted not only large-scale coherent structures that agree with previous
knowledge but also some new, smaller structures. Krajnovic and Davidson (2004)
also studied flow around the Ahmed body by using LES. In that study, they used a
new approach for LES of the flows around ground vehicles. It was based on the
character of the flow with large regions of recirculations rather than on traditional
resolution requirements for the LES of wall bounded flows. Krajnovic and Davidson
{2004) confirmed their hypothesis of the partial Reynolds number independence of
some vehicle flows and also shown that LES had a large potential in external vehicle
aerodynamics. Krajnovic and Davidson (2005) was investigated the effect of a
moving floor on the flow around the Ahmed body. They performed two large eddy
simulations of the flows with stationary and moving floors and compared both
instantaneous and time-averaged results. It was found that the floor motion reduces
drag by 8% and lift by 16%. The wake flow was found to be relatively insensitive to
the floor movement, in agreement with previous experimental observations.
Krajnovic (2009) made a brief review of LES applications conducted by him and his
co-workers for different bluff-body flows at the past. Examples of flows range from
simple cube flows to flows around ground vehicles. He indicated that an increase of
the Reynolds number towards the operational speeds of ground vehicles requires
accurate near-wall modeling for a successful LES. He concluded that his review
proves the applicability of LES for various bluff body flows.

Franck and d*Elia (2004) employed LES turbulence model to investigate the
flow around the Ahmed model with a slant angle of 12.5". Flow visualizations
through streamlines, isosurfaces and isolines were presented on the forebody part,

rear end and neighboring wake. Franck et al. (2007) further investigate the near-wake
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structure of the flow around the Ahmed model with the same slant angle by applying
LES method. In their study, the Reynolds number (based on the model length) was
4.25 million. The coherent macro structures in the near-wake were estimated through
the second invariant of the velocity gradient applied on the time-average How. Their
results are in agreement with experimental results. They indicated that the turbulent
eddies up to the Taylor length scale were well resolved and this can be mainly
attributed to the fact that the normal mesh-spacing on the body surface (at its first
layer) was smaller than such length scale. They stated that the flow around this bluft-
body is dominated by large coherent macro structures formed by a massive flow
separation. The mean drag coefficient they obtain agrees quite well the experimental
one. They concluded that according to the current computational resources LES may
be used as a feasible turbulence model for real vehicles aerodynamics.

Vino et al. (2004) and (2005) investigated the time-averaged and time-
dependant nature of the wake region behind the Ahmed model with a slant angle of
30° experimentally. They employed a new multi-hole probe allowed for
measurement in regions including flow reversals, and high levels of unsteadiness.
Their time-averaged results of the far-wake showed good agreement to previously
published work, although the near-wake structure was found to be somewhat
different. Their time-dependant analysis indicate that the shedding behind the model
is analogous to vortex shedding behind simple bluff bodies, with most of the
fluctuations confined to the axial and vertical directions. They have illustrated all
their time-averaged and transient results as shown in Figure 2.7. Vino et al, (20035)
have also investigated the complex nature of the near- and far-wake of the Ahmed
model geometry along with Reynolds number behavior. They have found that
although the model is quite bluff, drag coefficients exhibited some sensitivity to
changes in Reyneclds number; up to 15% reduction over the test speed range. They
have concluded that Reynolds number effects on spectral characteristics revealed that

a drop in drag was accompanied by an increase in Strouhal number.
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Stabds focus

Figure 2.7. Proposed topological flow structure of the Ahmed model with 30” rear
slant by Vino et al. (Vino et al., 2005 )

Bernard et al. (2005) applied the grid-free vortex method to predict the
turbulent aerodynamic flows produced by road vehicles. They indicated that grid-free
vortex method has the character of a large eddy simulation and incorporates a fast
technique for evaluating the mutual interactions of several million vortex elements
needed in describing the dynamically significant structure of the turbulent feld.
Their study demonstrated that quantitatively accurate predictions of velocity statistics
can be obtained as long as appropriate wall resolution is maintained. The wall
resolution issue reflects the fact that with the absence of a turbulence model per se,
the Reynolds number is a real parameter in this method and its effect on the physics
has to be taken into account where necessary. Main advantage of grid-free vortex
method was stated as the difficulties of grid generation that typically affect LES
schemes are avoided in this method.

Mavuri and Watkins (2005) have conducted studies on the simulation of
relative motions of the wheels and moving ground for road vehicle aerodynamics.
Their method involves the application of double symmetry concept on Ahmed model
geometry with the slant angle of 307 as shown in Figure 2.8, They indicated that this
technique was useful for experimental examination of local flows in wheel, wheel
housing, underbody and other similar areas of a test vehicle. Working with simple

measurement mechanism, requiring only single model and simulating the moving

[ W]
Lal



2. PREVIOUS STUDIES Tural TUNAY

ground while rotating the wheels can be given other advantages of this technique. As
a result of their studies, thev found that drag coefficients exhibited almost insensitive
to changes in Reynolds number, based on body length, nearly between 800.000 and
2.000.000.

Ce > Y

Figure 2.8. Experimental model of split Ahmed body in double symmetry
arrangement (Mavuri and Watkins, 2005)

Fares (2006) investigated the unsteady flow at the rear slant of Ahmed body
for two slant angles 25” and 35" using the lattice Boltzmann numerical model
approach. He presented results containing the discussion of the flow of the wake and
comparison of the distributions of averaged pressure and velocities with available
experimental findings. He also investigated the resolution requirement in terms of
computational requirement and accuracy achieved. He stated that the resolution
requirement represents a key issue in the simulation process. As a result of his effort
on applying different resolutions based on the Taylor microscale Ay, well captured
separation region was achieved using Axmin = An/1.5 and a fair prediction was also
achieved using AXpin = A4 He concluded that the approximation of A; for different
flow regions based on the relevant local Re number can be used to determine the
requirements in other simulations. He indicated that qualitative and quantitative
comparisons with experiments show excellent agreement with experimental
findings.

Strachan et al. (2005) presented computational and experimental data for the
Ahmed reference model in near side wall proximity. During the experiments Laser

Doppler Anemometry (LDA), force and moment data was recorded. The aim of the
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study was to investigate the ability of both the k- and Reynolds Stress viscous
model to predict the characteristics of flow around the model when in wall proximity
in comparison with the isolated case. They concluded that the Reynolds Stress
viscous model provides a more accurate simulation of the Ahmed body than the k-2
RENG model. Both models significantly over predicted the pressure drag over the
front end, and thus cannot be used for accurate pressure drag force predictions.
Strachan et al. (2007) also study the vortex structure behind the Ahmed body in the
presence of a moving ground plane by using Laser Doppler anemometry (LDA) for
various backlight angles. LDA velocity measurements were taken in a number of
planes around and downstream of the model at a free-stream velocity of 25 m/s. They
found that the inclusion of the ground simulation and the consequent supporting strut
produces a reduction in the size and strength of the vortices shed from the back end
of the Ahmed model when compared with previous analysis. They further concluded
this effect is primarily a result of the overhead strut, and that the rolling road has
little effect on these upper vortices.

Hoessler et al. (2007) performed unsteady numerical simulations of the flow
around the Ahmed body using both LES and Lattice Boltzmann Method (LBM} in
order to evaluate their ability to predict the mean and fluctuating flow produced by
this complex geometry at high Reynolds number. Their aim was analyzing both the
steady and unsteady effects of the coherent structures produced in this 3D flow on
the drag and lift forces applied on the body. The Ahmed bluff body on its 25" slant
angle configuration was chosen for that purpose as it presents a separation line and
two intense and stable counter-rotating vortices on the rear slant that contribute for
most of the total drag. The inlet velocity was Uy = 40m/s with a zero turbulence rate.
The time step was set to At = 5 x 107 s for the LES and At = 3.9 x 10°% s for the
Lattice Boltzmann simulation. They showed that the results obtained were in good
agreement in terms of mean flow prediction with the Laser Doppler Anemometer
(LDA) measurements performed by Lienhart et al. (2000).

Guilmineau (2008) investigated numerically, with several turbulence models,
the flow around the Ahmed body for the base slant angles 25° and 35°. He compared
his results with experimental data of Lienhart and Becker (2003). He resulted that all
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turbulence models used predict the topology of the flow correctly. On the other hand,
the EASM (quadratic explicit algebraic stress model) model gives a better estimate
of the drag. The two-dimensional behavior of the flow, for the slant angle 35, is well
predicted. At the 25° slant angle, all simulations predict massive separation, whereas
the experiment shows reattachment about half-way down the center of the face. He
concluded that the flow around the Ahmed body with 25" slant angle can be
considered as an open challenge for turbulence modeling.

Rouméas et al. (2008) carried out a 3D numerical simulation based on the
lattice Boltzmann method on the Ahmed body with 25" slant angle to analyze and
establish a method for controlling the near-wake flow topology of a generic blunt
body model. Their results indicate the existence of a complex flow topology
consisting of transverse and longitudinal vortices emanating from flow separations
that occur on the top and the lateral edges of the slanted rear window, respectively.
They gave the detail of the topology of each structure and compared their numerical
results with the experimental results in the literature. They concluded that the results
obtained constitute a validation of the computation code for the representation of
bluff body near-wake flow characteristics of automotive vehicle wake and lattice
Boltzmann method can therefore be used to develop and parameterize active control
solutions,

Uruba and Hladik (2009) conducted studies on both stationary and dynamical
behavior of structures in the wake of Ahmed body. Two configurations with slant
angles of 25° and 35° were considered as the test-cases. The small variant model of
Ahmed body, scale 3/20 relative to original Ahmed body was subjected to
experimental study, mean flow velocity about 6.5 m/s resulting in Revnolds number
54000. For the measurements, the stereo time-resolved PIV technique was used. Asa
result of their measurements. angle 25° showed more or less attached flow, while
angle 35° generated fully detached flow from the ramp.

Ceyrowsky et al. (2009) investigated the flows around the Ahmed body with
different rear geometries (slant angles of 25° and 35%) with the aid of numerical
simulations based on the unsteady Reynolds-averaged Navier-Stokes (URANS)
equations. They concluded that the numerical efforts for the URANS simulations are
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much lower than the efforts for LES or lattice Boltzmann simulations. They suggest
that URANS models should be applied in early-stage optimization simulations,
whereas larpe-eddy or lattice Boltzmann simulations should be emploved in late
stage final tuning simulations.

Several other studies investigated similar bluff body structures for the variables
other than backlight angle. Jenkins (2001) conducted an experimental investigation of
the flow over the rear end of a .16 scale notchback automobile configuration. His
objective was to investigate the flow separation that occurs behind the backlight and
obtain experimental data that can be used to understand the physics and time-
averaged structure of the flow field. He used a three-compaonent laser velocimeter to
make non-intrusive, velocity measurements in the center plane and in a single cross-
flow plane over the decklid. In addition to off-body measurements, flow conditions
on the car surface were documented via surface flow visualization, boundarv layer
measurements, and surface pressures. He concluded that his experimental data show
several features previously identified by other researchers, but also reveal
differences between the flow field associated with his particular configuration and
the generally accepted models for the flow over a notchback rear end.

Alam et al. (2003) performed mean and time-varying flow measurements on
the surface of a family of idealized road vehicles. They stated that modern vehicles
experience strong surface pressure fluctuations on the side windows due to flow
separation around the A-pillar, So that they investigated how these fluctuations vary
with speeds and also studied the effects of local A-pillar and windshield geometry
and vaw angles on the nature of the fluctuations. Their studies showed that Reynolds
number sensitivities {based on free-stream flow velocities and body width) in the
range of 6.4x10°1 5x10% were minimal. They concluded that the magnitudes of the
fluctuating pressure coefficients depend largely on local A-pillar radii and can be
reduced significantly with the increase of local corner radii.

Kozaka et al. (2004) investigated turbulent structure of three-dimensional
flow behind a model car exposed to uniform approach flow. Their results showed
that two counter-rotating helical vortices, which are formed within the inner wake

region, play a key role in determining the flux of kinetic energy.
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Jindal et al. (2003) investigated the flow field around two vehicle geometries
using the Immersed Boundary (IB) technique in conjunction with a steady RANS
CFD solver. They reported that the IB appreach allows the computation of the flow
around objects without requiring the grid lines to be aligned with the body surfaces.
Their simulations were carried out for a SUV and a pickup truck models at a
Reynolds number of 8x10°. The comparisons between the their simulation results
and the time-averaged measurements revealed that their CFD simulations predicted
the drag coefficients for the SUV and the pickup truck models within 6% of the
measured values.

Guilmineau (2006) performed numerical simulations for a new wvehicle
model, created to analyze the behavior of unsteady wakes on bluff bodies, RANS
equations were solved on unstructured grid using a near-wall low-Reynolds number
turbulence closure model. In the paper, only a large yaw angle (p=30") was
investigated and the Reynolds number was close to 10°, He reported that his
numerical results show an excellent agreement when compared with experimental
data.

Lawson et al. (2006) investigated the flow characteristics in the boot-deck
region of 36 per cent scale model notch-back saloon vehicle and presented the results
of an experimental investigation of the bootdeck flow structure together with a
general review of advanced laser diagnostic techniques suitable for large-scale wind
tunnel flow measurement. The tests were used to characterize the flow behaviour
over the Revnolds number range 0.74%10° - 4.93x10°, Their experiments involved
flow visualization, rear boot-deck and backlight three-dimensional stereoscopic
particle image velocimetry (PIV) measurements, and mean static and unsteady static
pressure measurements. It was reported that their flow visualization results indicated
flow asymmetries in the backlight region which appear to be sensitive to changes in
free-stream speed.

d’Apollonia et al. (2007) performed RANS and LES of a semi realistic
vehicle shape under crosswind conditions. Their model was the simplified fifth scale
mock-up of a Citroén C5. They compared aerodynamic force and torque

components, wall pressure coefficient and mean velocity profiles of the flow. They
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reported that LES can be a suitable tool for studving vehicle aerodynamics in
crosswind conditions. Finally, they indicated that in their study, only an un-detailed
and 1:5 scale reduced size macro-shape of a vehicle was considered. This resulted in
a lower Revnolds number and thus larger turbulence eddy scales and less constraints
on the volume mesh. In order to address more realistic situations such as full scale
models, they recommend more resolution,

Tsubokura et al. (2009) conducted one of the largest-scale unstructured LES
of flow around a full-scale road. The main objective of their study was to look into
the validity of LES for the assessment of wehicle aerodynamiecs, especially in the
context of its possibility for unsteady or transient aerodynamic forces. They reported
that LES will be a powerful tool for the wehicle aerodynamic assessment in the
foreseeable future, because it can provide precious aerodynamic data which
conventional wind tunnel tests or RANS simulations are difficult to provide. They
concluded that more attention is going to be paid to understand unsteady flow
structures around vehicles and the physical mechanism of their generation and
interaction with the solid body. Reduction of the aerodynamic noise generated
around the front pillar was given as a typical problem. Accordingly, Tsubokura et al.
{2010) investigated unsteady aerodynamic response of a road wvehicle subjected to
transient crosswinds with the aid of LES method based on a fully unstructured finite
volume method. They reported that typical transient responses of the aerodynamic
lorces and moments such as phase shifting and undershooting or overshooting were
observed. They discussed their dependence on the frequency and amplitude of the
input perturbation. As a result they demonstrated the utility and validity of the LES
in the context that such transient aecrodynamic forces are difficult to measure using a
conventional wind tunnel.

Ortega et al. (2002} indicated that significant amount of effort has been put
forth to reduce the aerodynamic drag of heavy vehicles over the past several decades.
A reduction in the total aerodvnamic drag will have a significant improvement on the
fuel economy of a heavy vehicle. In recent vears, the pressure drag on the front of a
heavy vehicle has been successfully reduced by streamlining the tractor, installing air

shields on the tractor roof, or optimizing the relative height of the tractor and trailer.
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However, the pressure drag on the rear of a heavy vehicle, also known as base-drag,
vet remains to be reduced on a widespread basis. There are numerous efforts in the
scientific community to fully understand the characteristics of flow structures around
the heavy vehicle and trains, for example, Ortega et al. (2002), Bayraktar (2002),
Wood (2004), Maddox et al. (2004), Diedrichs et al. (2004) and Hemida et al.
(2005). There are also numerous concepts have been proposed in the effort to reduce
the total drag of heavy vehicles, for example, Englar (2001), McCallen et al. (2000),
Wood and Bauer (2003), McCallen et al. (2004).

According to the Hucho and Sovran (1993) location at which the flow
separates determines the structure of the wake flow and the size of the separation
zone behind the ground vehicle which presents the major contribution to a car’s drag.
Because of this fact, avoidance of separation or, if this is notl possible, its control is
the most important objective of vehicle aerodynamics. Because different vortex
structures can occur depending on the rear slant angle of Ahmed body, different
control strategies are required. The modern control methods involve both passive and
active techniques modifying behaviour of vortical structures in the wake (Uruba and
Hladik, 2009).

Wood et al. (2003) have developed three simple, low cost aecrodynamic drag
reduction devices for application to the trailer of a tractor-trailer truck. The three
devices have undergone extensive operational testing where they have amassed over
85,000 miles of use. Technologies developed by Wood et al. (2003) have shown a
combined fuel savings of 10% at an average speed of 47.5 mph. This improvement in
fuel economy correlates to an equivalent drag reduction of approximately 30% with a
corresponding drag coefficient of 0.45. Observations and anecdotal evidence from
their test activity have shown that the addition of these devices 1o the trailers has not
had a negative impact on either the operational utility of the trailers or the
maintenance procedures and requirements.

There are numerous studies conducted on the flow control of ground vehicles
using both passive and active techniques in the literature. Khalighi et al. (2001),
Verzicco et al. (2002), Beaudoin and Aider (2008), Bruneau et al. (2008) have

performed studies on the flow control of ground vehicles using passive control
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techniques. Nisugi et al. (2004), Beaudoin et al. (2006), Brunn and Nitsche (2006),
Rouméas et al. (2009a,b), Krajnovic and Fernandes (2010) have performed studies
on the flow control of ground vehicles using active control techniques. Grosche and
Meier (2001) Bruneau et al. (2010) have performed studies on the flow contrel of
ground vehicles using both active and passive control techniques at the same time.

As presented above, previous experimental studies conducted on the
investigation of the flow around the Ahmed body have largely employed intrusive
and single point traditional measurement techniques, for example Pitot tubes, hotwire
anemometry and laser Doppler anemometry techniques. Thus, they do not reveal
instantaneous spatial structures of the flows. Whereas, particle image velocimetry
(PIV) technique which is employed in this study, is capable of measuring the entire
flow field simultaneously, without disturbing the flow. Using PIV technique,
significant advantages over other methods for examining and quantifying fluid flows
is gained. When considering previous studies presented above another remarkable
point ascertained is that Reynolds number emploved in almost all previous studies
conducted on the Ahmed body is the same. There is a little studies conducted at
lower Reynolds number on the order of 10*, At these level of Reynolds number,
characteristics of flow around ground vehicles are not known thoroughly. For
example, in this study, Reynolds number of the flow is nearly 80 times lower than
the Revnolds number employed in the study of Ahmed et al. (1984). In fact, there is a
little experimental and numerical study conducted to investigate characteristics of the
flow around the Ahmed body at lower Reynolds number as aimed in the present

study (Re=1.48x10%).
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3. MATERIAL AND METHOD

The flow around the ground vehicle is fully three-dimensional and turbulent
(Hucho and Sovran, 1993). Large-scale separation and recirculation regions, a
complex wake flow, long trailing vortices and the interaction of boundary layer flows
on the vehicle and ground can be given as typical characteristics of flow around road
vehicles. Thorough understanding of the structure of the flow around the ground
vehicle is essential for the designer when developing a new road vehicle because it
has strong influence on the shape of the wvehicle, acrodynamic drag, fuel
consurmption, noise production and road handling (Robinson, 2001). Although the
automotive industry has a high demand for reliable simulation methods capable of
tackling the complex turbulent airflow around ground vehicles, a real-life automobile
is very complex shape to model or to study experimentally. However, the simplified
vehicle shape employed by Ahmed et al. (1984) retains some main features of the
flow arcund real cars and generates fully three-dimensional regions of separated flow
which may enable a better understanding of such flows (Guilmineau, 2008). The
Ahmed reference model which has been used frequently as a benchmark test case for
this kind of flow by other researchers has been become a generic car-type bluff body
with a slant back (Hinterberger et al., 2004). The flow around the Ahmed body
exhibits basic features, which are also characteristic for other bluff body vehicles,
namely trucks, buses or trains: There exist large coherent vortex structures and
elongated separated flow regions downstream of the Ahmed body, which give the
main contributions to the drag (Ceyrowsky et al., 2009).

In this study, flow around the Ahmed body having 25° slant angle was
investigated both experimentally and numerically. Experimental and numerical
methods employed during the studies are explained in the following chapters,

respectively.
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3.1. Geometrical Details of the Model

The original Ahmed body used in their experiments of Ahmed et al. (1984)
has dimensions of length L=1044mm. height H=288mm and width W=389mm. The
length of the slant part is Lg=222mm, whatever the angle 9. The bottom surface of
the Ahmed body is located at 50mm above the ground. This geometry is represented
in Figure 1.1. In the present study % scale Ahmed body geometry was emploved as

shown in Figure 3.1. The model used in our experiments was made up of a Plexiglas

material,
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Figure 3.1. A % scale Ahmed body geometry (Dimensions are in millimeter)

3.2. Experimental Methods
3.2.1. Particle Image Velocimetry (PIV) Technique

Particle Image Velocimetry (PIV) is a non-intrusive measurernent technique
to investigate flow structures with the aid particles inserted in the flow. The medium
is seeded with some sort of tracer particles and then illuminated periodically by a
high power laser light source. The idea is to obtain successive digital images from
charged coupled device (CCD) cameras. These images can then be analvzed by a
computer, which determines the velocities of the tracer particles, which can be used
to understand the velocity of the given medium. In the PIV technique there is no

need for measurement probe placed in the medium which could affect the overall
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flow. PIV also can return information about the entire flow field. These are the main
advantages of PIV technigue over traditional techniques which use measurement
probe.

When we look at the history, it is seen that quantitative flow field
measurements were initially obtained in aerodynamic studies using Pitot static
probes, which were suitable for measuring the time-average or low frequency
response flow field properties at a single point in the flow. Hot wire anemometry
proved to be a significant improvement over pitot probes by providing high
frequency response wvelocity measurements. Adding more wires enabled multi-
component flow measurements. Similar to pitot probes, hot wire anemometers were
invasive and disturbed the flow field under study. The first non-invasive point
veloeity measurement technique was Laser Doppler Velocimetry (LDV), which used
a crossed pair of laser beams to measure the velocity of seed particles entrained in
the flow. Additional advantages of the LDV technique were the high frequency
response and high measurement accuracy (Giirlek, 2008). According to Raffel et al.
(1998) coherent structures in shear flows or wake flows are extremely unsteady, for
example near- and far-wake structure formed after the Ahmed body. So, in this type
of flow both spatial and temporal information of the entire flow field are required in
order to capture instantaneous flow fields and thus to allow the detection of spatial
structures in unsteady [lows quantitatively, which is not possible with other
experimental techniques. For this type of flow measurements, PIV technique is
extremely convenient. This technique has the ability to achieve higher accuracy,
higher spatial and temporal resolution and larger observation areas and volumes of
experimental data. Hucho (1998) also indicates that the most of the velocity-
measuring techniques such as LDV, hot wire anemometry, or measurements with the
Pitot-static tube have the disadvantages of collecting values at one point or position
at a time. Thus the determination of the velocity and turbulence characteristics of a
whole flow field turns out to be a very time-consuming task. PIV technique
overcomes this shortfall.

The development of PIV has begun in the eighties of the last century. The
early work of Meynard (1983) established the foundations of its present form. The
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theory of PIV was introduced by Adrian (1988) in the late 1980s with the first
experimental implementations following shortly afterwards (Keane and Adrian,
1990, 1991). The time since then was characterized by a rapid development of hard-
and software for the PIV technique. Improved cameras, lasers, optics and software
lead to a significant increase in performance. The development of particle image
velocimetry during the past 20 years is characterized by the fact that analog
recording and evaluation techniques have been replaced by digital techniques. At
present, PIV is widely used in fluid mechanics in the investigation of air and water
flows, WNew areas of application are continuously reported (Raffel et al., 2007).
Comprehensive reviews of PIV techniques were given by Rockwell and Lin (1993),

Rockwell et al. (1993), Adrian (1991, 2005) and (Raffel et al., 2007).

3.2.1.1. Principles of PIV Technique

A typical setup for PIV technique is sketched briefly in Figure 3.2. The
experimental setup of PIV system typically consists addition of tracer particles to the
flow. A plane within the flow which is investigated is illuminated twice by means of
a laser, It is assumed that the tracer particles move with local flow velocity between
the two illuminations. The light scattered by the tracer particles is recorded via high
performance digital cameras. The output of the digital sensor is transferred to the
memory of a computer directly. For evaluation. the digital PIV recording is divided
in small subarcas called “interrogation areas”. The local displacement vector for the
images of the tracer particles of the first and second illumination is determined for
each interrogation area by means of statistical methods (auto- and cross-correlation).
It is assumed that all particles within one interrogation area have moved
homogeneously between the two illuminations. The projection of the vector of the
local flow velocity into the plane of the light sheet (two-component velocity vector)
is calculated taking into account the time delay between the two illuminations and
the magnification at imaging. The process of interrogation is repeated for all

interrogation areas of the PI'V recording (Raffel et al., 2007).
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Figure 3.2, lllustration of seeding, illuminating and capturing of the image process in
PIV measurement technique (Raffel et al, 2007)

A CCD (Charge Coupled Device) digital camera, a laser system, a

synchronizer, a frame grabber and a computer compose the main components of the

PIV system. In general, the technique of PIV contains two stages; image acquisition

and imape evaluation as shown in Figure 3.3. Contents of these two stages are

explained in the following sections.
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3.2.1.2. Image Acquisition

3.2.1.2.(1). Particle Seeding

Partical Image Velocimetry technique essentially determines two fundamental
dimensions of the flow velocity with the aid of measurements of velocity of tracer
particles. Therefore, properties of the tracer particles used in the measurements are
very important in PIV. These tracer particles should be carefully selected in order to
avoid significant discrepancies between fluid and particle motion. The seeding

particles can be seen in Figure 3.4,

Figure 3.4. Seeding particles in the water channel

Tracer particles should have a density value almost nearly the fluid in which
they added. These particles should be small enough to track the flow accurately.
Besides, they should be large enough to scatter sufficient light for the camera in
order to be detected precisely. For water, fluorescent, polystyvrene, silver-coated
particles or other highly reflective particles must be used to seed the flow; while
olive vil or alcohol droplets are generally used for wind tunnels.

The camera images of seeding particles should have a diameter of at least 2
pixels, preferably 3 pixels or more. This will allow the system to estimate particle
positions and displacements to sub-pixel accuracy, effectively increasing the
resolution of the technique. The number of the particles in the flow is also important
to obtain a good signal peak in the cross-correlation. As a rule of thumb, 10 to 25

particles should be seen in each interrogation area (Karakug, 2007).

L%
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3.2.1.2.(2). lllumination

The PIV technique can use any light source to illuminate the flow field under
study. The range of potential light sources includes: continuous wave lasers, pulsed
lasers, laser diodes and Xenon flash lamps. On the other hand, to obtain successful
images of tracer particle in the flow, experimental system should be provided with
illumination source having sufficient energy density. For the illumination, it is
preferable to use a laser since the laser beam is easy to form into a sheet by a
cylindrical lens. Lasers provide a highly directional, intense collimated laser beam,
well suited for producing an intense light sheet down to a thickness from one-two
millimetres to one centimetre. Most PIV illumination systems are based on a pulsed
laser light source. Nd:YAG (Neodymium-Doped Yttrium Aluminum Garnet) lasers
is the most widely used in PIV due to the high output energy (25 to 400 ml/pulse),
short pulse duration (6 to 10 ns) and 532 nm emission. The nomiral pulse repetition
rate of Nd: YAG lasers is 10 to 15 Hz (Giirlek, 2008).

The illumination system employed in PIV experiments should compensate
the following basic criteria for the successful measurements:

o The light budget should be sufficiently high to ensure the intensity of
scattered light from the seeding particles is such that images of them can
be recorded on the PIV camera,

= The duration of the light pulse should be such that the particle does not
move significantly during its exposure to the light-pulse,

e The time between successive light pulses should be such that the flow
field does not move significantly,

» The location and dimensions of the measurement plane should be well-

defined.

3.2.1.2.(3). Image Capturing

The light scattered by the tracer particles with the aid of double pulsed laser
sheet is imaged and recorded by a CCD camera. The term CCD stands for charge-
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coupled device. The processes of laser illumination of tracer particles and image
capture are illustrated schematically in Figure 3.2. The purpose of the camera is to
capture the initial and final pesitions of seeding particles in the flow fields and from
these particle positions the displacement vector can be produced. The CCD camera
comprises an array of detectors called pixels. There are several types of CCD
cameras. Basically, the architecture of the CCD armray influences whether the
particular camera can be used for auto- or cross-correlation image capture.
Historically, auto-correlation has been the most commonly used method of image
capture in PIV initially because photographic film was used as an image capturing
medium. Now, cameras are available which can have a very short time between
double frames so cross-correlation image capture is now possible.

The laser pulse for the illumination and camera for the image capturing must
be triggered with the correct sequence and timing to capture the flow field images in
the right way. For that purpose, a synchronizer is employed to control all of the

components which are initiated at the exact moment necessary.
3.2.1.2.(4). Image Evaluation (Correlation Process and Post Process)

In the PIV, particle images are correlated to obtain vector displacement
information. Generally, there are three types of techniques used to process PIV
image data: auto-correlation, cross-correlation and particle tracking. The choice of
the processing technique depends primarily on the available equipment used to
record the particle image data and the seed particle concentration. The recorded
image frame is divided into small sub-regions, each containing particle images. By
processing the image over a regular grid of small sub-regions, a velocity vector map
is generated. Both aute and cross-correlation operations are implemented using Fast
Fourier Transforms (FFT). Autc-correlation processing is the oldest of the PIV
processing techniques. In the auto-correlation technique a single image frame is
exposed multiple times and processed over a regular grid of small sub-regions,
essentially due to the fact that film based recording systems were incapable of

recording independent particle image records at two closely spaced instances in time.
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In cross-correlation of PIV, two single exposure image frames must be recorded. The
cross-correlation operation is similar to auto-correlation where again the image
frames are divided into small sub-regions. However, now a sub-region from image 1
(recorded at the first laser pulse) is cross-correlated with a sub-region from image 2
(recorded at the second laser pulse). The direction of the displacement is determined
unambigucusly because the images from exposures | and 2 are recorded separately
(Giirlek, 2008). The fundamental principle of Adaptive correlation is an iterative
procedure: From an initial guessed offset value, an offset is introduced from the first
window (the interrogation area in the image frame from laser pulse one) to the
second window. The obtained vector is validated and is used as a new estimate for
the window offset. A new run is made, but this time with a smaller window
{interrogation area). The main benefit derived from using the shifted window is
capturing the particle images that left the interrogation area during the time between
the two light pulses. Loss of these particle images is known as the "in-plane
dropout”, which reduces signal strength and, as a result, the number of successful
vectors that can be obtained. Capturing moere particle images for each vector permits
the interrogation area to be refined while still obtaining an adequate number of
successful vectors without increasing the seeding density in the flow ({Canpolat,
2008).

The post-processing of the raw velocity field involves vector validation,
removal of spurious vectors, replacement of the removed wectors. and data
smoothing and filtering. General procedure for the image processing is presented in
Figure 3.5.

After the velocity field was calculated, the vectors were validated using
CleanVec (CleanVec is a PIV vector validation program written by Ron Adrian's
group in Theoretical and Applied Mechanics at the University of [llinois). It has
absolute range filter, RMS tolerance filter, magnitude difference filter and quality
filter methods. Three of these four filters were used for purposes of eliminating
incorrect vectors. Following the process of removing incorrect vectors, a bilinear
least-square fit technique was used to fill in the areas of missing vectors, scale the

image field to the actual flow field, and compute the vorticity distribution. The
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Figure 3.5. General procedure for image processing

resulting velocity field was also smoothed by using a Gaussian-weighted technique
based on the work Landreth and Adrian (198%). A suggested smoothing parameter of

1.3 was used.
3.2.2. Experimental Arrangement
3.2.2.1. Water Channel System

Experiments were conducted in a recirculating, open surface water channel
located in the Cukurova University Fluid Mechanics Laboratory shown in Figure 3.6.
The water channel test section has a width of 1000 mm, a depth of 750 mm, and a
length of 8000 mm. Side and bottom walls of the test section were equipped with 15
mm thick Plexiglas for optical access. The flow was driven by a 15 kW centrifugal
pump having a variable speed controller. Before entering the test chamber, the flow
passes through a settling reservoir, a honeycomb and a 2:1 contraction. The mean
velocity is uniform and average turbulent intensity is less than 0.5% in an empty test
section. The flow speeds vary linearly according to free stream velocity ranging from

(0} to 297mm/sec and are calibrated for a test section water depth, Hy,= 400mm.
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Figure 3.6. Schematic representation of water channel

The experiments were performed at a free stream velocity of U=207 mm/s
which corresponds to the Reynolds number Rey=1.48x10" based on the model
height. The velocity profile and boundary conditions between the real road and the
wind tunnel conditions looks different and modifies the flow field around a vehicle.
One of the approaches to reproducing or IslimuIating the road is to equip the wind
tunnel with an elevated ground plate that creates a much thinner boundary layer than
the wind tunnel floor (Hucho, 1998). For the present experiments, a 2 m long ground
plate mounted (.1 m above the bottom wall of the test section was used as a ground.

The ground plate spans the cross section of the tunnel and has a rounded leading
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Figure 3.7. Location of the Ahmed body in the water channel {Side view, dimensions
are in milimeter)
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edge to avoid flow separation. During the experiments model were fixed to the
ground plate. The gap between the ground plate and the bottom surface of the model

was 12.5 mm. Figure 3.7 shows the location of the body in the water channel.

3.2.2.2. PIV Instrumentation

The velocity fields were measured by Dantec PIV system which consisted of
a dual-head Nd:YAG laser, a high resolution CCD (Charge Coupled Device) digital
camera, a synchronizer and optics. Schematic of the PIV system used in this study is
shown in Figure 3.8. The measuring planes were illuminated by a thin and intense
laser sheet by using a pair of double-pulsed Nd:YAG laser units each having a
maximum energy output of 120 ml/pulse at 532 wavelength. The time interval
between pulses was 1.2 ms. The thickness of the laser sheet was approximately 2
mm. The time interval and the laser sheet thickness were selected such that the
maximum amount of particle displacement in the interrogation window was
obtained.

PIV measurements were performed at several vertical, horizontal and cross
planes which were selected to highlight the aerodynamic characteristics of the
models. Location of the laser sheet and the view of camera for measurement planes
as well as the coordinate system are shown in Figures 3.9(a), (b) and (c). In the
present study, coordinate svstem x, y and z are respectively the streamwise, vertical
and spanwise directions. The origin of this system was located in the symmetry plane
and downstream bottom edge of the models. For the side view, the laser sheet was
oriented vertically, parallel to the flow direction through the center of the models as
shown in Figure 3.9(a). For the end view, the laser sheet was oriented perpendicular
to the flow direction, and a surface mirror was installed downstream of the models to
reflect the image of the end view laser sheet to the recording CCD camera, The angle
between the mirror and the free-stream was 45°. The distance between the model’s
base and the front edge of the mirror was kept approximately 8.5 H to eliminate the
interference with the wake of the body as shown in Figure 3.%(b). For the plan view,

the laser sheet was parallel to the bottom surface of the water channel and the axis of

44



I.MATERIAL AND METHOD Tural TUNAY

the camera lens has a right angle intersection with the laser sheet as shown in Figure

3.9(c).
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Figure 3.8. Schematic representation of the experimental setup and PIV system

In the present experiments, patterns of particle images were acquired by a
model MEGAPLUS ES 1.0 8-bit series charge-coupled device (CDD) camera. The
camera was equipped with a Nikon AF Micro 60 £/2.8D lens of a focal length of 60
mm. The camera was placed at right angles to the light sheet. The resolution of the
CCD camera was 1008x1016 pixels for image recording. The Nd:YAG laser and
CCD camera were connected using a Dantec FlowMap Processor synchronizer to
control the timing of data acquisition. The flow was seeded with silver-coated

spherical particles of 12 pum in average diameter. These particles are very close to
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Figure 3.9. Location of the laser sheet and the view of camera for (a) side view,
(b) end view, (c) plan view
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being neutrally buovant. The silver coated hollow particles were mixed in a container
and poured in to the water channel. Then, the water channel was run at maximum
speed for a period of several minutes in order to ensure that particles were uniformly
dispersed through the water. To determine the time-averaged mean flow structure,
350 instantaneous velocity fields were recorded successively for one series of image
capturing with an acquisition frequency of 15Hz for each continuous run.
Instantaneous velocity vector fields were generated using adaptive correlation
technique between successive particle images. The dimensions of the interrogation
area employed throughout were 32x32 pixels with 50% overlap providing 3844
velocity vectors over the entire field of view plane. These instantancous velocity

fields were averaged to obtain the corresponding time-averaged patterns of vorticity

<w> and streamline <y> topology.

3.3. Numerical Methods

According to Wesseling (2001) turbulence is a fact of nature that for
sufficiently large Reynolds numbers, flows show rapid apparently random
fluctuations, even when the controlling factors of the flow, such as body geometry
and upstream conditions, are stationary. He stated that turbulent flow is a
complicated example of a chaotic dynamical system. Irregularity or randomness,
diffusivity, having large Reynolds numbers, having three dimensional vorticity
fluctuations, being dissipative and continuum are given as the characteristics of
turbulent flows by Tennekes and Lumely (1972). The nonlinear and stochastic
properties of the turbulence remain it as the great unsolved problems of physics.
However, analytical solutions to the Nawvier-Stokes equations exist for only the
simplest flows under ideal conditions. Solutions for real fluid flow cases need a
numerical approach, where the equations are replaced by algebraic approximations,
which can be solved using a numerical method. Over the past thirty years,
mathematical models for turbulence with varying levels of complexity have been
developed. These models can be broadly categorised into four groups: Direct
Numerical Simulation (DNS), Large Eddy Simulation (LES}), Second-Moment
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Closure and Eddy-Viscosity Models (EVM). From the mathematical models given
above, only Direct Numerical Simulation calculates the flow without resorting to a
numerical model. It resolves the flow to sufficiently fine detail to capture the motion
of the smallest eddies and the briefest time-scales (Robinson, 2001). The
computational costs of DNS can be roughly estimated based on the analysis of the
physical scales involved in a fluid flow, using the concept of Kolmogorov

microscales. Kolmogorov microscales are the smallest scales in turbulent flows.

They are defined by
3314
Kolmogorov length scale 1 = [V—] (3.1)
g
Kolmogorov time scale T = LE-] (3.2)
.ll::
Kolmogorov velocity scale u, = (va}l " (3:3)

where £ is the average rate of energy dissipation per unit mass and v is the
kinematic viscosity of the fluid. In a DNS, all the spatial scales, ranging from the
smallest dissipative scales (Kolmogorov microscales) to the integral scale of the flow
are associated with the motions containing most of the kinetic energy and need to be
resolved directly in the computational mesh. To illustrate the number of mesh points
requirements of DNS, we consider an integral scale I. and number of discretized
points N along a given mesh direction with uniform increments A, where the
resolution has to satisfy NA > L so that the integral scale is contained within the

computational domain. In the meantime, h<n needs to be satisfied so that the

smallest dissipative scales can be resolved. Since & ~u"™ /L, where ' is the root

mean square (rms) of the wvelocity, the previous relations imply that a three-

dimensional DNS requires a number of mesh points N* satisfving N* = Re”"*, where
Re = L] is the turbulent Revnolds number. Therefore, the requirement for
Vv

computing resources including CPU and memery storage requirement in a DINS
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grows very fast with the Revnolds number due to a significant increase in the
required number of mesh points (liang and Lai, 2009). As a result, using DNS to
solve turbulent flows is too computationally expensive to simulate directly in
practical engineering calculations. DNS is currently feasible for very simple
geometries (pipes, channels) at moderate Reynolds numbers or complex geometries
with low Reyneolds number flows (Re~ 10%). In ground vehicle flow the Reynolds
number is typically between Re= 10°-10° and DNS cannot be used to calculate the
flow at road going speeds (Robinson, 2001). Instead, the instantaneous (exact)
governing equations can be time-averaged, ensemble-averaged, or otherwise
manipulated to remove the small scales. resulting in a modified set of equations that
are computationally less expensive to solve. However, the modified equations
contain additional unknown variables, and turbulence models are needed to
determine these variables in terms of known quantities. It is an unfortunate fact that
no single turbulence model is universally accepted as being superior for all classes of
problems. The choice of turbulence model depend on considerations such as the
physics encompassed in the flow, the established practice for a specific class of
problem, the level of accuracy required, the available computational resources, and
the amount of time available for the simulation (Fluent User's Guide, 2006).

The complex unsteady turbulent flow characterized by eddies with a wide
range of length and time scales on the slant back of the Ahmed body leads to high
fluctuation intensities which are very difficult to predict, The largest eddies are
typically comparable in size to the characteristic length of the mean flow, The
smallest scales are responsible for the dissipation of turbulent kinetic energy.
Basically, in LES, large eddies are resolved directly, while small eddies are modeled.
One arca of application for LES is the wake behind a three-dimensional bluff body.
The physics of such a wake is not possible to predict with RANS methods because of
the unsteady nature of wakes. These unsteadiness can easily be captured using the
LES technique (Krajnovic and Davidson, 2000).

In the present study, the Large Eddy Simulation (LES) method has been used
to investigate turbulent flow around the Ahmed body having 25° slant angle with the
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aid of FLUENT package program. Details of the Large Eddy Simulation (LES)

method emploved in this study are given in Section 3.3.2.
3.3.1. Numerical Setup and Computational Geometry

In this study, a % scaled geometry of Ahmed vehicle model was employed.
The geometry of the computational domain is given in Figure 3.10. All the geometric
quantities which are normalized with the body height, H=0.072 m., are as follow.
The size of the computational domain in terms of body height is 29Hx5H=SH. The
values of the geometric quantities are L.fHI = 3.625, Lg/H=0.771, W/H =1.347, The
radius of the front face is R/H =0.347. The channel cross section is B x F =5H x 5H
(width x height). The Ahmed body is located in the channel such that the upstream
length between its front face and inlet of the channel is 7.25H and the downstream
length between the rear face and outlet of the channel is 18.125H. The ground
clearance between the body and floor is ¢/H=0.174. The Reyvnolds number, based

Figure 3.10. Representation of the computational domain with the Ahmed body

on the incoming velocity U=0.207 m/s and the body height H=0.072 m, is Rey
=1.5x10" corresponding to the Reynolds number employed in the PIV experimental
studies.

Krajnovic and Davidson (2004) stated that providing the optimal structured
mesh for the detailed passenger car would .bc quite a challenge. Our approach while

constructing mesh was to concentrate most of the cells in the region around the
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Ahmed body. Computational grid was contained 63573867 nodes. In Figure 3.11,
structure of the computational mesh employed around the Ahmed body in view of

vertical symmetry plane, z/H=() is presented.

Figure 3.11. The structure of the computational mesh employed around the Ahmed
body in view of symmetry plane, z/H=0

3.3.1.1. Spatial and Temporal Resolution

Flow around the ground vehicle is wall-bounded, meaning that the coherent
motions in the boundary layer are responsible for the maintenance of turbulence.
Krajnovic and Davidson (2004) indicated that unlike channel or the flat plate flows,
flows around bluff bedies contain a number of separating regions with large coherent
structures that contain much more turbulent energy than the near-wall structures. In
the regions of the separated flow behind the ground vehicle, transport of momentum
is dominated by large recirculating motions of the flow and the influence of the small
near wall structures is limited. Thus the structures that must be resolved in this region
are the smallest “large™ (recirculating) structures. They concluded that, although the
influence of the geometry on the flow characteristics is much larger than that of the
upstream history of the flow in the case of ground wvehicles, their effects cannot be
neglected. Therefore the flow through the near wall region should be tried to predict
as good as possible. On the other hand, the near wall coherent structures decrease in
size with the Reynolds number and the task of resolving these structures is
overwhelming.

For simulations of near-wall flows using LES with near-wall modelling, an

important parameter is the wall unit, which is defined as
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I (3.4)

where the friction veloeity is defined as u, =4, /p with 7, standing for the wall
shear stress and p for the fluid density, v for the distance to the nearest wall, and v
for the kinematic viscosity of the fluid {molecular viscosity). In LES, both the
accuracy of the numerical scheme and the mesh size are of importance to the
accuracy of the results. For a given numerical scheme, the mesh size used in a
practical simulation is the major factor determining the accuracy of the resulis. In
LES of near-wall flows, the guality of the results ca'ﬁ exhibit a dependcnce-en the
size of mesh.

For the characterization of the mean flow field. a characteristic mean velocity
/., a characterizing length L. and a time scale ¢, should be introduced. In this study,
L. is taken as the length of the Ahmed body, U is taken as the free stream velocity of
the flow field and for the characteristic time f. = L U, ratio is used. Smallest
dissipative micro-scales or Kolmogorov scales are given in the introduction part of
this section. The length, velocity and time scales introduced by Kolmogorov are
determined in such a way that they characterize that part of the spectrum of the
turbulent wvelocity fluctuations in which the energy production of the turbulent
vortices is equal to the dissipation. The characteristic turbulent eddy quantities,
determined by Kolmogorov's scales of turbulence, are those that represent the
viscous effects which damp the turbulent velocity fluctuations. These smallest eddies
are assumed to convert the kinetic energy of turbulence into heat. The Reynolds

number resulting on the basis of the micro-length scale and micro-velocity scale is,

A i :
Re, =Yk’ 1. Another flow scales characterizing the smallest vortices of a

v
turbulent flow can be given as the Taylor micro-scale. Taylor micro-scale defines an
eddy size which is located between the smallest viscous eddies and the large eddies
having quantities of the dimension of the geometric extension of the mean flow.

Schematic presentation of different scales mentioned above is illustrated in Figure

3.12 (Durst, 2008).
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In order to characterize the complex nature of turbulent flows, the following

Reynolds numbers are employed.

.l 0
Re,=—f% =1, Re, =—¢£
K y K y
')
R6K=LJ"=R6
v

(3.5)

(3.6)

Additonally, for the relationships of the characteristic length scales, the following

expression also considered.
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Figure 3.12. Length scales of turbul
dissipation (Durst, 2008)

The above derivations indicate

| Large length scales
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£

the differences in the structure of trbulent

flows at small and high Reynolds numbers. For flows with the same integral

dimensions, the flow at a large Reynolds number proves to be “micro-structured”,

whereas for the small Reynolds number the flow appears “macro-structured”. The

Taylor length scale proves always to be larger than the Kolmogorov micro length

scale and the difference between them becomes larper with increasing Reynolds
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number. From the above relationships, one can compute [, /[, =Re'*. For a

Reynolds number of approximately Re = 10%, Ir is approximately 10 times larger than
I These relationships are often emploved when considering turbulent flows, in order
to carry out order of magnitude considerations regarding the characteristic properties
of turbulence (Durst, 2008).

Fares (2006) summarized all relevant length and time scales associated with
the flow over a vehicle, Accordingly, in the case of ground vehicles, there are several
geometrical and turbulent length scales. For the flow around Ahmed vehicle model,
there are mainly two geometrical length scales, the length [ and the height H. The
Revnolds number based on the length of the body can be crudely considered the
determining parameter for the boundary layer around the vehicle whereas Reynolds
number based on the height of the body describes the unsteady separation at the rear
of the vehicle. In this study body height is considered to be the relevant flow feature.
Similarly, he treated the flow in the underbody region as a channel flow with the
determining characteristic integral length as the ground clearance, g. The flow over
the cylinder tvpe stilts are characterized accordingly by the diameter, d. He also
referred flow dependent turbulent length scales as follow. Turbulent boundary layer
thickness at the end of the vehicle is estimated using the 1/7th wall law 8/1 = 0.37Re;

%2 the wall unit v* = 1 as a measure for the viscous boundary sublayer at the end of

the vehicle v, /I~5.9Re;", the Taylor microscale associated with the integral

motions in the wake estimated similar to Ay/H = S,SReH'C"S and the Kolmogorov
length scale describing the smallest turbulent scales of the wake ny/H = 1.2Rey™ ™.
Table 4.1 summarizes the length scales revealed in the present simulation,

Davidson (2011) indicated that large scale eddies extract kinetic energy from
the mean flow. The kinetic energy of the large scales is lost to slightly smaller scales
with which the large scales interact. Through the cascade process the kinetic energy
is in this way transferred from the larpest scale to the smallest scales. At the smallest
scales the frictional forces (viscous stresses) become large and the kinetic energy is

transformed (dissipated) into thermal energy. The smallest scales where dissipation

occurs are called the Kolmogorov scales. It is often convenient to use Fourier series
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to analyze turbulence. The spectrum of kinetic energy of turbulent flow is illustrated
in Figure 3.13. Davidson (2011) have made following explanations for regibns L1l
and III in Figure 3.13.

I. In region I: the large eddies exist and they carry most of the energy. These eddies
interact with the mean flow and extract energy from the mean flow. The energy of
the largest eddies is transferred to slightly smaller scales. In this region, velocity and
length scales of eddies are denoted by U, and L., respectively.

I1. Inertial subrange: The existence of this region requires that the Reynolds number
is high (fully turbulent flow). This region is a “transport region” (in wavenumber
space i.e.) in the cascade process. Energy per time unit, P* = ¢, is coming from the
large eddies at the lower part of this range and is given off to the dissipation range at
the higher part (note that the relation P* = ¢ is given by the concept of the cascade

process}. One can argue that the eddies in this region

ITT=dissipating range

"
Figure 3.13. Spectrum for turbulent kinetic energy, k. I: Range for the large, energy
containing eddies. II: the inertial subrange. III: Range for small,
isotropic scales (Davidson, 2011)
should be characterized by the spectral transfer of energy (g) and the size of the
eddies 1/x. By using dimensional analysis. we get E(x) = const.e** ", This is a
very important law (Kolmogorov spectrum law or the -3/3 law) which states that, if

the flow is fully turbulent (high Reynolds number), the energy spectra should exhibit
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a —5/3-decay in the inertial region. Above it is assumed that the small eddies are
isofropic. In the inertial subrange region, it is found that the ratio of the velocity,
length and time scales of the energy-containing eddies to the Kolmogorov eddies
increases with increasing Reynolds number. This means that the eddy range (wave
number range) of the intermediate region, (region II, the inertial region), increases
with increasing Reynolds number. Hence, the larger the Reynolds number, the larger
the wave number range of the intermediate range where the eddies are independent
of both the large scales and the viscosity.

[1I. Dissipation range: In this region eddies are small and isotropic and dissipation
occurs. The scales of the eddies formed in this region are described by the

Kolmogorov scales.

Pope (2000) suggests that a grid that can resolve 80 % of the turbulent energy
everywhere in the domain including the viscous wall region is needed for [LES with
wall resolution. On the other hand, Davidson (2009) presented that the energy
spectra is not a good measure of LES resolution; neither is the ratio of the resolved
turbulent kinetic energy to the total one (i.e. resolved plus modelled turbulent kinetic
energy). He suggested that two-point correlations are the best measures for
estimating LES resolution.

The smallest timescale associated with turbulence can be approximated based
on the Kolmogorov timescale Aty ~ {I—Lf’U}R-:..[“':F 5, where Rey represents the Revnolds
number based on the characteristic velocity U and the characteristic length, H (Fares,
2006). The corresponding maximum timestep size in this study associated with
Kolmogorov timescale is 2.86x107 second. The time step emploved in this sudy was
1x10 second. Numerical time steps in LES are short to retain accuracy. The short
time steps lead to large number of time steps for resolving the low frequency events
and the time averaging. Krajnovic and Davidson (2004) indicated that the number of
time steps required for resolving the low frequency events is larger than that needed
for obtaining of the time-averaged results. They used the symmetry of the flow
arpund the symmetry plane as an indication for the proof of long enough averaging

time. This approach was adopted in the present study.,
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3.3.1.2. Boundary and Initial Conditions

In this work, a uniform velocity profile constant in time, Uy = 0.207 m/s with
a zero turbulence rate, was used as the inlet boundary condition. The level of
turbulence at the inflow boundaries is assumed to be negligible. Therefore,
fluctuating velocity components of the flow at the inlet boundaries are neglected and
individual instantaneous velocity components are simply set equal to their mean
velocity counterparts. At the outlet, where the diffusion fluxes for all flow variables
in the exit direction are zero, outflow boundary condition was emploved. Walls of
the ground vehicle and lateral and bottom (ground) walls of the channel were treated
as no-slip surfaces. Upper surface of the channel were treated as symmetry boundary
condition.

Krajnovic and Davidson (2004) stated that the results of LES are dependent
on the time where it is started to monitor results. The initial fully developed flow is

often computed from a previous solution of RANS simulation as did in the present

study.
3.3.1.3. Reynolds number dependence

Krajnovic and Davidson (2004} presented two main findings for the flow
around ground vehicles. First findings can be stated as the geometry of the model
rather than the upstream flow defines the structure of flow in the wake and second
one can be stated as the magnitude of the Reynolds number is less important for the
recirculating flow in the wake than for the boundary layer. According to these
evaluations, we have attempted to reduce the Reynolds number in the present LES to
obtain a flow similar to that obtained in the experiments conducted at higher
Reynolds number. Additionally, reducing the Reynolds number makes it easier to
resolve coherent structures exist around ground vehicle. Furthermore, Rodi et al
(1997) presented results from the simulations of flow around the cube with ground
effect at two different Reynolds numbers, 3000 and 40000, based on the incoming

velocity and cube height. They found a great similarity in the results for these two
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flows. Time-averaged coherent structures had almost identical shapes and sizes in the
two flows. Thus it seems likely that the qualitative knowledge about the flow around
a three dimensional bluff bodies (such as a car) can be extracted from the flow at

lower Reynolds number (Krajnovic and Davidson, 2002).
3.3.2. Large Eddy Simulation

In a highly turbulent flow it is possible to categorize the eddies into two
classes with distinct characteristics. Firstly, there are the large eddies which contain
most of the energy, interact with the mean flow, are diffusive, anisotropic, long-
lived, inhomogeneous, ordered, dependent on boundaries and difficult to model
analytically. Secondly, there are small eddies which are dissipative, 1sotropic, short-
lived, homogeneous, random and lend themselves to theoretical modelling. The
structure of the small eddies is to a large extent independent of the particular
geometry at hand, and largely universal. Therefore there is some hope of obtaining a
universal model for the small eddies, but this matter is still not completely settled
(Wesseling, 2001). A reasonable approach would therefore be to calculate only the
large eddies in the flow and to model the effects of the small eddies in order to
diminish the demands put on computer resources. This method is known as Large
Eddy Simulation (LES).

In Large Eddy Simulation (LES) method, large eddies are explicitly
computed (resolved) in a time-dependent simulation using the “filtered” Navier-
Stokes equations. The rationale behind LES is that by modeling less of turbulence
{and resolving more), the error introduced by turbulence modeling can be reduced. It
is also believed to be easier to find a “universal” model for the small scales, since
they tend to be more isotropic and less affected by the macroscopic features like
boundary conditions, than the large eddies. Filtering procedure of governing equation
is essentially a mathematical manipulation of the exact Navier-Stokes equations to
remove the eddies that are smaller than the size of the filter, which is usually taken as

the mesh size when spatial filtering is employed. Like Reynolds-averaging, the
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filtering process creates additional unknown terms that must be modeled to achieve

closure (Fluent User's Guide, 2006).

There are two major steps involved in the LES analysis: filtering and subgrid
scale modeling. Traditionally, filtering is camried out using the box function,
Gaussian function, or Fourier cuteff function. Subgrid modeling includes eddy
viscosity model, structure function model, dynamic model, scale similarity model,

and mixed model, among others (Chung, 2002).

3.3.2.1. Filtered Navier-Stokes Equations

The governing equations empleyed for LES are obtained by fillering the time-
dependent Navier-Stokes equations. The filtering process effectively filters out the
eddies whose scales are smaller than the filter width or grid spacing used in the
computations. The resulting equations thus govern the dynamics of large eddies, A
filtered variable (denoted by an overbar) is defined by

P(x) = [(x)G(x. x)dx’ (3.12)
T

where [ is the fluid domain, and G is the filter function that determines the scale of

the resolved eddies.
The finite-volume discretization itself implicitly provides the filtering

operation:

5(X]=-f;f¢(ﬂdf, x'eV (3.13)

where V is the volume of a computational cell. The filter function, G(x,x") implied

here is then
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1/V forx eV
0 otherwise

G(x,x") = (3.14)

Filtering the incompressible continuity and Navier-Stokes equations, one obtains

L (3.15)
éx,
and
™ - ™ 2, Br,
E+_?_ i J)__l@_pu S . Py (3.16)
ar  éx, pox,  oxdx, dx,
where t; is the subgrid-scale stress defined by
T, =puu, —pu;u; (3.17)

3.3.2.2. Subgrid-Scale Models

The subgrid-scale stresses resulting from the filtering operation are unknown,
and require modeling. The majority of subgrid-scale models in use today are eddy

viscosity models of the following form:

! —
T =3 Tudy =25, (3.18)

ii A

where p, is the subgrid-scale turbulent viscosity, The isotropic part of the subgrid-
scale stresses T, is not modeled, but added to the filtered static pressure term and i
is the rate-of-strain tensor for the resolved scale defined by
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L] +%] (3.19)
In the present study, the Smagorinsky-Lilly model is employed for the

calculation of p, .

3.3.2.2(1) Smagorinsky-Lillv Model

This simple model was first proposed by Smagorinsky (1963). In this model,
the eddy viscosity is modelled by

pyo=pld

S (3.20)

where L; is the mixing length for subgrid scales and |§| = 1"2.@,-51-,- . L is computed
using

Le=min{ x d,C,V'") (3.21)

where x = 0.42, d is the distance to the closest wall, and V is the volume of the

computational cell. The value of C:=0.1 is used in the simulations.

3.3.3. Numerical Implementation

In the present study, governing integral equations for the conservation of
mass and momentum were discretized using finite control volume method.
Continuity and momentum equations in integral form can be given as follows,

respectivelv:
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&, .
Eld? +£Lﬂa:f4, -0 (3.22)
—_[pD v +[pUU, m:-jm& _[r dF, +jpg v~y F, (3.23)
" FIRY: " r t_.'(_.l l‘_Y_’H'—J ——
I 1 I v v VI

Physical meanings of terms in Equation (3.23) are stated as follow:

I: Temporal change of the j momentum in the interior of a control volume.

I1: Sum of inflows and outflows of flow momentum per unit time in the direction ;
summed up over the entire surface surrounding the considered control volume. The
momentum over i = 1, 2, 3 represents this.

I1I: Resulting pressure force in the direction j, obtained by integration over the entire
j components of the surface elements surrounding the considered control volume.

IV: Sum of the j; momentum inflows and outflows occurring per unit time by
molecular momentum transport over the entire surface of the control volume. The
double index i expresses the summation over 1, 2, 3.

V: The j component of the mass force acting on the control volume.

VI: Sum of all external (not fluid mechanically induced) forces acting in the j
direction on the boundaries of the contrel volume (Durst, 2008).

Finite volume method consists of: §) Division of the domain into discrete
control volumes using a computational grid, i) Integration of the governing
equations on the individual control volumes to construct algebraic equations for the
discrete dependent variables such as velocities, pressure, and conserved scalars, iii)
Linearization of the discretized equations and solution of the resultant linear equation
system to yield updated values of the dependent variables (Fluent User's Guide,
2006).

The numerical method employed to linearize and solve the discretized
governing integral equations was rely on the pressure-based segregated algorithm. In
this algorithm the momentum and continuity equations are solved sequentially
wherein the constraint of mass conservation (continuity) of the velocity field is

achieved by solving a pressure correction equation. The pressure equation is derived
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from the continuity and the momentum equations in such a way that the velocity
field, corrected by the pressure, satisfies the continuity. The SIMPLEC (Semi-
Implicit Method for Pressure-Linked Equations-Consistent) algorithm was used for
introducing pressure into the continuity equation. In simulations, a co-located
scheme was used, whereby pressure and velocity are both stored at cell centres.
PRESTO (PREssure STaggering Option) pressure interpolation scheme was used to
compute required face values of pressure from the cell values. In simulations, face
values of scalars required for the convection terms in the discretized governing
equation were interpolated from the discrete values of the scalar stored at the cell
centers. This was accomplished by using a Bounded Central Differencing Scheme.
The gradients of the flow variables at cell faces are computed by using node based
Green-Gauss theorem, when discreatizing secondary diffusion terms and velocity
derivatives in the flow conservation equations. The time derivative was discretized
using the second-order discretization implicitly. A point implicit {Gauss-Seidel)
linear equation solver was used in conjunction with an Algebraic Multigrid (AMG)
method to solve the resultant scalar svstem of equations for the dependent variable in

each cell.
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4. RESULTS AND DISCUSSIONS

In this study, flow around the Ahmed body (Ahmed et al., 1984) having 25"
slant angle was analyzed using both experimental and numerical methods which are
particle image velocimetry (PIV) and Large Eddy Simulation (LES) methods,
respectively. The numerical simulations were run on 8 number 2.8 GHz Xeon CPU
workstation under Windows 7. Experimental measurements were conducted in a
recirculating, open surface water channel located in the Cukurova University Fluid
Mechanics Laboratory.

This section presents comparison of the mean and turbulent quantities of the
present LES calculation results and PIV measurement results with some open
literature data at different locations over the slant, in the wake and at the front part of
the Ahmed body. The Revnolds number based on the body heights, H and the free
stream velocitv, U was about Rey=1.48x10". Experimental and numerical
investigations were performed at several vertical, horizontal and cross planes at the
rear and front part of the body which were selected to highlight the aerodynamic
characteristics of the model. These PIV measurements were; at z/H=0, 0.34, -0.34 in
the vertical planes (side-view planes, xy-planes); at elevations of y/H=0, 0.07, 0.14,
0.35, 0.67, 0.78, 0.89 and 1.00 in the horizontal planes (plan-view planes, xz-planes);
at x/H=-0.70, -0.56, -0.42, -0.28, -0.14, 0, 0.21, 0.28, 0.35, 0.70, 1.04, 1.39, 1.74,
2.08 and 2.43 locations in the cross planes (end-view planes, yz-planes). Figure 4.1
shows the PTV measurement planes. In addition to the PIV measurements, numerical
solution of the flow with the aid of Large Eddy Simulation (LES) method were also
carried out and numerical results corresponding to the experimental measurement
planes were presented. The PIV and LES results provided instantaneous and time
averaged velocity wvector maps, vorticity contours, streamline topology and
turbulence characteristics of the flow. Most of the features of the flow around the
generic Ahmed body were predicted, such as the formation of trailing vortices,
separation and circulatory flows.

Various visualization techniques (Krajnovic and Davidson, 2000) were used

throughout the study. These are: 1- streamlines 2- vorticity contours, 3- velocity
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4. RESULTS AND DISCUSSIONS

Figure 4.1. PIV measurement planes
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vectors. 4- contours of pressure coefficient and surface pressure, 5- iso-surfaces of

second invariant of the velocity gradient, Q defined as

i al_ill a;.
2, o &

and 6- trace lines.

Streamlines are used to visuvalize separations and re-attachments in the mean
in front of, on the top of, at the lateral sides and behind the Ahmed body. Velocity
vector planes and iso-surfaces of second invariant of the velocity gradient are used in
identifving the coherent structures. Contours of pressure coefficient are also useful in
visualizing large-scale coherent structures.

Since the formulation of the governing equations is fully implicit, there is no
stability criterion that needs to be met in determining time step, At. However, 1o
model transient phenomena properly, it is necessary to set At accordingly. A good
way to judge the choice of At is to observe the number of iterations needed by the
solver to converge at each time step. The ideal number of iterations per time step is
5-10 (Fluent User's Guide, 2006). In this study, number of iterations needed by the
solver to converge at each time step was between 8-10 and time step was 1x107
second. On the other hand, as explained in section 3, the smallest timescale
associated with turbulence can be approximated based on the Kolmogorov timescale
Ate~(H/U)Rey ™, where Rey represents the Reynolds number based on the
characteristic velocity U and the characteristic length, H (Fares, 2006). The
corresponding maximum fime-step size in this study associated with Kolmogorov
timescale is 2.86x107 second. The time step employed in this study was 1x107
second. Additionally, to check the convenience of time step, contours of the cell
Courant number on the model is plotted in Figure 4.2. In this figure, maximum value
of cell Courant number is about 3. According to the Fluent User's Guide (2006), for a

stable, efficient calculation, the Courant number should not exceed a value of 20-40
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in most sensitive transient regions of the domain. Therefore time step size used
throughout the simulation can be considered as suitable.

Krajnovic and Davidson (2004) stated that time used for the averaging of the
solution must be sufficiently long to produce the mean solution that is not a function
of time. This can be a problem in LES where the size of the time step in the
simulations is limited by the stability requirements and the resolution in time. They
recommended to use some kind of test to find out if the averaging time was sufficient
in the simulations. In their studies, they used the symmetry of the flow around a
symmetry plane (z/H=0 plane) as a proof of long enough averaging time. The
averaging time, tU,/H, in our simulation was 66,13 (185000 time steps). This time
interval is equal the time interval used in our PIV experiments and its much larger

than the one used in the study of Krajnovic and Davidson (2004).

{(a) Front View (b) Back View
Figure 4.2, Contours of the cell Courant number on the Ahmed body

For simulations of near-wall flows using LES with near-wall modelling, an
important parameter is the wall unit, y'. Details and formulations of y* are given in
section 3. In this study, the spatial resolution has a resolution of y'<6.6 in the wall
normal direction as shown in Figure 4.3.

For the characterization of the me.an flow field, all relevant characteristic
length scales associated with the flow over the Ahmed body should be introduced.
According to Fares (2006), in the case of ground wehicles, there are several
geometrical and turbulent length scales. For the flow around Ahmed body, there are

mainly two geometrical length scales, the length (L) and the height (H). Similarly, he
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treated the flow in the under-body region as a channel flow with the determining

characteristic integral length as the ground clearance (g). The flow over the evlinder
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(a) Front View (b) Back View
Figure 4.3. Contours of the dimensionless wall unit (y")values on the Ahmed body

type stilts are characterized accordingly by the diameter (d). He also referred flow
dependent turbulent length scales as follow. The wall unit v = 1 as a measure for the
viscous boundary sublayer, the Taylor microscale associated with the integral
motions in the wake and the Kolmogorov length scale describing the smallest
turbulent scales of the wake. In Table 4.1, relevant length scales of this simulation
are summarized. In the present study, approximate maximum and minimum cell

distance normalized with body height are 3.30x10™" and 9.14x10™, respectively.

Table 4.1. Selected approximate length scales of the simulation compared to the
body height, H.
IH g.-"[ 1 d'H ?LH."'H Mn H."'H

3.625 0.174 0.104 4.52x107 | 893x107

For bluff’ bodies drag is mainly caused by pressure drag in contrast to
streamlined bodies. According to the Ahmed et al. (1984), in some wehicle
configurations, more than 75% of the pressure drag is due solely to the averaged

force applied on the rear part of the model while only 9% is due to the force
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(a) Front View (b) Back View

Figure 4.4. Contours of values of the subgrid-scale filter length of cells on the wall of
the Ahmed body

applied on the fore-body. Clearly, a more exact simulation of the wake flow and of
the separation process is essential for the accuracy of drag predictions. Therefore, in
this study, we have mainly emphasized on the investigation of the flow
characteristics at back of the ground vehicle model. With this in mind, comparison of
our LES results and the experimental data for the flow around the rear part of the
body is essential.

The number of investigations conducting on the flow characteristics at the
front of the Ahmed body is relatively low by comparing the number of investigations
conducting on the flow characteristics at the rear and wake of the Ahmed body.
Ahmed et al. (1984) who conducted pioneer work on the Ahmed body stated that the
interference between the rear end and the fore body flow is weak. They also declared
that this could be a consequence of the relatively long midsection of Ahmed body,
This statement of Ahmed et al. (1984) may be given as reason for the low number of
studies conducted on the front of the Ahmed body in the previous literature. Four
descriptions of the front part of the flow are given by Spohn and Gillieron (2002),
Krajnovic and Davidson (2003), Franck and d’Elia (2004) and Minguez et al. (2008).
Experimental study of Spohn and Gillieron (2002} and numerical study of Krajnovic
and Davidson (2005) at lower Reynolds number (Re=8.3x10° and Re=2x10",
respectively) and numerical studies of Franck Franck and d’Elia (2004) and Minguez
et al. (2008) at higher Reynolds number (Re =4.25x10% Re =?.ﬁﬂx][]5} have
recovered these recirculations on the front part of the body. They also observed

70



4. RESULTS AND DISCUSSIONS Tural TUNAY

similar recirculation regions on the lateral sides of the front part. Spohn and Gillieron
(2002) investigated the flow at a Reynolds number of 8.3x1 0, based on the inmming
velocity and the height of the body, which is close to the Reynolds number emploved
in our study. They found that the flow separates at the leading edge, forming vortical
structures similar to Kelvin-Helmholtz vortices with their axes parallel to the
separation line on the leading edge of the front of the body. Numerical study of
Krajnovic and Davidson (2005), which is conducted at a Reynolds number of 2x10°,
shown that the instantaneous vortices formed on the upper front surface of the
Ahmed body are more of the hairpin-like type. Instantaneous vortices they found do
not extend between the two foci as found in the study of Spohn and Gillieron (2002).
Franck and d’Elia (2004) observed that there are detachments on the curved surfaces
at the front part as well as on the intersection between front and top middle surfaces.
In their observation, the transversal Kelvin-Helmholtz vortices are convected
downstream from the front side and converted into the hairpin vortices. On the other
hand, in the work of Minguez et al. (2008), flow separations and then reattachments
on the leading edge of the body front were observed. Minguez et al. (2008) stated
that occurrence of thin bubble on the front part of the body at Re=768000 remains an
open question and may be artifact of the numerical computations. They also
emphasized on the fact that most of the studies conducted on the investigation of
flow through the Ahmed body only focus on the slant part and on the near wake of
the bluff body and consequently do not provide any available data for the upstream
flow. Therefore, to identify the structure and formation mechanism of recirculation
region at the front of the body, detailed discussion of the present numerical and

experimental results at the front of the body is also performed.
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4.1. TIME-AVERAGED VELOCITY FIELD
4.1.1. Flow Structures at the Front Part of the Ahmed Body

Time-averaged velocity vectors map <V>, the patterns of streamlines <y>
and the corresponding vorticity contours <m> at the front part of the Ahmed body in
the vertical plane for z/H=0 are presented in Figure 4.1.1. In the figures, minimum
and incremental values of the vorticity contours are <@g, =+257 and <Aw>=2s".
Contours of positive and negative vorticity are indicated by solid and dashed lines. In
this work, focus, saddle points, node, negative and positive bifurcation lines are
designated as F, SP, N and NBL and PBL respectively. "S" and "U" notations used in
front of the focus and node representations also means "stable" and "unstable"
respectively. In velocity vectors maps <V> shown in Figure 4.1.1, the magnitude of
velocity vectors can be observed to have decreased gradually as the free-stream flow
approaches to the model, hence a stagnation point appears almost at the central point
of the model in both numerical and experimental results. Additionally, division of
approaching flow into two main flow streams in which one part of the flow is
oriented towards the bottom surface and the other part towards the roof surface of the
model is evidenced in the time-averaged patterns of streamlines as the free-stream
flow get close to the front surface of the model. The division of the flow starts from
the half-saddle point of attachment, S is indicated by a small arrow in Figure 4.1.1,
and located on the upstream surface of the model.

The upper part of the flow is separated after the rounded part of the front face,
thereby a separated flow region is formed. Distance of the separation point from the
frontal leading edge on the upper surface of the body is founded to be x/H=0.167 in
numerical computations and x/H=0.108 in experimental measurements. Dimensions
of the separated flow region estimated by numerical investigation are much larger
than the ones measured in the experimental investigations. The differences in
dimensions of the separated flow region on the roof surface of the model obtained by
the experimental measurements are resulted from the insufficient laser sheet, which

is essential for the accurate measurement, due to the thick Plexiglas material used to
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Figure 4.1.1. Patterns of time-averaged velocity vectors map <V=>, streamlines <>
and vorticity contours <> in the vertical symmetry plane z'H=0.
Minimum and incremental values of vorticity are <m__>==+2s" and
A<w>=2s", respectively
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construct model vehicle. In the experimental measurements, patterns of streamlines
along the vertical symumetry plane indicate an unstable node occurning on the roof
surface of the model at a distance x/H=0.274 from the frontal leading edge of the
body. Similar unstable node is observed on the roof surface of the body in the
numerical computations, but its location is at a distance of x/H=1.316 away from the
frontal leading edge of the body. Its dimensions are somewhat larger than the one in
experimental measurements as shown in Figure 4.1.9. However, the leading—edge
shear laver reattach to the model roof surface at a point x/H=1.815 and 0.426 away
from the frontal leading edge in numerical investigations and experimental
measurements, respectively. Similar separated flow structures experimentally at a
Reynolds number of 8x10” based on the height of the model were reported by Spchn
and Gillieron (2002). Although there are very limited number of experimental
investigations on the characteristics of the {low around the front part of the Ahmed
body, it is reasonable to expect that the separation region at the front part of the
model becomes thinner as the Reynolds number is increased. Krajnovic and
Davidson (2004) state that character of the flow (i.e. attached or detached) around the
front part of the body depends on the Reynolds number and the curvature of the front
of the body. Normally the lower the Reynolds number, the rounder leading edge is
needed to prevent the separation. In our study, while the curvature of the front of the
body is the same with the one employed in the study of Krajnovic and Davidson
(2004), Reynolds number employed is around 13 times lower than the Reynolds
number employed in their study. Large separation region estimated in our numerical
investigation on the roof surface of the model also correspond to the findings of
Krajnovic and Davidson (2004).

Figure 4.1.2 presents the patterns of time-averaged streamlines <w> cbtained
by numerical calculations in the horizontal xz-plane for y/H=-0.17, y/H=-0.09,
y/H=0, v/H=0.35, v/H=0.67, v/H=0.78, y/H=0.89 and y/H=1.0 . In Figure 4.1.2 (a).
(b) and (c), flow structures under the Ahmed body for horizontal xz-planes y/H=-
0.17, y/H=-0.09, yw/H=0 are shown. Various types of flow structures are observed in
the plane y/H=-0.17. There are two unstable nodes one of which is at the front part of
the body, and the other one is at the back of the body. In addition, there are saddle
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Figure 4.1.2. Patterns of time-averaged streamlines <y obtained from numerical
calculations in the honizontal xz-plane for different positions of y/H
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Figure 4.1.2. Patterns of time-averaged streamlines <y obtained from numerical
calculations in the horizontal xz-plane for different positions of y/H

(Continued)
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part of the body, and the other one is at the back of the body. In addition. there are
saddle points just at the front of these unstable nodes. As shown in figures, the model
stands on stilts. Flow structures formed around these stilts are similar to the flow
structures formed around cvlinder. Similarly, there is one saddle point at the front of
the stilt and a recirculation region at the back of the stilt. This flow situation is valid
for all stilts of the model. Flow coming from upstream shows vortex structure similar
to the horse shoe vortex just at the front region of the model. Horse shoe type vortex
structures at the front of the model can also be observed with the aid of iso-surfaces
of second invariant of the velocity gradient presented in Figure 4.2.10. Stable focus
and saddle point pairs are also observed at each lateral side of the body,
symmetrically, on the bottom surface of the near wake region of the body. As the
observation level increases under the body, complex flow structures seen on the
bottom surface become to disappear. Upstream flow coming at the front part of the
body spread out towards the lateral side of the body as a result of separations
occurred around the stilts. Additionally, on each lateral side of the body, separated
flow regions are observed as shown in Figures 4.1.2 (d). (e) and (f). Length of the
separated flow region observed on the lateral sides of the body decreases as the
observation level increases. In Figures 4.1.2 (g) and (h), this separated flow regions
observed on the lateral surfaces disappear, and complex flow structures are observed
on the upper surface of the body.

Figures 4.1.3 to 4.1.6 display the patterns of time-averaged velocity vectors
map <V>=>, streamlines <> and the corresponding vorticity contours <o> obtained
by numerical computations in the transversal vz planes for x/H=-3.63, x/H=-3.53,
x/H=-3.28, x/H=-2.93, x/H=-2.58, x/H=-2.24, x/H=-1.54, x/H=-0.85. In Figure 4.1.3,
one unstable node which is almost at the center of the vertical front face of the model
vehicle and four positive hifurcation lines which move from the center of the vertical
front face to the comers of the body are observed. In the velocity vectors map, we
can detect that the velocity of the flow becomes minimum at the region about the
unstable node and half stagnation point. In addition, magnitude of the velocity
vectors increases in the direction of the upper, lower and lateral sides of the body. In

Figure 4.1.3, no separation point is observed on the vertical and rounded
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Figure 4.1.3. Patterns of time-averaged velocity vectors map <V=, sireamlines <y=>
and vorticity contours <o in the transversal yz-planes for x/H=-3.63
and -3.53. Minimum and incremental values of vorticity are
<m,, >=+2s" and A<@>=2s", respectively
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Figure 4.1.4. Patterns of time-averaged velocity vectors map <V>, streamlines <y=>
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part of the front surface of the model vehicle. Front-view figures of the upper, lower
and lateral surfaces starts with Figure 4.1.4. In this figure, there is highly uniform
flow structures at the plane of x/H=-3.28 where the leading edge of the upper, lower
and lateral surface exist. The magnitude of the velocity vectors in the plane is almost
the same and varied uniformly except at the critical points. On the other hand, if we
consider other plane at a downstream x/H=-2.93, we can see that flow becomes very
complex and unstable.

In general, two trailing vortices are formed at each side of the upper lateral
edzes of the body. One of them is on the horizontal (roof) side of the edge and the
other is on the vertical side of the edge. These trailing vortices are first seen on the
transversal plane x/H=-2.93. Trailing vortices, on the upper (roof) surfaces, are
seemed to have disappeared after a distance of x/H=-2.24. Their positions vary with
the condition of the flow as shown in Figures 4.1.4 and 4.1.5. Nodes, N, and Ns.
develop symmetrically in the vicinity of both lateral sides, which means that
upstream flow diverges at this point. Furthermore, incoming flow passing through
the underbody and flow comes from these nodes form free shear layers at the lower
part of both lateral surfaces. Another pair of trailing vortices is also developed
around each lower lateral edge of the body. Due to the small gap between the body
and ground, the size of the vortices on the under-body side is lower than those on the
lateral sides. The right hand side and left hand side vortices on the lower lateral sides
rotate counter-clockwise and clockwise, respectively. The flow at the botiom of the
model vehicle can be considered to be fully three dimensional because of the
complex flow developed. Flow incoming underbody diverges at the saddle point, SP;
and move in both directions of the lateral surfaces of the body. In addition,
throughout the gaps under the model in the stream-wise direction, the flow is
complex and three dimensional. On the upper surface of the model, separated flow
region is also observed in the transversal direction. Boundary of this separated flow
region can also be seen in Figure 4.1.13 presented as a three dimensional view.

Further downstream of the flow, in Figures 4.1.5 and 4.1.6, development of
the flow formed around the Ahmed body are shown in the transversal yz-planes at

distances of x/H=-2.38, x/H=-2.24, x/H=-1.54 and x/H=-0.83 in the flow direction. In
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Figure 4.1.5. Patterns of time-averaged velocity vectors map <V=, streamlines <>
and vorticity contours <m> in the transversal yvz-plane for x/H=-2.58
and -2.24. Minimum and incremental values of vorticity are
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Figure 4.1.6. Patterns of time-averaged vélucit_v vectors map <V=, streamlines <y>
and vorticity contours <@> in the cross yz-planes for x/H=-1.54 and

-0.85. Minimum and incremental values of vorticity are <o ==+2s"
and A<wo>=2s", respectively
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these figures, the domain of the trailing vortices situated on the upper part of the
lateral surfaces becomes lower and they move downward. They are finally combined
with other trailing vortices at the lower part of the lateral surfaces. On the other hand,
the size of vortices at the lower part of the lateral surfaces becomes bigger and bigger
as the flow goes down and reaches its highest value at x/H=-0.85. Flow stream which
comes from the underbody becomes dominant on the lateral surfaces of the model.
Furthermore, span-wise length of the separated flow region on the upper part of the
maodel first enlarges and then shrinks in size after a distance of x’H=-2.58, Similarly,
Spohn and Gillieron (2002) cbserved these vortices in a vertical transversal plane at a
distance of 70 mm (x/H=-2.74) downstream of the frontal face of the Ahmed body.
Vortical structures developed on the upper part of the model seem to have
disappeared at the transversal plane x/H=-0.85.

Time-averaged velocity patterns obtained by using LES computations and
PIV measurements in vertical symmetry plane, z/H=0 at the front face of the Ahmed
body are presented in Figures 4.1.7 and 4.1.8. In the figures, time-averaged
normalized velocity profiles at the front face of the model for pesitions between
wH=-3.889 and x/H=-2.361, where space difference between the two profiles is
Ax/H=0.139, are presented. Here, velocity components are normalized with the free
stream velocity, U. Figure 4.1.7 shows the stream-wise velocity profiles, <u=/U and
Figure 4.1.8 shows the normal velocity profiles, <v>/U. In these figures, all velocity
profiles results of the LES calculation are in good agreement with the PIV
experimental data at almost all positions at the front face of the model except at the
separated flow region occurred on the roof surface. In Figure 4.1.7, the velocity
profiles of the flow coming from upstream start to deteriorate as they approach the
body. The rate of decrease in magnitude of the stream-wise velocity approaching the
model is due to the stagnation point occurred at the front face of the body. Due to
this stagnation point, one part of the flow is oriented towards the bottom surface, and
the other part is oriented towards the roof surface of the model. Stream-wise velocity
results of PIV measurements on the upper surface of the body show negative values
only at x/H=-3.056, which means that PIV can measure the separated flow as a small

region nearly at a position just after the frontal leading edge of the body in the
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Figure 4.1.7. Time-averaged stream-wise velocity, <u>/U profiles in the symmetry plane

#/H=0 on the forward face of the Ahmed body. Numerical results (solid
curve), experimental results (symbols)
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Figure 4.1.8. Time-averaged normal velocity, <v>/U profiles in the symmetry plane

z/H=0 on the forward face of the Ahmed body. Numerical results (solid
curve), experimental results (symbols).
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symmetry plane. The stream-wise velocity results of LES computations on the upper
surface show negative values between x/H=-3.06 and -2.36. This means that LES
computed a larger separated flow region than the PIV measurements on the upper
surface of the body. Because of the jet flow occurring between the ground and the
bottom surface of the model, the magnitude of stream-wise velocity increases in the
lower part of the wake region. The PIV measurements have smaller stream-wise
velocities under the body. Figure 4.1.8 displays the time-averaged normal velocity
profiles of the flow, <v=>/U in the vertical symmetry plane. Rapid changes in velocity
profiles occur at the beginning of the rounded part of the front surface both in the
direction of upper and lower part of the body. The computed velocity, <v=/U profiles
show the striking differences among the measured velocity, <v=/U results in these
region. Positive velocity, <v=/U results in the approaching flow indicate the upsweep
flow. The maximum upsweep velocity is 0.228 and 0.832 times the free-stream
velocity, U for the results of PIV measurements and LES computations, respectively.
The locations of the maximum upsweep velocity are nearly at x/H=-3.33 and
y/H=1.10 for the experimental results and at xH=-3.61 and y/H=0.82 for the
numerical results. Negative velocity, <v>/U results in the approaching flow indicates
the downward flow. The maximum downward velocity is -0.392 and -0.584 times the
free stream velocity, U for the results of PIV measurements and LES computations,
respectively. Locations of the maximum down-sweep velocity in the stream-wise
direction are nearly at the same point in both experimental and numerical results
which is about x/H=-3.61. On the other hand, locations of the maximum down-sweep
velocity in the normal direction are nearly vw/H= 0.104 and 0.177 for the results of
PIV measurements and LES computations, respectively.

Time-averaged velocity vectors map <V>, corresponding streamlines <>,
vorticity contours <e> and pressure coeflicient contours obtained numerically in the
vertical symmetry plane (z'H=(0) through the full-length of the Ahmed body are
presented in Figures 4.1.9 and 4.1.10, respectively. These figures help our
understanding of the {low structures exposed throughout the model. In Figure 4.1.9,
the flow separates and then reattaches after the frontal leading edge of the body. The
distance of the reattachment point to the frontal leading edge is x/H=1.9 which
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Figure 4.1.9. Time-averaged velocity vectors map <V>, streamlines <y and
corresponding vorticity contours <e> in the vertical symmetry plane
z/H=0 through full length of the Ahmed body.
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corresponds to 53% of the model length. Patterns of streamlines, <y> along the
vertical symmetry plane indicates that unstable node, UN occurs on the upper surface
of the model. The distance of the unstable node, UN to the frontal leading edge of the
model is x/H=1.32. In the downstream of the model, separation occurs and two shear
layers are developed, which then interact with each other in the wake region. In
Figure 4.1.10, positive pressure coefficient values are seen only at some part of the
front face of the body and rest of the body exposed to negative pressure coefficient
values, After the large change in mean pressure coefficient gradient exhibited at the
beginning of the rounded part of the front face of the body, one of the lowest
pressure region on the model vehicle body was observed. This region ends nearly at
the frontal leading edge of the body. From this region and further on, positive
changes in pressure gradient is observed around the Ahmed body until reaching the

rear slanted surface of the body.

I' - S - £ S T i
»H

Figure 4.1.10. Time-averaged mean pressure coefficient contours in the vertical

svmmetry plane 2z H=0. Minimum and incremental values of mean

pressure coefiicient are <Cp min>=0.02 and A<C,>=0.02
Time-averaged numerically computed trace lines projected on the front, upper
and lateral sides of the Ahmed body are shown in Figure 4.1.11. On the front face of
the body, flow is directed into upper, lower and lateral sides of the body. These flow
streams are separated by four positive bifurcation lines which start at the stagnation
point and end at the corners of the front face. Highly unsteady flow structures on the
upper and lateral surfaces are observed. The flow separates and then reattaches both

on upper and lateral surfaces of the body. Differently from previcus literature
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conducted at the higher Revnolds number, large flow separation regions observed on
the front part of the Ahmed body in our numerical study may be the results of the
effect imposed by the boundary conditions, i.e. occurrence of first increased flow
velocity on the rounded part of the body and then, after this region, decreased flow
velocity around the frontal leading edge of the body due to the subsequent adverse
pressure gradient and a weak level of turbulence which support the detachment due
to the low Reynolds number.

Negative bifurcation lines presented in Figure 4.1.11 show separation line of
the flow. Separated flow region on the upper surface of the model vehicle is nearly
symmetric about the symmetry axis of the body. Along the downstream of the flow
separation, there are two stable focus, SF; and SF», on each side of the symmetry
axis and further two saddle points, SP; and SP;, exist on the symmetry axis as shown
in Figure 4.1.11. Distances of saddle points, SP; and SP, from the frontal leading
edge of the body are x/H=0.222 and 1.45 respectively. The focus points SF; and SF;
indicating the positions where the origin of two counter rotating longitudinal vortices
linked by transversal vortices similar to Kelvin- Helmholtz vortices are attached to
the surface of the body and they are also shown in Figure 4.2.11. Spohn and
Gillieron (2002) and Krajnovic and Davidson (2005) also identified similar flow
structures. In the study of Krajnovic and Davidson (2005) the flow separates as it
reaches the top, the lateral, and the bottom sides of the body. However, the results of
our study reveal differences from those of Krajnovic and Davidson (2005). For
example, in the present work, flow separates after some distance from the frontal
leading edge of the body and formation of negative bifurcation lines which shows the
separation of the flow is more complex and unsteady. In addition, during the
downstream of the flow separation, the length of the recirculating flow region
observed in our study is much more than the length of the recirculating flow region
observed in the study of Krajnovic and Davidson (2005). There are also positive
bifurcation lines through the downstream of the recirculating flow region. These
positive bifurcation lines ending up with the saddle point, SP,, show reattachment of

the flows on the upper surface of the body.
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Figure 4.1.11. Time-averaged trace lines projected on the surface of the Ahmed
bodv. View of the front, upper and lateral sides of the body

It can be said that nearly the same flow topology occur on the upper and
lateral surfaces of the front part of the body. On the other hand, symmetric flow
structures observed on the lateral surfaces deteriorate due to the ground effect, and
the length of the separated flow region becomes shorter on the lateral sides of the
body. The effects of the ground to the structure of separated flow region are formed
on the lateral sides of the body plays an important role.

There are very complex and unstructured flow structures on the negative
bifurcation line formed on the lateral side of the body. Details of the lower part of the
flow structures found on the negative separation line, NBLy, are shown in Figure
4.1.12(c). At the end of the separated flow region observed on the lateral side, there
are two saddle points, SP; and SPy, and one unstable node, UN;. Distances of saddle
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points, SP; and SPy from the frontal leading edge of the body are x/H=1.0 and (0.892
respectively. The findings of the present study differ from those of Krajnovic and
Davidson {2005) in two important ways. First, the separated flow region on the upper
and lateral surfaces of the Ahmed body does not extends between two sides of the
upper and lateral surfaces in the span-wise direction. The other is that negative
bifurcation lines which show starting point of separated region of the flow are more
tentative and unstable than those found in the study of Krajnovic and Davidson
(20035). The differences are thought to mainly have resulted from the Reynolds
number, Re;=1.48x10°, emploved in the present study which is nearly thirteen times
lower than the one's (Rey=2x10") employed in the study of Krajnovie and Davidson
(2005).

Detailed view of time-averaged trace lines projected on the surfaces of the
Ahmed body for region A, B and C in Figure 4.1.11 are shown in Figures 4.1.12 (a),

{b) and (c) respectively.

m

(a)
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Figure 4.1.12. Time-averaged trace lines projected on the surfaces of the Ahmed
body. Zoom of region A, B and C in Figure 4.1.11 are shown in (a),
(b) and (c) respectively.
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In Figure 4.1.13, mean wall shear stress contours and contours of du/dy=0 on
the upper and slanted surface of the Ahmed body are presented. The occurrence of
separated flow region is observed on the upper surface of the model. The boundary
of this separated flow region can be seen in Figure 4.1.13 in three dimensional views.

Figure 4.1.13. Mean wall shear stress contours and contours of du/dy=0 on the upper
and slanted surface
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4.1.2. Flow Structures on the Rear Surfaces and in the Wake Region of the
Ahmed Body

The flow topology downstream of the Ahmed body having 25° slant angle is
illustrated with the sketch given in Figure 2.5. The previous studies have revealed
that two strong counter-rotating vortices emanating from lateral edge of the slant
surface are present, and the flow separates in the middle region of the top edge and
reattaches to the slant surface(Ahmed et al. (1984}, Lienhart et al. (2000}, Spohn and
Gillieron (2002), Hinterberger (2004), Krajnovic and Davidson (2005ab), Fares
(2006), Guilmineau (2008), Minguez et al. (2008)). Accordingly, at the beginning of
the study .we expected that the present PIV measurements and LES calculations
should predict the same separation and reattachment on the slant surface, although
the Reynolds number employed in the present study was very small compared with
Reynolds number employed in previous studies. However, the results of the present
study revealed noteworthy agreement of the flow characteristics with the results of
previous literature in the wake region downstream of the Ahmed body, whereas the

differences were found on the slant surface of the body.

4.1.2.1. Time-averaged Patterns of Velocity Vectors Map, Streamlines and

Vorticity Contours

Time-averaged velocity vectors map <V>, the patterns of streamlines <=
and the corresponding vorticity contours <m> along the Ahmed body in the vertical
planes for z/H=0, 0.34 and -0.34 are presented in Figures 4.1.14, 4.1.15 and 4.1.16,
respectively, In these figures, minimum and incremental values of vorticity contours
are <op> =+4s” and <Aw>=2s". Contours of positive and negative vorticity are
indicated with solid and dashed lines, respectively. The flow recirculation region
formed downstream of the body is composed of two counter-rotating vortices. Size
and centre location of numerically computed results corresponds well with the
experimental measurements. Regions of negative and positive vorticity contours are

created with the upper-body shear layer and the under-body shear layer, respectively.
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Figure 4.1.14. Patterns of time-averaged velcity vectors map <V>=, streamlines <y>
and vorticity contours <> in the vertical symmetry plane, z/H=0.
Minimum and incremental values of vorticity are <o, >=+4s" and
A<w>=25", respectively
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Numerical Experimental
Figure 4.1.15. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <> in the vertical plane, z'H=0.34, Minimum
and incremental values of vorticity are <m,, >=%4s" and A<e>=2s5",
respectively
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Figure 4.1.16. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <®> in the vertical symmetry plane, z’H=-0.34.
Minimum and incremental values of vorticity are <o__>=+4s" and

A<e>=2s", respectively
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The under-body shear layer becomes smaller than the upper-body shear layer as a
result of the ground effect. Jet like flow emerging from the narrow gap between the
bottom of the body and ground surface creates the base corner vortex. In the wake
region, two circulatory bubbles are observed, one located above the other, and they
rotate in the sense of opposite directions. The bubble rotating in clockwise direction
interacts with the upper region of the slant surface of the model, while the lower
bubble which rotates in the opposite direction covers the bottom surface. A very
small recirculation region on the slant surface of the body is observed. This
recirculation region is more distinctive in the experimental results than the numerical
results, The flow separates at a point nearly half of the slanted surface from the
beginning. Beyond this region, the flow then reattaches to the slanted surface, and
then develops into a second. larger recirculation region along the rear vertical surface
of the body. The saddle point, SP; defines the size of the wake region. The time-
averaged velocity vectors map, <V> and the corresponding patterns of streamline,
<y figures clearly indicate the location of the saddle point 5P, focus F; and F;,
which are in the near wake region of the body. Numerically computed and
experimentally measured locations of the saddle point 1 (5;), focus 1 (F,) and focus

2 (F3) in the vertical symmetry planes for z'H=0, 0.34 and -0.34 are shown in Figures

Table 4.1.1. Comparison of the numerically computed and experimentally measured
location of the saddle point 1 (S)), focus 1 (F;) and focus 2 (F;) in the
vertical planes at locations of 2/H=0, z/H=0.34 and z/H=-0.34.

2/H=0 Plane #/H=0.34 Plane | 2/H=-0.34 Plane
X ¥ X Y X Y
(H) | (yH) | (¢H) | (yH) | H) | (vH)
Saddle Computed | 0.63 | 0.11 | 059 | 016 | 055 | 0.13

Point (SP;) | Measured 0.51 0.11 0.54 0.25 0.53 0.08
Computed 0.18 (.38 0.30 0.35 0.29 .36
Measured 0.21 0.320 0.29 0.39 (.27 0.32
Computed 0.36 0.05 0.29 0.06 0.24 0.05
Measured 0.35 0.06 0.25 0.09 0.26 0.02

Focus 1 (Fy)

Focus 2 (F;)
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4.1.14, 4.1.15 and 4.1.16 are presented in Table 4.1. In the table, distances are
normalized with body height, H. Analysing the table, it can be seen that the LES
calculations well captures the locations of the all flow structures such as saddle point
and focuses in the near wake region (0<x/H=0.694} with differences less than 12%
over the height of the Ahmed body. Maximum difference in stream-wise direction
occurs between the computed and measured locations of the saddle point in z/H=0
plane with a value of %]12. Maximum difference in the normal direction of the flow
occur again between the computed and measured location of the saddle point in
z/H=0.34 plane with a value of %9,

The present LES calculations predict massive separation at vertical planes
z/H=0.34 and -0.34 on the slant, whereas PIV measurements show no separation at
these planes. These differences in the velocity field on the slant surface of the body
are also seen in the trace-line Figures 4.1.48 and 4.1.49. In addition, as previously
mentioned, a good agreement is not observed between the LES results and the PIV
results through the upstream part of the flow at the front of the body This
discrepancy in the velocity field on the slant and front surface of the body is thought
to have resulted from the insufficient laser sheet, which is essential for the accurate
measurement due to the thick Plexiglas material used to construct the Ahmed body.
As a result, large flow separation observed in the LES calculations at the front of the
body increases the turbulence production around the symmetry plane, and thereby
effects all flow structure on the upper part of the body. The process is shown more
clearly in Figures 4.2.11 (a) (b) and (c).

The time-averaged patterns of velocity vectors map <V>, the streamline
patterns, <y> and the corresponding vorticity contours, <m> are presented in the
horizontal xz-plane for locations of ¥/H=0, 0.07, 0.14, 0.35, 0.67, (.78, 0.89 and 1.00
through the wake region downstream of the Ahmed body in Figures from 4.1.17 to
4.1.24. Symmetrical pattern of flow field can be observed in all of these figures. The
present results indicate that the flow structures in the wake region vary significantly
with the elevation level. Therefore, the flow can be investigated in three category
according to the interaction of upstream flow coming from bottom, upper and lateral

surfaces of the model as the observation levels increase from bottom to top.
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Figure 4.1.17. Patterns of time-averaged velocity vectors map <V=, streamlines <y=>
and vorticity contours <m> in the horizontal xz-plane for y/H=0.
Minimum and incremental values of vorticity are <o, >=+2s" and

A<o>=2s", respectively
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Furthermore, it can be observed on planes at the locations of v/H=0, 0.07,
0.14, 0.35, that the flow stream coming from the bottom surface of the model
dominates the flow structure in the near wake of the body. The main features of the
flow in Figures 4.1.18 and 4.1.19 are reversed flow region downstream of the body
due to the flow coming from under-body and two shear layers originated from the
sharp trailing vertical side edges. In the wake region after the body, a pair of shear
layer regions is identified. Regions of high vorticity contours define the shear layers.
These two shear layers extend approximately to the same downstream location. In
Figures 4.1.18 and 4.1.19, some discrete structures between the numerical and
experimental results appear in the flow. For example, the numerical results presented
in Figure 4.1.18 for y/H=0.07 while two nodes, N; and N; and one saddle point, 5P,
appear in the centre of the wake, only one node, Ny appear in the experimental results
for the same plane. Similarly, in the experimental results presented in Figure 4.1.19
for v/H=0.14 while one node, N; one saddle point, SPy and one focus, F; appear in
the wake, only one node, Ny appear in the numerical results for the same plane.
Although the flow field presented in these figures are time averaged, because the
near-wake flow structure after the body is very complex and unstable, the
discrepancies observed between numerical and experimental results may appear.
Therefore, the general flow structures in the near wake after the body can be
approved to be the same for both numerical and experimental results and in the
mean, one node and two shear layers are observed in the wake region presented in
Figures 4.1.18 and 4.1.19, The distances of nodes to the vertical surface of the body
at the location of y/H=0.07 are x/H=0.489 and 0.515 for the LES results and
x/H=0.492 for the PIV results as shown in Figure 4.1.18. Similarly, the distance of
nodes to the vertical surface of the body at the location of y/H=0.14 are x/H=0.686
for the LES results and x/H= 0.608 for the PIV results as shown in Figure 4.1.19.
Span-wise length of the wake region between the two shear lavers at the point of
node is the same for both numerical and experimental results, which is #H=1.35 and
does not change as the observation level changes between planes of y/H=0.07 and

0.14. On the other hand, as noted above, stream-wise length of the reversed flow
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Figure 4.1.18. Patterns of time-averaged velocity vectors map <V>, streamlines <y>

and vorticity contours <> in the horizontal xz-plane for y/H=0.07.
Minimum and incremental values of vorticity are <@ _, >=+2s" and

A<o>=2s", respectively
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Figure 4.1.19. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <> in the horizontal xz-plane for y/H=0.14.
Minimum and incremental values of vorticity are <wo_, >=+2s" and
A<w>=2s", respectively
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region formed in the near wake flow after the model enlarge between planes of
¥/H=0.07 and 0.14.

In the region between planes of y/H=0.35 and 0.67, i.e. between the half line
of the rear vertical surface and transversal trailing edge of the slant surface, flow got
affected by both upstream flow coming from upper and lower parts of the body. The
most complex flow structures among all other horizontal xz-planes occur in the plane
of ¥/H=0.35 presented in Figure 4.1.20. In this plane, flow structures, which do not
exist in the lower planes arise, and wake flow are reshaped symmetrically about the
symmetry axis of the body. Focus F and bifurcation lines, BL arise in newly formed
flow structure. Relatively uniform structure of the reversed flow region seen at the
lower planes is completely deformed in this plane. Although, two focus points are
resolved close to the shear lavers at each side of the wake in the LES results, only
one well defined focus point is captured in the experimental measurements as shown
in Figure 4.1.20.

Above the level of transversal trailing edge of the body, as a primary effect,
flow streams coming from upper surface of the body becomes dominated. At these
ohservation levels, trailing vortices which move from the lateral sides to the slanted
surface can also be observed. Actually, in all horizontal planes (xz-planes) above the
level of transversal trailing edge of the body, effects of the flow coming from the
lateral surfaces of the body are observed, but its effects on the flow structures are
considered to be a secondary. Shear layers emanating from the lateral surfaces of the
body tends to remove wake flow region in the transversal direction, in other words,
through the rear vertical surface of the model starting from the level of y/H=0.67.
Above the levels of v/H=0.67 (on the slant surface of the body), flow streams coming
from the lateral surfaces have additional effects on the flow structure in that they
tend to create longitudinal vortices on the side edges of the slant as seen in Figures

from 4.1.21 to 4.1.24,
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Figure 4.1.20. Patterns of time-averaged velocity vectors map <V, streamlines <y
and vorticity contours <> in the horizontal xz-plane for y/H=0.35 .
Minimum and incremental values of vorticity are <w,, >=+2s" and
A<o>=2s", respectively
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Figure 4.1.21. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <m> in the horizontal xz-plane for y/H=0.67.
Minimum and incremental values of vorticity are <o, >=+2s" and
A<w>=2s", respectively
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Experimental

Figure 4.1.22. Patterns of time-averaged velocity vectors map <V=>, streamlines <y
and vorticity contours <m> in the horizontal xz-plane for y/H=0.78.

Minimum and incremental values of vorticity are <@, >=+2s" and
A<w>=2s", respectively
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Numerical ; Experimental
Figure 4.1.23. Patterns of time-averaged velocity vectors map <V=>, streamlines <>
and vorticity contours <@> in the horizontal xz-plane for y/H=0.89 .
Minimum and incremental values of vorticity are <w_ >=+4s" and

A<w>=2s", respectively
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Figure 4.1.24. Patterns of time-averaged velocity vectors map <V=, streamlines <y>
and vorticity contours <> in the horizontal xz-plane for y/H=1.0.
Minimum and incremental values of vorticity are <o, >=+4s" and

A<o>=2g", respectively
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In Figures from 4.1.25 to 4.1.39, the time-averaged patterns of velocity
vectors map <V>, the streamline patterns. <y> and the corresponding vorticity
contours, <o> are presented in the transversal vz-planes for locations of x/H=-0.69, -
0.56, -0.42, -0.28, -0.14, 0, 0.21, 0.28, 0.35, 0.69, 1.04, 1.39, 1.74, 2.08 and 2.43
through the wake region downstream of the body. When experimental results
compared with the numerical results by considering all transversal vz-plane figures,
locations and size of the main flow structures are well predicted in the simulation
especially in the wake region downstream of the body. The dimensions of the
recirculation zone are well predicted. Development of counter-rotating vortices
estimated by the LES calculations is also clusély. similar to the PIV measurements. It
15 also observed that longitudinal vortices emanating from lateral sides of the slant
develop near the halfway of the slant surface as presented in Figure 4.1.27. They
grow while they approach end of the body, and they are strong and fully developed
in the near wake. These cross-section of the longitudinal vortex pairs disappear at
positions between x/H= 0.35 and (.69 as depicted in Figures 4.1.33 and 4.1.34. The
flow emanating from the gap between the body and ground has three dimensional
characters as presented in the transversal planes shown in Figures from 4.1.25 fo
4.1.29, which concurs with results of the study carried out by Krajnovic and
Davidson (2004). Flow stream coming from the underbody and travelling to the
lateral sides forms two trailing vortices close to each of the lower lateral edges of the
body as seen in Figures from 4.1.25 to 4.1.29. These left and the right lateral trailing
vortices rotate clockwise and counter-clockwise, respectively and they stretch
locations between x'H=-2.79 and x/H=0.35. They first grow and later shrink in size
as they move downstream.

In addition, the size and the location of the trailing vortices obtained by using
LES calculations are consistent with the results obtained by using PIV measurements
in the wake region of the Ahmed body. While the wake flow travels further
downstream, the size of rotating vortices become larger and their centre lines moves
gradually downward. The major difference in the near-wake and far-wake flow fields
downstream the Ahmed body is the shape of vortices formed. In the near-wake

region, effects of vortices emanating from the slant, lateral and bottom surfaces
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Figure 4.1.25. Patterns of time-averaged velocity vectors map <V>, streamlines <>

and vorticity contours <> in the transversal yz-plane for x/H=-0.69 .
Minimum and incremental values of vorticity are <o, >==1s" and

A<w>=1s", respectively
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Figure. 4.1.26. Patterns of time-averaged velocity vectors map <V=, streamlines <y>
and vorticity contours <m> in the transversal yz-plane for x/H=-0.56.
Minimum and incremental values of vorticity are <m_ >=+1s" and

A<w>=1s", respectively
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Figure 4.1.27. Patterns of time-averaged velocity vectors map <V, streamlines <y>
and vorticity contours <o> in the transversal yz-plane for x/H=-0.42 .
Minimum and incremental values of vorticity are <o, >=+15" and

A<m>=1s", respectively

112



4, RESULTS AND DISCUSSIONS Tural TUNAY

(=]
=
(=]

yiH

Q.70 2/H

yH &

0.1 0
z/H

Experimental

Numerical
Figure 4.1,28. Patterns of time-averaged velocity vectors map <V, streamlines <y>

and vorticity contours <> in the transversal yz-plane for x/H=-0.28.
Minimum and incremental values of vorticity are <o, >=+1s" and

A<w>=ls", respectively

113



4. RESULTS AND DISCUSSIONS Tural TUNAY

o
=4
=
2
£y
=

y/H
yiH

yiH &

L

b
-
=

yiH

(=]

z/H

Numerical Experimental
Figure 4.1.29. Paiterns of time-averaged velocity vectors map <V=, streamlines <y>
and vorticity contours <wm> in the transversal yz-plane for x/H=-0.14.
Minimum and incremental values of vorticity are <w__>=+1s" and
A<w>=1s", respectively
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Figure 4.1.30. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <@> in the transversal yz-plane for x/H=0.
Minimum and incremental values of vorticity are <w_ >=+1s" and
A<w==1s", respectively
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Figure 4.1.31. Patterns of time-averaged velocity vectors map <V>, streamlines <yr>
and vorticity contours <om> in the transversal yz-plane for x/H=0.21.
Minimum and incremental values of vorticity are <o, >=+1s" and
A<w>=1s", respectively
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Figure 4.1.32. Patterns of time-averaged velocity vectors map <V>, streamlines <y
and vorticity contours <o> inthe transversal vz-plane for x/H=0.28.
Minimum and incremental values of vorticity are <wm_ >=+1s" and
A<w>=1s", respectively
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Figure 4.1.33. Patterns of time-averaged velocity vectors map <V=, streamlines <y>
and vorticity contours <> in the transversal yz-plane for x/H=0.35.
Minimum and incremental values of vorticity are <o _ >==Is" and
A<w>=1s", respectively
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Figure 4.1.34, Patterns of time-averaged velocity vectors map <V=>, streamlines <y
and vorticity contours <> in the transversal yz-plane for x/H=0.70.
Minimum and incremental values of vorticity are <w_, >=+1s" and

A<w>=]s", respectively
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Figure 4.1.35. Patterns of time-averaged velocity vectors map <V=, streamlines <y>
and vorticity contours <o> in the transversal yz-plane for x/H=1.04 .
Minimum and incremental values of vorticity are <o, >=+1s" and
A<e>=1s", respectively
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Figure 4.1.36, Patterns of time-averaged velocity vectors map <V=>, streamlines <y>
and vorticity contours <> in the transversal yz-plane for x’H=1.39.
Minimum and incremental values of vorticity are <m__>=+1s" and
A<wn>=1s", respectively
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Figure 4.1.37. Patterns of time-averaged velocity vectors map <V>, streamlines <y>
and vorticity contours <m> in the transversal yz-plane for x’H=1.74,
Minimum and incremental values of vorticity are <o _ >==1s" and

A<w>=1s", respectively
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Figure 4.1.38. Patterns of time-averaged velocity vectors map <V>, streamlines <>
and vorticity contours <m> in the transversal yz-plane for x/H=2.08.

Minimum and incremental values of vorticity are <o, >=+15" and
A<o>=1s", respectively
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Figure 4.1.39. Patterns of time-averaged velocity vectors map <V=, streamlines <y
and vorticity contours <m> in the transversal yz-plane for x/H=2.43.
Minimum and incremental values of vorticity are <w,, >=+1s" and

A<w>=1s", respectively
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of the Ahmed body are observed individually. Furthermore, as the flow moves in the
stream-wise direction through the far-wake, effects of all vortices emanating from
different part of the Ahmed body become weaker, and then they are replaced by the
counter rotating trailing vortices. The flow fields downstream of the body at
locations between x/H=0.69 and 1.39 are dominated by this pair of counter rotating
trailing vortices. In addition, two counter rotating longitudinal vortices can clearly be
observed downstream at the location of x’H=2.43 as shown in Figure 4.1.39. There is
a strong down-wash flow between the counter rotating longitudinal vortices in all

transversal planes presented through the wake of the Ahmed body.

4.1.2.2. Time-Averaged Velocity Profiles

In Figures 4.1.40 and 4.1.41, time-averaged normalized velocity profiles,
<u>/UJ and <v=/U obtained in the present LES calculations and PIV measurements
on the slanted surface and in the wake region downstream of the Ahmed body in the
vertical symmetry plane (z'H=0) are presented. respectively. They are also compared
with the experimental data of Lienhart et al. (2000) at the corresponding locations on
the slant and in the wake region downstream of the Ahmed body. In these figures, the
velocity profiles are presented for positions between x/H=-0.694 and x/H=1.25,
where the intervals between two velocity profiles are Ax/H=0.069 and 0.139 on the
slant and through the wake region downstream of the body, respectively. Velocity
components are normalized with the free-stream velocity, UJ. When the literature is
reviewed, all profiles of flow data are generally provided in the symmetry plane,
z/H=(\. Almost all velocity profiles found in the present LES calculations agree well
with the present PIV measurements and LDA measurements reported by Lienhart et
al. (2000) both on the slant and in the wake. Stream-wise velocity profiles, <u>/U
results of the LES calculation are in good agreement with the experimental data at
almost all positions on the slant and in the near wake as shown in Figure 4.1.40. On
the other hand, profiles of normal velocity of the flow, <v>/UI gbtained using LES
calculations are also in good agreement with the experimental data in the near wake

region but they show some discrepancies on the slant. The PIV measurement results
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Figure 4.1.40. Time-averaged streamwise velocity, <u>/U profiles in the vertical
symmetry plane z/H=0 on the slant surface and wake region of the
Ahmed body. LES results (solid curve), PIV results (empty circles)
and results of Lienhart et al.{2000} (filled circles)
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Figure 4.1.41, Time-averaged normal velocity, <v>/U profiles in the the vertical
symmetry plane z’H=0 on the slant surface and wake region of the
Ahmed body. LES results (solid curve), PIV results (empty circles)

and results of Lienhart et al. (2000) (Filled circles)
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have smaller stream-wise velocities under the body and through the shear layer
occurred at the lower part of the near wake. Stream-wise velocity results of Lienhart
et al. (2000) show negative values between x/H=-0.625 and x/H=-0.347 which means
that flow separates just after the beginning of the slant surface and re-attaches almost
at the half of the slant surface. On the other hand, stream-wise velocity results of PIV
measurements on the slant surface show negative values only at x/H=-0.347, which
is approximately half of the slant surface. In other words PIV can measure the
separated {low as a small region nearly at a position about the half of the slant
surface in the symmetry plane. In addition, stream-wise velocity results of the LES
computations on the slant surface show negative values between x/H=-0.0694 and -
0.208 and at x/H=-0.556. This means that LES computations can compute a small
separated flow region after the beginning of the slant surface, and then relatively
large separated flow region between the half point and end point of the slant surface.
However, flow is reartached on the slant surface prior to the end of the bedy in both
our computational and experimental results as also seen in the experiments of
Lienhart et al. (2000). The wake flow downstream of the body is reversed causing a
negative velocity between positions of x/H=0.139 and x/H=0.556. The maximum
reversed velocity in the recirculatory flow region is approximately 0.193, 0.280,
(1.369 times the free-stream velocity, U as seen in the results of the present PIV
measurements and LES calculations and Lienhart et al. (2000) measurements. It is
noteworthy that the locations of the maximum reversed velocity are nearly at the
same point in both experimental and numerical results, which are about x/H=0.278
and y/H=0.278 in the stream-wise and normal direction of the flow, respectively. In
the first measuring plane at a position of xH=0.139, stream-wise wvelocity
components take negative values between y/H=0.0126, 0.0150, 0.0278 and
y/H=0.256, 0.378, 0.271 for the results of the present PIV measurements and LES
computations and Lienhart et al. (2000) measurements, respectively. Stream-wise
velocity components also take negative values through three locations at x/H=0.278,
0.417 and 0.556 with decreasing amount. Because of the jet flow occurring between
the ground and the bottom surface of the body, the value of stream-wise velocity

increases in the lower part of the wake region. The rate of increase in the stream-wise
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velocity across the shear layer at the upper part of the body is due to the entrainment
between wake and the core flow regions. The jet flow emanating from the narrow
gap between the ground board and the bottom surface of the model travels towards
the mid-section of the model and later interacts with the {low coming from the slant
surface of the body. As a result of this interaction, a negative velocity region also
called as near wake region occurs downstream of the body between the measuring
section of x/H=0.139 and 0.556. Since the fifth measuring section, xH=0.694
correspond to just after the saddle point, stream-wise velocity distribution profiles
after position of x/H=0.694 do not indicate any negative velocity value.

Figure 4.1.41 displays the time-averaged profiles of normal wvelocity
component of the flow, <v=/U in the vertical symmetry plane. Rapid changes in
velocity profiles occur on the slant and through the upper shear layers. The computed
normal velocity, <v=U profiles show some differences as compared with the
measured velocity, <v>/U resulls on the slanted surface and near wake region. These
velocity profiles reveal that there is an intense shear throughout the velocity field.
Positive normal velocity, <v>/U results in the near wake indicates upsweep flow.
The maximum upsweep velocities are 0.0428, 0.111, 0.180 times the free stream
velocity, U for the results of the present PIV measurements and LES calculations and
Lienhart et al. (2000) measurements, respectively. The locations of the maximum
upsweep velocity are nearly at the same point in both experimental and numerical
results which are about xH=0.417 and »/H=-0.0447. Furthermore, the maximum
down-sweep velocities are -0.413, -0.492, -0.478 times the free stream velocity, U
for the results of the present PIV measurements and LES calculations and Lienhart et
al. (2000) measurements, respectively. The locations of the maximum down-sweep
velocities in the stream-wise direction are x/H=0.69 for both LES results and results
of Lienhart et al, (2000) and 1.11 for the PIV results. The locations of the maximum
down-sweep velocities in the normal direction are also y/H=0.588. 0.664 and 0.757
for the results of the present PIV measurements and LES computations and Lienhart
et al. (2000) measurements, respectively. The velocity field viewing both
distributions of the velocity components, <u> and <v> present that, the flow field is

not symmetric in the vertical symmetry plane due to the ground effect.
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4.1.2.3. Profiles of the RMS of Stream-wise and Normal Velocity Components,

and Reynolds Stress Correlations

Figures 4.1.42, 4.1.43 and 4.1.44 present profiles of the root mean square of
stream-wise and normal velocity components, <upy=/U and <vin>/U normalized by
free stream velocity. U and Reynolds stress correlation, <u'v'>U* normalized by
square of the free stream velocity in the vertical symmetry plane, zH=0. In these
figures, profiles are presented on the slant and in the wake region downstream of the
body for positions between x/H=-0.69 and x/H=1.25, where the space differences
between two profiles are Ax/H=0.069 and 0.139 on the slant and through the wake
region, respectively. The locations of peak values of <up,>U and <vp/U hold
places along the upper-body and under-body shear layers. The magnitude of the root
mean square of stream-wise velocity fluctuations, <umy>/U shown in Figure 4.1.42 is
higher in the under-body shear layer than that of in the upper-body shear layer. The
peak values and their locations of <uq,> in the upper-body and under-body shear
layers through the vertical symmetry plane of z/H=0 for the results of the

Table 4.1.2. Peak values and their locations of <up, in the upper-body and under-
body shear layers through the vertical symmetry plane of z/H=0

Upper-body Shear Layer Under-body Shear Layer |
Locations of Peak Locations of Peak
Value of <uq=U Value of <u,,>/TJ
Peak In the [ In  the Peak In the |In the
Value of | Stream- Normal | Value of | Stream- | Normal
<UpsU | wise Directi | <ume>/U | wise Directio
Direction | on Direction | n (yv/H)
| (x/H) (v/H) (x/H)
LES Results 0.159 0.139 0.658 0.306 0.417 -0.0130
PIV Results 0.156 0.139 0.715 0.194 0.556 -0.0160
Lienhart et
al. (2000) 0.178 0.139 0.757 0.315 0.480 -0.0111




4. RESULTS AND DISCUSSIONS Tural TUNAY

present LES computations and PIV measurements and Lienhart et al. (2000)
measurements are given in Table 4.1.2. '

The results presented in Table 4.1.2 show that the maximum <ug> value
found in the upper-body shear layer is formed just after the vehicle body in the
stream-wise direction and aligned slightly above the trailing edge of the slant surface
of the body in the vertical direction. Maximum deviation of <um= values of LES
results from that of the PIV results is 0.3% and from the results of Lienhart et
al.(2000) is 1.9% in the upper-body shear layer region of the symmetry plane z/H=0.
In this region, maximum deviation of the location of peak <ums> values of LES
results from the PIV results and the results of Lienhart et al.(2000) coincide in the
stream-wise direction and it deviates 5.7% from the PIV results and 9.9% from the
results of Lienhart et al.(2000) in the vertical direction. But maximum deviation of
peak <u> values of the present LES results from PIV results is 11.2% and from the
results of Lienhart et al.(2000) is 0.9% in the under-body shear layer region. These
results show that the maximum <u,;> value found in the under-body shear layer is
formed at nearly half length of the model height after the body in the stream-wise
direction and aligned slightly below the bottom end of the body in the vertical
direction. Maximum deviation of the location of peak values of <, between the
present LES results and the PIV results are 13.9% in the stream-wise direction and
0.3% in the vertical direction. Maximum deviation of the location of peak values of
<Ume= between the present LES results and the results of Lienhart et al.(2000) are
6.3% in the stream-wise direction and 0.19% in the vertical direction in the under-
body shear layer region.

Profiles of the root mean square of <vp>/U presented in Figure 4.1.43 show
similar trend with profiles of <um>/U. The maximum values of <vp>/U are
approximately 0.15, 0.26 at a position of x/H=0.694 for the results of our PIV
measurements and LES computations, respectively. These values of <v>/U are
smaller than the corresponding value of <up>/U at the same location. The
magnitude of the root mean square of the stream-wise velocity fluctuations, <v,:=U
shown in Figure 4.1.43 are higher along the under-body shear layer than that of the
upper-body shear layer. The peak values and their locations of <vg,:~ in the upper-
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Figure.4.1.42. Time-averaged root mean square of <u_ =/U profiles in the symmetry
plane z’'H=0 on the slant surface and wake region of the Ahmed body.
LES results (solid curve), PIV results (empty circles) and results of
Lienhart et al. (2000) (filled circles)
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Figure.4.1.43. Time-averaged root mean square of <v_ >/U profiles in the symmetry
plane z/H=0 on the slant surface and wake region of the Ahmed body.
LES results (solid curve), PIV results (empty circles) and results of
Lienhart et al. (2000) (filled circles)
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body and under-body shear lavers through the vertical symmetry plane of zH=0 for

the results of the present LES computations and PIV measurements and Lienhart et

al. (2000) measurements are given in Table 4.1.3.

Table 4.1.3. Peak values and their locations of <v,,> in the upper-body and under-
body shear layers through the vertical symmetry plane of 2/H=0

Upper-body Shear Layer Under-body Shear Layer
Locations of Peak Locations of Peak
Value of <v,>/U Value of <vpy>/U
Peak
Peak In the | In the In the | In  the
Value of
Value of | Stream- Mormal Stream- | Normal
<V U
e | Wise Directi wisa Directio
Direction | on Direction | n (y/H)
(x/H) {(v/H) (x'H)
| LES Results 0.221 0.417 0.462 (.262 0.694 0.0569
PIV Results 0.134 0.417 0.614 0.152 0.694 0.113
Lienhart et
0.200 0.139 0.722 0.339 0.694 | 0.0972
al. (2000)

The results presented in Table 4.1.3 show that the maximum <vp,> value
found in the upper-body shear layer is formed in the near wake of the body in the
stream-wise direction and aligned slightly below the end of the slant surface in the
vertical direction. Maximum deviation of peak values of <v,> between the present
LES results and PIV results is 8.7%. On the other hand, this deviation between
presently obtained LES results and the results of Lienhart et al.(2000) is 2.1% in the
upper-body shear laver region. In this region, deviation of locations of peak values of
<Vms> predicted by LES from PIV experimental results is 15.2% in the vertical
direction. Additionally, its deviation from the results of Lienhart et al.(2000) is
27.8% in the stream-wise direction and 26.0% in the vertical direction. Deviation of
peak values of <v,> between LES calculations and PIV measurements is 11.0%
and the results of Lienhart et al.(2000) is 7.7% in the under-body shear layer region

of the symmetry plane, z'H=0. Furthermore, these results show that the maximum
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<Wms> value found in the under-body shear layer is formed at the region in which
transition from near wake to far wake occurs downstream of the vehicle body in the
stream-wise direction and aligned slightly above the bottom end of the vehicle body
in the vertical direction. Maximum deviation of the location of peak values of <v,>
between the LES calculations and PIV measurements and the results of Lienhart et
al.(2000) coincides in the stream-wise direction in the under-body shear laver. On the
other hand maximum deviation of the location of peak values of <v,;> between the
LES calculations and PIV measurements is 5.6% and the LES results differ from the
results of Lienhart et al.(2000) as 4.0% in the normal direction in the under-body
shear layer region of the symmetry plane.

Profiles of the Reynolds stress correlation, <u'v'>/U” are shown in Figure
4.1.44. The magnitude of the Reynolds stress correlation, <u'v>/U? shown in this
figure are higher in the under-body shear layer than that of in the upper-body shear
layer. The peak values and their locations of <u'v'>/U” in the upper-body and under-
body shear Iayefs through the vertical symmetry plane of z’'H=( for the results of the
present LES computations and PIV measurements and Lienhart et al. (2000)
measurements are given in Table 4.1.4. They indicate that the maximum <u'v'> value
found in the upper-body shear layer is formed in the near wake of the body in the
stream-wise direction and aligned slightly below the trailing edge of the slant in the
vertical direction. The peak values of <u'v">, obtained by using LES calculations
deviating from the PIV results and those of Lienhart et al. {2000) are 1.2% and 0.6%,
respectively, in the upper-body shear layer region. In this region, deviation of the
location of peak values of <u'v'> calculated by LES from the PIV results and those of
Lienhart et al.(2000) is the same, which is 13.9% in the stream-wise direction, and it
deviates 16.9% from the PIV results and 19.7% from the results of Lienhart et
al.(2000) in the vertical direction. In addition, pertaining to the data given in Table
4.1.4 deviation of peak <u'v'> values obtained by using LES from the PIV results is
3.5% and from the results of Lienhart et al. (2000) is 1.5% in the shear layer
emanating from the gap between undermeath of the body and ground surface.
Deviation of the location of peak <u'v™> values of LES results coincides with the

results of Lienhart et al. (2000) in the stream-wise direction of the flow. On the other
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hand, deviation of the location of peak <u'v'> values of LES results is 13.8% from
the PIV results in the stream-wise direction. Its deviation from the PIV results is also
4.5% and from the results of Lienhart et al.(2000) is 0.1% in the vertical direction in
the under-body shear layer region of the symmetry plane. These results show that the
maximum <u'v'> value found in the under-body shear layer is formed in the region at
the end of the near wake after the vehicle body in the stream-wise direction and is

aligned to the bottom end of the body in the vertical direction.

Table 4.1.4. Peak values and their locations of <u'v'>/U? in the upper-body and
under-body shear layers through the vertical symmetry plane of 2’H=0

Upper-body Shear Layer Under-body Shear Layer
Locations of Peak Locations of Peak
Value of <u'v'=/1U" Value of <u'v'>/">
Peak
Peak In the | In the In the |In  the
Value of
Value of | Stream- Nommal 2 Stream- | Normal
R <u'v'>U
<u'v=U" | wise Directi wise Directio
Direction | on Direction | n (y/H)
(x/H) (y/H) (x/H)
LES Results -0.0223 0.278 0.560 0.0479 0.694 0.028%
PIV Results 0.0106 0.139 0.729 0.0133 0.556 0,016
Lienhart et
-0.0163 0.139 0.757 0.0626 0.694 (L0278
al. (2000)

Reynolds stress correlation, <u'v'>/U? values are also well captured on the
slanted surface of the Ahmed body. Its values outside the boundary laver are well
predicted, whereas they are slightly underestimated within the boundary layer
according to the present LES results. The peak values of <u'v'>/U* on the slant are
approximately -0.00757, -0.0268, -0.0804 times the square of the free-stream
velocity, U* for the results of the present PIV measurements and LES calculations
and Lienhart et al. (2000) measurements, respectively. Their locations are nearly
x/H= -0,139, -0.347, -0.497 in the vertical symmetry plane of z/H=0 for the results of
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Figure. 4.1.44. Time-averaged Reynolds stress correlation, <u'v>/U’ profiles in the
symmetry plane z'H=0 on the slant surface and wake region of the
Ahmed body. LES results (solid curve), PIV results (empty circles)
and results of Lienhart et al. (2000) (filled circles)
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PIV measurements and LES computations and Lienhart et al. (2000} measuremenis,
respectively. The present results show that the maximum <u'v™ value is found in
downstream of the leading edge of the slant where the flow separates. On the other
hand, in LES computations and PIV measurements the location of the peak <u'v'>
values are appeared somewhat downstream compared to the results of Lienhart et al.
{(2000). This situation is also observed in the study of Minguez et al. (2008), and they
indicated that it is probably due to the upstream flow where the recirculation bubble
in the flow separation region interacts with the shear layer shedding from the roof.
Deviation 1n the peak values of <u'v'> between the present LES and PIV results is
1.9%, but the results of LES differ from the results of Lienhart et al.(2000) by 5.4%
on the slant. In this region, deviation of the location of the peak <u'v'> values of LES
results from the PTV is 20.8% and from the results of Lienhart et al.{(2000) is 15.0%

in the stream-wise direction.
4.1.2.4. Contours of Velocity Fluctuations and Reynolds Stress Correlations

The contours of stream-wise velocity fluctuations <ug,=/U, normal velocity
fluctuations <v,.=/U, and Reynolds stress correlations <u'v'>U’ in the vertical
planes positioned at z/H=0, (.34 and -0.34 in the wake region are presented in
Figures from 4.1.45 to 4.1.47 in order to identify regions of high velocity
fluctuations. The level of turbulence obtained by the LES calculations is in good
agreement with the results of the PIV measurements as presented in these figures.
The minimum and incremental values of the contours for stream-wise velocity
fluctuations, <ums=/T] and for normal velocity fluctuations, <vie>/lU are the same
and equal to 0.02 and 0.02, respectively. The minimum and incremental values of
Reynolds stress correlations, <u'v>U? are £0,003 and 0.003, respectively. The solid
and dashed lines here represent the positive and negative Rewnolds shear stress
contours, respectively. The peak values of positive and negative Reynolds stress
contours indicate regions under high fluctuations. These regions are located on the
slant surface and in the near wake region of the Ahmed body where shear lavers and

shedding vortices emerge. High concentrations of U 1) and vime U contours are
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Figure 4.1.45. Contours of streamwise velocity fluctuations <u_ >/U, normal velocity
fluctuations <v, >/, and Reynolds stress correlations <u'v'>/U" in the
vertical symmetry plane for zH=0 in the wake region. Minimum and
incremental values of rms of velocity components are [<u_>/U]_ =0.02,
A=, >U=0.02,[<v,,>],;.=0.02, A[<v_,>U]=0.02 and Reynolds
stresses correlations are [<u'v'=/U"],, =£0.003, A[<u'v'>/U*]=0.003,
respectively
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Figure 4.1.46. Contours of streamwise velocity Nuetuations <u >/U, normal velocity
fluctuations <v__>/U, and Reynolds stress correlations <u'v'>/U’ in the
vertical xy-plane for z/H=0.34 in the wake region. Minimum and
incremental values of rms of velocity components are [<u,_=/U], =0.02,
Al=u,, =/U}=0.02, |<v, =/U],.=0.02, A[<v =/U=0.02 and Reynolds
stresses correlations are [<u'v'>/U"], =+0.003, A[<u'v'>/U*]=0.003,
respectively
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Figure 4.1.47. Contours of streamwise velocity fluctuations <u,_ >/U, normal velocity
fluctuations <v_>/U, and Reynolds stress correlations <u'v'>/1" in the
vertical xy-plane for 2H=-0.34 in the wake region. Minimum and
incremental values of rms of velocity components are [<u, =/U],, =0.02,
Al<u, >UJ=0.02, [<v,,>/U],.=0.02, A[<v,>U]=0.02 and Reynolds
stresses correlations are [<u'v'>/U"]_ =0.003, A[<u'v'=1"]=0.003,
respectively
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located in the proximity of the slant surface and along the upper-body and under-
body shear laver in the wake region of Ahmed body. The highest amplitude of Vs’V

and vips/U appear immediately adjacent to the downstream side of the saddle point in

all figures.

4.1.2.5, Trace Lines

Trailing vortices, the span-wise separation region, reattachment lines and foci
which are visible flow structure on the rear slant surface of Ahmed body in both
numerical and experimental results issued in the literature are also visible in the
present LES calculations and PIV measurements. According to the previous
literature, on the rear slant surface of the Ahmed body. the flow tends to separates
after the beginning of the slant surface and then flow tend to reattach. Beside these,
the flow separates at the lateral edges of the slant surface resulting in two large
counter-rotating cone-like trailing vortices that spread farther in the wake (Minguez
et al, 2008). On the other hand, as it is seen in Figure 4.1.48 (a) and (b}, there are
differences between the topology of the flow observed in the present LES results
and in the LES results of Krajnovic and Davidson (2004). In the present LES, the
Revnolds number employed is nearly ten times lower than the Reynolds number
employed in the study of Krajnovic and Davidson (2004). The fluid flow coming
from the upstream separates along NBL and reattach through PBL; and PBL; on the
slant surface in the present LES as shown in Figure 4.1.48. Between NBL and PBL,
and PBL;, there is highly unsteady and complex flow structures. From NBL, the
fluid particles move downstream toward the PBL; and PBL; and upstream toward
the edge at the beginning of the slant surface. In the study of Krajnovic and Davidson
(2004) there is additional PBL between the beginning of the slant surface and NBL.
This flow structure is not abserved in the present study. Additionally, a lot of saddle
points are observed on the NBL. Minguez et al. (2008) and Spohn and Gillieron
(2002) observed that flow recirculation appears divided into two bubbles,
symmetrically located around the symmetry plane. A similar flow features are also

observed in the present LES calculations. In the separated flow region on the slanted
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surface, one stable and one unstable focuses with NBL and PBL are observed on
each side of the symmetry plane. z/H=0. Downstream on the slanted surface between
two lateral edge, there is highly unsteady flow region. This highly unsteady separated
flow region is also observed in the visualization of the instantaneous flow in the
work of Spohn and Gillieron (2002) and in the LES calculations of Krajnovic and
Davidson (2004). In the present study. unlike to the results of Krajnovic and
Davidson (2004), positive bifurcation lines in the outer part of the separated flow
region on the slanted surface does not meet. However negative bifurcation lines in
the inner part meet each other. According to Spohn and Gillieron (2002),
unsteadiness in this flow region is caused by oscillations of the trailing vortices
themselves and their interactions with vortices shed from the front. On the other
hand, Krajnovic and Davidson (2004) indicated that the interaction between hairpin
vortices is the reason for the high levels of unsteadiness in the lower part of the
slanted surface because trailing vortices to be relatively steady, with their cores
remaining at approximately the same position for a long period of time. Negative
bifurcation lines, NBL |, NBL; and the positive bifurcation lines, PBLs, PBL, close to
both right and left edges of the slanted surface are presented in Figure 4.1.48(a).
Formation of longitudinal trailing vortices on the lateral edges of the slanted surface
with the contribution of upstream flow can be observed in this figure. The
streamlines coming from the upstream flow on the lateral surfaces of the body are
first parallel with the stream-wise direction of the flow and then they are oriented
upward toward the lower end of the lateral slanted edge. Furthermore, they enter

above the slanted surface and continue to rotate around the trailing vortex core.
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(b)
Figure 4.1.48. Time-averaged trace lines on the rear slanted surface of the Ahmed
body. (a) Results of the present LES calculations and (b} Results of
LES calculations of Krajnovic and Davidson (2004)
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4.2, INSTANTANEOUS VELOCITY FIELD AND FLOW VISUALIZATION

This section presents instantaneous flow fields and flow visualization images
to illustrate unsteady characteristics of flow structures around the Ahmed body. Our
LES simulations and PIV measurements of flow characteristics around the Ahmed
body show complex time-dependent and three-dimensional flow features as
presented in figures throughout this section.

Figures from 4.2.1 to 4.2.3 depict instantaneous velocity vectors map, V the
patterns of streamlines, w and the corresponding vorticity contours, ® aobtained by
using the PIV measurements and the LES calculations at the front part of the body in
the vertical symmetry plane, zH=0 for instants of =18, 20.4s and 22.8 seconds.
Separated flow estimated in our numerical investigation show wvortical structures
similar to Kelvin-Helmholtz vortices at the front part of the body as shown in Figures
4.2.1 to 4.2.3. Similar flow behavicur was also observed by Spohn and Gillieron
(2002) at the Reynolds number of Rey=8x10° in their experimental study. The
instantaneous velocity vectors map, V and the corresponding streamlines, v clearly
present that the swirling patterns of flow streams are evident on the roof surface of
the maodel. These circulatory flow patterns interact severely with the surface of the
model in random mode. The time-averaged flow data of experimental and numerical
results presented in Figures 4.1.1 and 4.1.9 indicate that reattachment occurs at a
distance of x’H=0.426 and 1.815 from the frontal leading edge of the body for the
PIV measurements and the LES calculations, respectively. On the other hand,
examining the animation of 350 instantaneous velocity vector fields of the PIV
measurements we can figure out that the location of the reattachment point moves in
forward and backward directions. When compared to the time-averaged flow, in the
instantaneous flow structures, additional vortices along the roof of the body are
observed. As mentioned in previous sections, character of the flow around the front
part of the body depends on the Reynolds number and its curvature. Flow separates
after the leading edge of the body and swirling flow patterns occur in this separated

flow region. Centours of vorticity, © corresponding this flow region, show that the
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Figure 4.2.1. Patterns of instantaneous velocity vectors map V, streamlines y and
vorticity contours o in the vertical symmetry plane (z'H=0) for instant

of 18s. Minimum and incremental values of vorticity are ®,, =+5s" and
Aw=5s", respectively
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Figure 4.2.2. Patterns of instantaneous velocity vectors map V, streamlines y and
vorticity contours o in the vertical symmetry plane (zH=0) for

instant of t=20.4s. Minimum and incremental values of vorticity are
. =+5s" and Aw=5s", respectively
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Figure 4.2.3. Patterns of instantaneous velocity vectors map V, streamlines y and
vorticity contours @ in the vertical symmetry plane (z/H=0) for
instant of t=22.8s. Minimum and incremental values of vorticity are
o, =+55" and Aw=55", respectively
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Figure 4.2.4. The spectrum of experimentally obtained streamwise velocity fluctuations
for selected points in the vertical symmetry plane, 2/H=0 at the front part
of the Ahmed body
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concentration of vortices occurs along the shear layer. Vibration and noise due to the

strong interactions between these unsteady flow structures and upper surface of the
body is observed. The strength of these vortices depends on the curvature of the front
face of the body. Rounding of these sharp corners degrades the level of the vorticity
strengths is widely accepted. The separation at the body front is characterized by a
bubble inducing an unsteady recirculation region. Minguez et al. (2008) found that
this bubble pulsates at a Strouhal number equal to 0.15, whereas the transverse
vortices related to the Kelvin—Helmholtz-like instability within the separated shear
layer over the recirculation travel at a Strouhal number cne order of magnitude
larger. In PIV measurements, it is found that the dominant frequency of 0.21 which
leads to Strouhal number equal to 0.07 exist on the upper surface of the front part of
the Ahmed body as a result of the spectral analysis of the stream-wise velocity
fluctuations as presented in Figure 4.2.4.

The instantaneous flow structures in the wake region downstream of the
Ahmed body in the vertical symmetry plane, z/H=0 are shown in Figures from 4.2.5
to 4.2.7 for instants of =20, 20.6 and 21.1 seconds. The distributions of velocity
vectors, V the patterns of streamlines, w and the corresponding vorticity contours,
@ in these figures indicate that swirling patterns of velocity vectors take place on
the slant and in the near wake regions of the Ahmed body. Furthermore, well defined
large-secale swirling patterns of velocity vectors are evident at the bottom edge of the
vertical base of the model. Shear layers emanating from the upper-body and lower-
body surfaces cause complex flow field consisting of a number of vortices that move
randomly in time and space. Two main vortices are developed in the wake of the
Ahmed body. One comes from the lower side of the rear wall of the body and the
other cne comes from the slant surface of the body. As clearly shown in Figures from
4.2.5 to 4.2.7 that positive vortex, V; induced in the under body shear layer grows in
size elongates and loses its strength. As soon as vortex, V: enlarges in size this
vortex moves upward and downward in vertical direction in the wake of the body

and Vortex, V; attenuates further downstream.
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Numerical ' Experimental
Figure 4.2.5. Patterns of instantaneous velocity vectors map V, streamlines  and
vorticity contours @ in the vertical symmetry plane (z/H=0) for instant of

t=20 s. Minimum and incremental values of vorticity are w,_, =+5s" and

Aw=5s", respectively

min
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Numerical Experimental

Figure 4.2.6. Patterns of instantaneous velocity vectors map V, streamlines y and
vorticity contours o in the vertical symmetry plane (z/H=0) for instant of
t=20.6 s, Minimum and incremental values of vorticity are o, =+5s" and
Am=5s", respectively
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Numerical

Experimental
Figure 4.2.7. Patterns of instantaneous velocity vectors map V, streamlines y and

vorticity contours o in the vertical symmetry plane (z/H=0) for instant of
t=21.1 5. Minimum and incremental values of vorticity are

w,, ==5s" and
Aw=3s", respectively
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Figure 4.2.8. The spectrum of experimentally obtained streamwise velocity
fluctuations for selected points in the vertical symmetry plane z/H=0

in the wake region
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Figure 4.2.9. The spectrum of experimentally obtained normal velocity fluctuations
for selected points in the vertical symmetry plane z'H=0 in the wake

region
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It is known that flow around the Ahmed body is highly turbulent, particularly
over the slant, which is confirmed bv conducting Fourier analysis of time variations
of the stream-wise velocity at different points in the flow. The spectra of the stream-
wise and normal velocity {luctuations obtained by applying FFT analysis for four
selected points in the vertical symmetry plane are presented in Figures 4.2.8 and
4.2.9. The locations of these selected points are taken as point 1 which is on the
slanted surface at x/H=-0.23, y/H=0.83; point 2 which is in the inner part of the
upper shear layer at x/H=0.26, y/H=0.60; point 3 which is in the outer part of the
upper shear layer at x/H=0.55, y/H=0.60 and point 4 which is in the lower shear layer
at x/H=0.61, y/H=-0.03 in the wake region. The dominant frequency in our study
was found to be £=0.88 at the fourth point in the lower shear layer which leads to the
Strouhal number of St=fH/U=0.31 (based on the model height H and the free steam
velocity 1) This result corresponds with the numerical result reported by Minguez et
al. (2008) as 0.42. Additionally, Figure 4.2.9 shows the spectra of normal velocity
fluctuations evaluated at the same locations investigated in Figure 4.2.8. The spectra
taken from the upstream locations of the body do not show a dominant frequency, f
except at the forth point in the lower shear layer, which also corresponds to the
Strouhal number of St=0.31.

Iso-surfaces of second invariant of the velocity gradient, Q defined in
equation 4.1 is a useful tool to identify coherent structures in the flow. The multiple
vortex system around the Ahmed body can be observed using this technique. This
method was used both for mean flow and for instantaneous flow. The iso-surfaces of
second invariant of the velocity gradient coloured with axial velocity magnitude are

shown in Figures 4.2.10 and 4.2.11.
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Figure 4.2.10. Iso-surfaces of second invariant of the velocity gradient, Q=0.08 on
the left and Q=0.15 on the right

Figure 4.2.10 and 4.2.11 show iso-surfaces of second invariant of the velocity
gradient. These figures illustrate the presence of large-scale vortices in the
recirculation zones throughout the Ahmed body. Figure 4.2.10 gives a perspective
view and Figure 4.2.11 depicts three sequential instants in time (=19, 21, 23
seconds) respectively. Horseshoe vortex and a secondary comer vortex in front of the
Ahmed body are visible in Figure 4.2.10. The lifespan of lateral vortices from front
to the rear of the lateral surface of the obstacle can be traced. It can be seen that large
span-wise vortex tubes are generated on the upper surface of the Ahmed body, which
grow and then become similar to the horseshoe vortex on the slant surface.
Furthermore, vortex tubes that wrap the counter-rotating vortices coming from the
lateral sides can be observed. The interaction of the trailing vortices coming from the
lateral side of the slant surface with the smaller horseshoe vortices coming out from
the upstream of the flow provides helical structures in the wake of the body.

On the slant surface of the body hairpin vortices coming out from the upper
surface travel in the stream-wise direction and break up when they meet other hairpin
vortices at the region of the reattachment. These meetings result in a large number of
collisions and make this region of the flow very unsteady. As indicated by Krajnovic
and Davidson (2003), the unsteady character of the flow in the lower part of the slant
is not a direct consequence of the trailing vortices, but the result of their indirect
influence on the hairpin vortices making them change their paths and interact with

the other hairpin vortices.
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Figure 4.2.11. Iso-surfaces of second invariant of the velocity gradient, Q=0.08 for
instants of (a) t=19 s, (b) =21 s and (¢} 23 5
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4.3. PRESSURE FIELD
4.3.1. Surface Pressure

Pressure coefficient distribution on the surface of the Ahmed body obtained
from the LES calculations are presented in Figure 4.3.1. Pressure coefficient
distribution results at the rear part of the Ahmed body are also compared with
previous literature data in Figure 4.3.2. For the calculation of pressure coefficient,
Krajnovic and Davidson (2005) took static pressure in undisturbed flow upstream at
the inlet close to the left lateral wall of the channel at v=2F/3 (where F denotes
channel height) as a reference pressure. In the present simulations, we also employed
mean pressure value at point y=2F/3 as the reference pressure.

As seen n Figure 4.3.1., the highest pressure regions occur on the front face
of the Ahmed body and on its stilts. The magnitude of pressure coefficients contours
decrease as the flow goes through the frontal leading edges. After the flow reaches its
lowest pressure coefficient value near the frontal leading edge of the body, recovery
in pressure coefficient which correspond to the separated flow region, is observed.

On the upper surface of the Ahmed body, before the beginning of the slanted

(a) | (b)
Figure 4.3.1. Distribution of the pressure coefficient on the Ahmed body

surface, magnitude of the pressure coefficient again decreases. It is found that the

[owest pressure regions occur on the Ahmed body near the frontal leading edges and
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near the beginning edge of the slant surface which are associated with the
acceleration of the flow. Two longitudinal vortices form from the lateral edges of the
slant surface corresponding with the low pressure regions in the flow as shown in
Figure 4.3.1.

The pressure coefficient distribution on the rear part of the model obtained
from LES computations are presented in Figure 4.3.2 and compared with the
previous studies. Structures of the pressure coefficient distribution on the rear slant
and vertical surface are generally in agreement with the related literature. However,
significant differences are observed on the slant surface of the body where imprint of
the separation region is more tentative in the present LES computations. Lower
Reynolds number employed in the present simulations may be reason for this result.
In addition, the imprint of the longitudinal trailing vortices can be observed with the
aid of the low pressure imprint on the side of the slant surface. Fares (2006) stated
that the pressure level in the separation region is the determining factor of the total
drag of a vehicle. In present LES simulation average pressure coefficient value found
on the slant surface is bigger than the corresponding average pressure coefficient

values found in the results of Lienhart and Becker (2003) and Fares (2006) as
presented in Figure 4.3.2.
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Figure 4.3.2. Comparison of pressure coefficient distribution on the rear surface of
the Ahmed body for (a) LES simulation, (b) Lienhart and Becker
(2003) and (c) Fares (2006) (Only half of the geometry are shown)

Another way of investigating pressure distribution characteristics around the
Ahmed body is to present mean surface pressure coefficient, {C,), profiles on the

body. Comparison of the time-averaged pressure coefficient, f,f:‘!}, profiles with
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experimental results of Lienhart and Becker (2003) on the rear slanted and the rear
vertical surfaces for three planes (z/H=0, z/H=0.31, and #/H=0.625) are presented in
Figure 4.3.3. Although, Lienhart and Becker (2003) measured the distribution of the
pressure coefficient on the rear part of the Ahmed body, they did not measure the
drag coefficient of corresponding flow. In the study of Lienhart and Becker (2003),
Reynolds number employed was 768000, In general, shapes of the mean pressure
coefficient (C,), profiles revealed in our numerical simulation are in good agreement
with the experimental results, However, main difference between our numerical
results and experimental results of Lienhart and Becker (2003) is in the magnitude of
mean pressure coefficient, (C,). as presented in Figure 4.3.3.

The distribution of the time averaged surface pressure coefficients along the
rear slanted surface is shown in Figure 4.3.3 (a). Present numerical {(C,), results are
in good agreement with the experimental (C,), results between approximately
x/H=-0.3 and x/H=0 for positions z’H=0 and z/H=0.31. This good agreement
between numerical and experimental results is not seen for position, z’H=0.625. For
-0.74=<x/H<-0(.3, it is found that present numerically calculated pressure coefficient,
(C,), results show difference with the experimental (C,), results of Lienhart and
Becker (2003) in all positions. Rapid decrease in pressure coefficient {(C,}, is
observed after the leading edge of the slanted surface as declared by previous
literature. Location of dip point on profiles at which value of pressure coefficient
{L‘;,}t is minimum, is found nearly at x'H=—0.698 for all positions. Although the
location of dip point found in our simulation is in good agreement with the mimerical
results of Krajnovic and Davidson (2003), it shows large difference in the magnitude
of pressure coefficient {(C,).. This dip point locations form somewhat further in the
stream-wise direction in the experimental results of Lienhart and Becker (2003).
Although the magnitude of present numerical results show difference with
experimental results, their pressure gradient is in good agreement with them

especially after the location at which dip point value occur.
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Figure 4.3.3. Distribution of time-averaged surface pressure coefficients in three
planes, z/H=0, z/H=0.31 and z/H=0.625. Profiles are plotted along (a)
slanted surface (b) rear vertical surface, The present numerical results
(solid curve), experimental results of Lienhart and Becker (2003) (line

with symbuols)
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In the separated flow region, recovery in pressure coefficient {C,), values in LES
calculation is faster than the results of previous literature.

Mean pressure coefficients, {C, )., on the rear vertical surface are presented
for three vertical planes (z/H=0, z/H=0.31, and z/H=0.625) in Figure 4.3.3 (h).
General trends of numerically computed mean pressure coefficient, {C,},. profiles
are in good agreement with experimental results of Lienhart and Becker (2003) for
all positions, showing a hill at the upper and lower parts of the vertical surface and a
valley at the mid part of the vertical surface as shown in Figure 4.3.3(b). Agreement
between the {C,}, values of numerical and experimental results become better as the
positions change from z/H=0 to #/H=0.625. Numerical and experimental profiles
presented for the case of zH=0.625 have the best agreement with each other. Present
numerical simulation predicted higher values of mean pressure coefficients along the

entire length of the surface for all positions.

4.3.2. Iso-Surfaces of Pressure

To visualize large-scale coherent structures, contours of mean pressure
coefficient are also a useful tool. In Figures 4.3.4 and 4.3.5, contours of mean
pressure coefficient are presented in the transversal yz-planes for positions x/H=-
0.69, -0.56, -0.42, -0.28, -0.14, 0, 0.28, 0.69, 1.04, 1.39, 1.74 and 2.43 through the
slant surface and wake region downstream of the body. In these figures, main flow
structures such as recirculation zone behind the body, longitudinal wvortices
emanating from lateral sides of the slant are well captured. Development of the
counter-rotating vortices in the wake region can be observed through positions x/H=0
to 2.431. Positions from x/H=-0.694 to (.347, formation and development of
longitudinal vortices emanating from lateral sides of the slant surface can be
confirmed. On the slant surface, two symmetrical vortex structure just around the
symmetry plane of the body are visible from positions x/H=-0.417 to 0. A pair of two
dominant counters rotating trailing vortices downstream of the model in the wake

region are easily chserved in positions
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Figure 4.3.4. Patterns of mean pressure coefficient contours <C> in different
transversal yz-planes through the slant surface of the Ahmed Body
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between x/H=0.694 and 1.389. From location xH=1.042 to downstream of the flow

positive pressure coefficient region at the upper and lower part of the flow occur.

4.3.3. Drag Forces

The time history of the acrodynamic drag force coeflicient was compuied as
Cp=FN).5pU2LA. Here p is density; F drag force due to the surface pressure and wall
shear stress and A is the frontal cross sectional area. Results of numerically
computed aerodynamic drag coefficients and their comparison with the experimental
values are given in Table 4.3.1. Krajnovic and Davidson (2005) stated that, there is
uncertainty in the comparison of their LES results with the experimental data of
Ahmed et al. (1984), because Ahmed et al. (1984) did not give reference pressure
employed in their study explicitly, Therefore, comparison of their results should be
used only as an indication of the magnitude of the contributions of the integrated
pressure on the front, rear slant, and rear vertical surfaces to the total pressure drag.
They also stated that Ahmed et al. (1984) measured pressure drag only at three
angles of the rear slant surface as 5°, 12.5%, and 30°. These values were then used to
interpolate pressure drag for all angles between 0° and 30°. This causes an additional
difficulty in comparing numerical results with the experimental results of Ahmed et
al. (1984).

Time-averaged drag coefficients obtained from LES calculations are higher
than the value of drag coefficient reported in the results of Ahmed et al. (1984) as
presented in Table 4.3.1. The result of numerically computed drag force coefficient is
not very satisfactory, because its estimated value are greater than the value reported
in the literature. In this study, Reynolds number of the flow is nearly 80 times lower
than the Reynolds number employed in the study of Ahmed et al. (1984). In fact,
there is no experimental study conducted to measure drag force coefficient of the
Ahmed body at low Reynolds number as aimed in the present study (Re=14830).
Thus, we cannot find an opportunity to compare present numerically computed drag
force coefficient with experimentally measured drag force coefficient at the same

Revnolds number. In the present case. as explained in previous sections, vortex

164



4. RESULTS AND DISCUSSIONS Tural TUNAY

structures formed as the result of flow detachments and then large separated flow
regions occurred on the upper and lateral surfaces at the front of the body have
striking effect on the flow structures formed at the rear part of the body. Besides, the
counter-rotating vortices observed in this study on the slant surface of the body are

weaker than those reported in previous studies.

Table 4.3.1. Comparison of time-averaged drag force coefficient and its components
on rear slant, Cs, rear vertical, Cg, frontal, Cy, lateral, bottorn, upper and
stilts surfaces,

Pressure Viscous Total Ahmed et
Coefficient | Coefficient | Coefficient | al. (1984)
Rear Slant Surface (Cg) 0.0943 0.000319 0.0946 0.152
| Rear Vertical Surface (Cg) 0,100 1] 2.100 0070
Frontal Surface (Cy) 0158 0.0283 0187 0.020
Lateral, Bottom and Upper 0 0.0455 0.0455 0.054
Surfaces
Snlts 00174 000350 0,020 -
Toral 0.370 0.0776 0448 0296 |

According to the previous literature (Ahmed et al. (1984) and Krajnovic and
Davidson {2005) conducted at high Reynolds number, Re=1.2x10° and Re= 2x10°
respectively), the force on the rear slanted surface, Cs, dominates the total drag force
coefficient, followed by the force on the rear vertical surface, Cp. However, in the
study  which
(Re=1.48x10%), no drag force coefficients on the surfaces of the Ahmed body was

present is conducted at relatively lower Revnolds number
found to be dominant. Contribution of forces on the rear vertical surface, Ca,
together with rear slant surface to the total drag force coefficient have the maximum
effect. The main difference between the present and previous studies is in the value
of the contribution of the force on the front surface of the body to the total force
coefficient in which its value in our work is nearly three times higher than the
corresponding value in the literature as presented in Table 4.3.1. By comparing
values of the components of the drag force coefficients presented in Table 4.3.1, it
can be concluded that as the Reynolds number decreases, the effects of forces on the
rear slant surface to the total drag force coefficient also decrease and the effects of

forces on the front surface to the total drag force coefficient increase.
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The time histories of the drag coefficient are presented in Figure 4.3.6. To
identify the dominating frequency, f the time histories of the integrated pressure
coefficients are Fourier transformed into the Fourier domain. It is found that
dominating frequency f=0.305 Hz leads to the Strouhal number of St =0.11 as shown
in Figure 4.3.7. In a similar way. I{rajna;.'ic and Davidson (2005) found two
dominating frequencies in the Fourier transform of the drag coefficient signal which

correspond to Strouhal numbers of St =0.15 and St=0.26.
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Figure 4.3.6. Drag coefficient history of the model
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Figure 4.3.7. The spectrum of drag coefficient of the model
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5. CONCLUSION AND RECOMMENDATIONS

The aim of the present study is to investigate characteristics of flow structures
around the ground vehicles with the aid of Ahmed body using both experimental and
numerical methods. The present investigation focuses on a number of fundamental
phenomena, which are formation and development of large-scale separation and
recirculation regions, a complex wake flow, long trailing vortices and the interaction
of boundary layer flows occurred around the ground vehicles. These phenomena are
inspected both qualitatively and quantitatively using Large Eddy Simulation (LES)
method and the Particle Image Velocimetry (PIV) technique. In accordance with this
purposes, ¥ scale Ahmed body having 25° slant angle is emploved. The Reynolds
number based on the body heights, H and the free stream velocity, U was about
Rey=1.48x10". Investigations were conducted in two parts. In the first part of the
study, particle image velocimetry (PIV) technique was used for the measurement of
the instantaneous velocity fields around the Ahmed body. Measurements were
performed at several planes which were selected to highlight the aerodynamic
characteristics of the body. In the second part of the study, the LES method was used
to resolve the flow structures around the Ahmed body, numerically. The
instantaneous and time-averaged velocity vector maps, vorticity contours, streamline
topology and turbulence characteristics of the flow fields were presented and
discussed in detail. Comparison of the mean and turbulent quantities of the present
LES calculation and PIV measuring results with some open literature data at
different locations over the slant, in the wake and at the front part of the Ahmed body
are presented. Most of the flow features around the wvehicle model were well
predicted, such as the formation of trailing vortices, separation and circulatory flows.
The main conclusions driven from the present study are summarized as follow.

Flow is separated and then reattaches after the leading edges of the front part
of the body and hence a separated flow regions are formed both on the upper and
lateral surfaces. Distances of the separation point from the frontal leading edge on
the upper surface of the body in the vertical symmetry plane, zH=0, are founded as

»H=0.167 in the numerical computations and x/H=0.108 in the experimental
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measurements. In the present study, differently from previous literature which are
conducted at higher Reynolds numbers, larger separated flow regions observed on
the front part of the Ahmed body. Two trailing vortices form at each side of the
upper lateral edges of the body. One of them is on the horizontal (roof) side of the
edge and the other one is on the vertical side of the edge. These trailing vortices are
seen on the transversal plane between the positions of x/H=-2.93 and -2.24.
Furthermore, another pair of trailing vortices is also developed around each lower
lateral edge of the body and they exist along the body length. Comparing the time-
averaged flow with the instantaneous flow structures additional vortices along the
roof of the body are observed. Separated flow estimated in the numerical
investigations show counter rotating longitudinal vortices linked by transversal
vortices similar to the Kelvin- Helmholtz vortices. The separation at the body front is
characterized by a bubble that induces an unsteady recirculation region. It is found
that the dominant frequency of f=0.21 which correspond to Strouhal number of
St=0.07 exist on the upper surface of the front part of the Ahmed body as the result
of the present PIV measurements. It can be seen that large span-wise vortex tubes are
generated on the upper surface of the Ahmed body, which grow and then becomes
similar to the horseshoe vortex on the slant surface.

Main flow structures such as recirculation zone behind the body, longitudinal
vortices emanating from lateral sides of the slanted surface are well captured.
Development of the counter-rotating vortices in the wake region can be observed
through positions x/H=0 to 2.43 in both results of wvelocity field and results of
pressure field. Positions from x/H=-0.69 to 0.35, formation and development of
longitudinal vortices emanating from lateral sides of the slant surface can be
confirmed. On the slant surface, two symmetrical large vortex structure just around
the vertical symmetry plane of the body are visible in positions between x/H=-0.417
and (. Pair of two dominant counter rotating trailing vortices downstream of the
model in the wake region are easily observed in positions between x/H=0.69 and
1.39. The flow recirculation region formed downstream of the body is composed of
two counter-rotating vortices in the symmetry plane, z/H=0. Size and centre location

of LES calculations agree well with PIV measurements. The spectra of stream-wise
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and normal velocity fluctuations show dominant frequency of f=0.88, obtained by
using PIV measurements at the same location of x/H=0.61 and y/H=-0.03, in the
lower shear layer downstream of the body which corresponds to the Strouhal number
of St=H/U=0.31. This result is consistent with the numerical result of Minguez et al.
(2008} which is 0.42. The conformity of the numerical and experimental results
obtained in this study through the wake region with the results of previous literature
conducted at higher Reynolds numbers shows that qualitative knowledge about the
wake flow downstream three-dimensional bluff bodies can be extracted from the
flow at much lower Reynolds number.

Although there is good agreement between the flow characteristics revealed
from the numerical and experimental studies with the results of previous literature in
the wake region downstream of the Ahmed body, the differences are found on the
slant surface of the body. Previous studies (Ahmed et al. (1984). Lienhart et al.
(2000), Spohn and Gillieron (2002), Gant, 2002, Hinterberger (2004), Krajnovic and
Davidson (2005), Fares (2006), Guilmineau (2008), Minguez et al. (2008)) have
shown that the flow separates at the top edge of the rear slant, reattaches roughly
half-way down the slant and thereafier remains attached due to the presence of strong
side-edge vortices. In the present case, as the results of numerical calculations, the
flow coming from the upper surface separates after the leading edge of the slant and
partly reattach to the slant. Very small recirculation region on the slant surface of the
body is observed in the vertical symmetry plane, z'H=0. The present LES
calculations predict massive separation at vertical planes at z/H=0.34 and z/H=-0.34
on the slant whereas PIV measurements show no separation at these planes. Vortex
structures formed as the result of flow separations and then large separated flow
regions occurred on the upper surface at the front of the body are effective on the
flow structures formed over the slant of the body. The longitudinal counter-rotating
vortices coming from the lateral side of the slant surface are weaker than the
previous literature.

Structures of the pressure coefficient distribution on the Ahmed body are
generally in agreement with literature. However, significant differences are observed

on the slant surface of the body where imprint of the separation region is more
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tentative in the present LES simulations. Lower Reynolds number employed in the
present simulations may be reason for this result. Main difference between the
present numerical results and experimental results of Lienhart and Becker (2003) is
in the magnitude of mean pressure coefficient, (C,},. Although the magnitude of
present results shows difference with experimental results, their pressure gradient is
in good agreement with them. On the other hand, it is known that the pressure level
in the separation region is the determining factor of the total drag of the vehicle. As it
is expected, time-averaged drag coefficients obtained from LES calculations are
higher than the value of the drag coefficient presented in the results of Ahmed et al.
(1984). The result of numerically computed drag force coefficient is not very
satisfactory, because its estimated value greater than the values reported in the
literature. In this study, the Reynolds number of the flow is nearly 80 times lower
than the Reynolds number employed in the study of Ahmed et al. (1984). In fact,
there is no experimentzl study conducting to measure drag force coefficient of the
Ahmed body at low Reynolds number as in the present study (Re=14.8x] 0%.
Therefore, we cannot find opportunity to compare present numerically computed
drag force coefficient with experimentally measured drag force coefficient at the
same Revnolds number. According to the previous literature (Ahmed et al. (1984)
and Krajnovic and Davidson (2005) conducted at high Reynelds number,
Re=1.2x10° and Re= 2x10, respectively), the force on the rear slanted surface, Cs,
was found to dominate the total drag force coefficient, followed by the force on the
rear vertical surface. Cp. On the other hand, in the present study conducted at
relatively lower Reynolds number (Re=1 48x10%, no drag force coefficients on the
surfaces of the Ahmed body was found to be dominant. Contribution of forces on the
rear vertical surface, Cp, together with rear slant surface to the total drag force
coefficient has the maximum effect. Main difference between the present work and
previous works is in the value of the contribution of the force on the front surface of
the body to the total force coefficient in which its value in our work is nearly three
times higher than the corresponding value in the previous literature. it can be
concluded that as the Reynolds number decrease, effects of forces on the rear slant

surface to the total drag force coefficient also decrease and effects of forces on the
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front surface to the total drag force coefficient increase. The spectra of drag

coefficient shows dominating frequency of £=0.305 Hz corresponded to the Strouhal
number of St =0.11.

5.1. Recommendations for future works
Based on the experimental and numerical investigations carried out in this
study, the following recommendations are made for future work.
1. Active or passive flow control techniques should be applied on the Ahmed
body to reduce drag force and their effects on the drag can be identified.

b3

Investigations of flow structures around the Ahmed body having different

slant angles, for example 30° and 35° using computational and experimental

methods and comparison of results obtained will be subject of the future
study.

3. Detailed studies of the effect of add-on devices, for example mirrors, to the
flow structures can be performed by using experimental and numerical
methods.

4, Detailed studies of aero-acoustical analysis of flow structures around the

Ahmed body can be conducted as future work.
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