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Vehicle aerodynamics which directly affect fuel consumption values in vehicles,
has a great importance in terms of vehicle stability, acceleration ability, vehicle
noise and environmental pollution. The Ahmed car model is one of the most
important generic models so this popular car model is widely used in the literature
on fluid mechanics and vehicle aerodynamics studies. The simple and easy
applicable shape of the Ahmed body make the model convenient in these sort of
investigations. This study investigates effect of a passive drag reduction technique
which it is known as dimple surface, on Ahmed car model with 35° slant angle. In
order to take distinctive result, rear wake zone was selected for design optimization
area. The flow control methods were applied numerically also these methods were
compared with similar works. The selected passive drag reduction method was
used with different model configurations to determine optimum parameters and
evaluate these parameters how will effect on the vehicle drag and lift coefficients.
Analyses made in this study, were calculated with 2.4 million cell number and the
maximum drag value reduction was obtained as 3.5 % by using dimple surfaces.
Moreover, the applicability and manufacturability factor was also evaluated in
terms of implementing the dimpling modification to today’s current road vehicles
and in order to make this study meaningful for vehicle aerodynamics.

Keywords: Drag; Lift; Aerodynamics; CFD; Ahmed body
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YUKSEK LiSANS TEZi

AHMED CisMI JENERIK MODELI UZERINDE CUKUR YUZEYLERIN
KULLANIMININ AKIS KARASTERIGINE ETKISi

Veli Kemal AYDIN
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FEN BIiLIMLERIi ENSTITUSU
OTOMOTIV MUHENDISLIGi ANABILIiM DALI

Danisman : Dog¢. Dr. M. Atakan AKAR
Yil: 2022, Sayfa: 33
Jiiri : Dog. Dr. M. Atakan AKAR
: Dog Dr. Hasan SERIN
: Dog. Dr. Ilker SUGOZU

Arag yakit tiiketim degerlerini dogrudan etkileyen ara¢ aerodinamigi ayni
zamanda arag stabilitesi, hizlanma yetenegi, ara¢ sesi ve g¢evre kirliligi a¢isindan
biiyiikk 6neme sahiptir. Ahmed cismi jenerik ara¢ modeli akiskanlar mekanigi ve
ara¢ aerodinamigi konusunda yapilan g¢aligmalarda ¢ok fazla kullanilmaktadir.
Ciinkii Ahmed cismi gliniimiiz araglarina gore daha basit ve az detaya sahip olmasi
yoniiyle bu tarz ¢aligmalarda kolaylik saglamaktadir. Bu ¢alisma, 35° arka pencere
egim acisina sahip olan model iizerine ¢ukur yiizeylerin uygulanmasini ve bu
ylizeylerin ara¢ aerodinamigine olan etkisini arastirmaktadir. Yapilan
optimizasyonlarinin daha efektif sonu¢ vermesi i¢in ¢ukurlar aracin arka kismina
uygulanmigtir. Akis control yontemlerinin numerik olarak arastirildigi bu
calismada ayn1 zamanda literatiir calismalar1 da referans olarak alinmis ve sonuglar
karsilagtirilmistir. Yapilan ¢alismada, ¢ukurcuklamayla siirtlinme azaltma teknigi
farkli parametrelerle kullanilmis ve akig tlizerine etkileri degerlendirilmistir.
Analizler 2.4 milyon mesh sayisi ile ¢dziimlenmis olup, ¢ukurcuklu yiizeylerin
kullanilmasi ile en iyi model de siiriikleme kuvveti katsayisinda 3.5% azalma elde
edilmistir. Ayn1 zamanda bu ¢alismanin aerodinami agisindan anlamli olmast igin
uygulanan bu c¢ukur yiizeylerin glnlimiiz araglarma uygulanabilirligi ve
iretilebilirlik faktorii de degerlendirilmistir.

Keywords: Siiriikleme kuvveti katsayisi; Kaldirma kuvveti katsayisi; Arag
aerodinamigi; CFD; Ahmed cismi

II




EXTENDED ABSTRACT

Continuously increasing in fuel prices causes some problems about vehicle
fuel economy and main focus points of the automotive industry to overcome this issue
are improving engine efficiency, reducing vehicle weight, and minimizing drag force.
For a sedan car at 100 km/h, approximately 20 % of total fuel consumption and for a
heavy car 50 % of total fuel consumption is used to overcome drag forces.

Fossil fuel resources are reducing day by day with the growing population and
increasing usage of

Reducing fossil fuel resources and increasing greenhouse effect day by day
make more important lower fuel consumption values on automotive industry.
Additionally, lower drag force coefficient is an essential requirement for controllability
of vehicles at high velocity values.

That is why, this study aims to enhance vehicle aecrodynamic and dependent
factors like fuel consumption, greenhouse effect and vehicle controllability.

This study investigates a passive drag reduction technique using a car model
which is named Ahmed body. Ahmed body is a generic car geometry generally used in
the literature to observe fluid structure of ground vehicles. Its shape is very simple
comparing with an actual car shape, so this model can be easily modeled in CFD
investigations.

There are so many experimental and numerical investigations in the literature
for enhancing aerodynamic performance with using Ahmed car geometry. Three major
components of this body are front rounded surface, middle flat section, and rear part
with slanted surface. Front surface has limited effect on wake zone and vortex creation
by the rounded surface. However, variable slanted surface effect a lot of parameter
about vehicle aerodynamic.

Non-smooth surfaces are very effective technique for reducing drag coefficient
and make proper flow separation rear surface of Ahmed body. Dimpled surfaces is a
good example for non-smooth surfaces and this surfaces on a golf ball which it
provides longer distance travel if compared a non-dimpled surface ball are inspired
from engineers. Because of longer distance travel is providing lower turbulent air on

flow separation area with the aid of dimpled surfaces. Literature studies show

III



aerodynamic efficiency of an airfoil can be improved with addition a single bump at
CD 6% can be lower than a smooth air foil. In another literature study was investigated
effect of dimpled surfaces on Ahmed body aerodynamic. These dimpled surfaces with
different surface roughness were mounted on top surfaces of the geometry. According
to study results 1.95 % drag reduction was obtained by using the dimple surfaces.

Simulation models were created with using CATIA 3d modelling software and
dimpled surfaces mounted on slanted surface of Ahmed body with 35° slanted surface.
In simulations dimpled surface dimension were selected to obtain different surface
roughness value for each model. Dimple surfaces were categorized 3 diameter group
which they are 10, 15, and 20 mm. Each model in groups has different depth value and
this values increase from 1 to 5 mm.

To provide mesh refinement, the enclosure created by body of influence
volumes with different poly-hex core mesh size. Watertight Geometry module ins
Ansys Fluent was used for mesh structure creation. Mesh independence study was
made by using 3 different setups also these setups occur from 1.1 (mesh 1), 2.4 (mesh
2), and 5.5 (mesh 3) million total cell number values. These study results indicated that
mesh 2 setup is independent for this conditions.

K- SST turbulence model has important adventageous on adverse pressure
gradient that is why all simulations in this study was solved these turbulence model.
The air velocity has been set to 40 m/s with a Reynolds number of Re = 2,86 x 10°
was based length of the Ahmed body.

According to results, using dimpled surfaces were reduced drag force
coefficient.

Effects of dimpled surfaces shows similar results with reference studies when
compared. Used dimpled reduce drag force coefficient by creating friction on pressure
gradients. Maximum drag reduction was obtained as 3.5 % with 20d3h model with
comparing base model. However, increasing dimple depth after a value causes an
increment on values. In comparison wake flow structures, representations include the
most optimized model and base model. When evaluated Q-criterion, TKE, vorticity
and velocity magnitude contours it can be seen clearly with using dimple surfaces
pressure gradients reduced by creating friction on flow boundary layer. Additionally,

applied passive methods provide pressure and velocity recovery at the rear of the body.
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GENISLETILMIS OZET

Glinimiizde akaryakit fiyatlarinmn siirekli olarak artmasi otomotiv
endiistrisinde temel problemlerin basinda goriilmektedir. Bu olumsuz duruma
onlem almak adina yapilan ¢aligmalar motor verimliligi, ara¢ agirliginin azaltilmasi
ve arag siiriikleme katsayisinin diisiiriilmesi konularmi esas almaktadir. Oyle ki,
100 km/s hizda hareket eden bir binek aracin yakit tiiketiminin yaklasik olarak 20
%’sini siirikleme kuvveti olusturmaktadir. Bu deger agir tonajli bir ara¢ icin ise
yaklasik 50 % degerlerini bulabilmektedir. Baska bir konu olan fosil kokenli
yakitlarin sinirhi olmasi ise yiiksek yakit tiiketim degerlerinden ve kullanilan arag
sayisinin artmasindan olumsuz olarak etkilenmektedir. Bu degerler ile direk olarak
baglantili olan ara¢ diisiik siirikleme katsayisi otomotiv tarihi incelendiginde arag
yol tutus kabiliyetini artirmak adina da her zaman 6nemli olmustur. Bu bilgiler
1s18inda bu calisma ara¢ aerodinamiginde iyilesme saglamak adina katki degeri
olan sonuglar elde etmeyi amaglamaktadir.

Stiriikleme kuvveti katsayisinin pasif yontemler ile azaltilmasi konusunda
bir aragtirma yapan bu ¢aligma ara¢ modeli olarak Ahmed cismini kullanmaktadir.
Ahmed cismi genellikle literatiir c¢aligmalarinda kara tasitlarimin  akis
karakteristiklerini incelemek amaciyla kullanilmaktadir ve giinlimiiz araclarina
kiyasla daha basit bir sekle sahip oldugu icin kolay bir sekilde modellenip,
optimize edilebilmektedir. Bu yiizden literatiirde deneysel ve niimerik ¢aligmalarda
siklikla yer almaktadir. Ahmed cismi yuvarlak bir 6n yiizey, diiz yan ylizeyler ve
degisken arka pencere yiizeyinden olusan 3 ana bdliime sahiptir. On ve yan
yiizeyler geometrinin vorkteks yapisina olan etkisi neredeyse ¢ok az iken, degisken
acili arka ylizey akig karakteristigini 6nemli dl¢iide etkilemektedir.

Piirtizliiliik etkisini artiran yiizeyler arag¢ siiriikleme kuvveti katsayisinin
pasif olarak azaltildigi etkili yontemler arasindadir. Cukurcuklu yiizeyler
piirtizliiliik etkisi yiliksek olan yontemlere iyi bir 6rnek teskil etmektedir.
Cukurcuklu yiizeylerin golf topunun iizerinde kullanilmasi topun havada daha uzun
mesafe yol almasini saglamaktadir. Bunun temel nedeni piiriizliiliik etkisi olusturan

ylizeylerin akig ayrim bolgesinde olusan tiirbiilans yogunlugunu diisiirmesidir.
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Yapilan bir calismada kanat profili {izerine uygulanan tek bir kabarcikli yiizeyin
stiriikleme kuvveti katsayisim 6 % disiirdiigii sonucuna ulagilmistir. Bir baska
calisma ise yiizey piriizlilik etkisi farkli olan cukurcuklu yiizeyleri Ahmed
cisminin iist yiizeyine olusturmustur. Elde edilen sonuglar arag siiriikleme kuvveti
katsayisinda 1.95 % azalma saglandig1 yoniinde olmustur.

Analizlerde kullanilan modeller CATIA 3 boyutlu modelleme programu ile
olusturulmus olup, cukurcuklu yiizeyler Ahmed cisminin ag¢ili arka ylizeyi iizerine
yerlestirilmistir. Her model de farkli yiizey piiriizlilik etkisi olusturmak adina
cukurcuklu yiizeylerin ¢ap1 10, 15 ve 20 mm degerlerinde segilmistir. Ayrica
derinlik degerleri her ¢ap grubunda bulunan modeller de farkli degerlere sahip
olacak sekilde 1 mm’den 5 mm’ye kadar artirilmigtir. Akis alaninda poly-hexcore
ag tlriiniin arag duvarina yaklastikga artmasi saglanmistir. Ayrica ag yapisini
olusturmak i¢in Ansys Fluent programmin Watertight Geometri modiili
kullanilmistir. Yapilan analizler de kullanilan toplam hiicre sayisi ¢oziim siiresini
dogrudan etkilemektedir. Bu yiizden bu galigma i¢in optimum hiicre sayisinin tespit
edilmesi i¢in ag bagimsizlik calismasi yapilmistir. Bu c¢alisma 3 farkli ag
grubundan olusmaktadir ve bu gruplar 1.1 milyon, 2.4 milyon ve 5.5 milyon
toplam hiicre sayilarindan olugsmaktadir. Calisma sonucuna gore 2 numarali ag
yapist secilmis ve ¢alisma devaminda diger analizlerde kullanilmigtir. Ters basing
gradyanlarinda sagladigi onemli avantajdan dolayi1 bu calismada K-o SST
tiirbiilans modeli kullanilmigtir. Analizler 40 m/s olarak hava akig hizinda yapilmis
olup bu deger uzunluk olarak ara¢ boyu esas alindiginda 2,86 x 10® Reynolds
sayisina esdegerdir.

Referans g¢aligmalar1 ile benzer olan analiz sonuglarina gore ¢ukurcuklu
yilizeylerin kullanimi siirlikleme kuvveti katsayisinda azalma saglamistir. Bu
ylizeylerin kullanimi ters basin gradyanlarinda siirtiinme etkisi yapmustir.
Maksimum siiriikleme katsayis1 azalmasi 3.5 % ile 20d3h modeliyle elde
edilmistir. Ancak ¢ukurcuk derinliginin artigi bir noktadan sonra bu degerlerin
ylkselmesine sebep olmustur. Baz model ile 20d3h modelinin O-kriter, Tiirbiilans
Kinetik Enerji ve hiz konturlar karsilagtirildiginda agik bir sekilde goriilmektedir
ki c¢ukurcuklu yiizeylerin kullanimim aracin arka kisminda hiz ve basing geri

kazanimi saglamustir.
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1. INTRODUCTION Veli Kemal AYDIN

1. INTRODUCTION

Nowadays continuously increasing fuel prices and climate change effect
have caused fuel efficiency to become an important issue on vehicle production
industry. Also, usage of energy resources increasing significantly with the
population growth and developing fuel consumption is being more important. Main
objectices are developing fuel economy or fuel consumption values depend on
three essential parameters which they are engine performance [1], car weight and
coefficient of drag to enhance fuel economy (Abd-Alla GH et al., 2002, Jacques
EVP and Richard PD et al., 2010, Frederique M, Laurent D and Vincent H et al.,
2004). The drag coefficient of a vehicle plays an important role on total fuel
consumption value. For a sedan car at 100 km/h approximately 20 % of total fuel
consumption and for a heavy car 50 % of total fuel consumption is used to
overcome drag forces (Mc Callen R, Couch R, Hsu J Et al., 1999) Therefore,
improving vehicle design and overcome design limitations to reduce coefficient of
drag is an important step all over the vehicle design process in the automotive
industry (Jeff, H. et al., 2002).

Two types of drag forces exist in aerodynamic which are pressure and
friction drag.

The pressure drag occurs by pressure difference between front and rear of
the body and it is related with form of aerodynamic design and flow separation.
However, friction drag occurs friction between the air and body and it affects by
viscosity of air which is directly related Reynolds number and surface area of body.
Moreover, consumption of fossil fuels will cause an increment in greenhouse effect
by 50-250 % by 2050 (Smith, T. et al 2014) and lower fuel consumption values for
commercial vehicles requires good aerodynamic design. Additionally, a good

aerodynamic design provides safe driving and more sustainable environment.
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In aerodynamics studies, the wind tunnel experiments are very successful
to simulate real conditions and obtain reliable results of the analysis. But testing
each optimization may lead high cost and high waste of time. However, with the
developing technology in CFD softwares has been an alternative for wind tunnel
experiments.

With developments in high performance computers and computational
fluid dynamics (CFD) softwares become useful tools to improve vehicle design.

In the Automotive industry there are many reference car models, which are
called generic ground models. Generic ground models are generally used in
literature studies as a simulation model and each generic model has a specific
characteristic aerodynamic depends on analysis conditions. These generic models
are also named as bluff body and these bodies have flow separation zones and
characteristics wake flow region. (Cooper et al., 1993). This flow separation causes
a lower pressure in rear wake zone and all the optimization studies aim to reduce
big pressure difference between relatively higher pressure zone and lower pressure
zone. That is why flow separation regions and recirculation in rear wake area are
one of the important parameters in automotive aecrodynamic.

Ahmed Body generic model is one of the important simulation tools in
literature works. Like the other models easy to create and analyze because of its
simple geometric shape compared to commercial vehicles (Le Good and Garry et
al., 2004). Even it has a simple shape, creates complex flow characteristics like
commercial vehicles. Demonstration of full-scale Ahmed Body dimensions and

slant angle variations can be seen from Figure 1.1.
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Figure 1.1.  Schematic of Ahmed Body Dimensions and Slant Angle Variations
(Ahmed et al., 1984)

Three major components of Ahmed body are; front cylindrical surface, longitudinal
part and angled rear window. The main flow separation occurs at the angled rear
window area with the air comes from top, bottom and side areas. These separated
and unformed shear layers after the end of the vehicle tends to each other because
of a stagnation zone occurs. This zone created by layers is called wake zone. In
Figure 1.2 can be seen drag coefficient changement according to slant angle. In the
beginning of slant angled area flow starts to separate and end of the slant area flow

reform to separating bubble shape. To see effect of slant angle on vehicle

3



1. INTRODUCTION Veli Kemal AYDIN

aerodynamic in the range of 0° to 40° angle values are studied by Ahmed et al.,
1984. According to this study two critical angle value is detected which they are
12.5° and 30°. Investigating the wake structure of body shows a significant
increment detected between the values 12.5° and 30° (Lienhart and Becker et al.,
2003). If the angle value closes to 30 °, C-pillar vortices increase because of
pressure drop on slant area with the effect of separating bubble. Over the 30 ° slant
angle the C-pillar become less strength because flow cannot interact with slant
angle surface comparing to previous angle values. Therefor maximum drag

coefficient value is at 30 ° and over this values tend to decrease (Vino et al., 2005).

o N N S SR s = — = i, SO

0 b & v s
0 y X

o

Figure 1.2. Ahmed body Cd variation with the change of slant angle(a) (Ahmed
et al., 1984)

In this study slant angle value is not variable parameter and choose 35 °.
The significant characteristics flow of Ahmed body with flow separation and
recirculation areas in the wake can be seen from Figure 1.3. As mentioned wake
geometry part, pressure drop on wake region area is one of the main reasons of

strong C-pillar vortices and high, drag coefficient (Guilmineau et al., 2011). There
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are some methods to eliminate the sudden pressure drop on wake region and this
method are divided into active and passive methods depend on whether they use

energy or not (Altaf et al., 2014).

Seperation bubble

C-pillar vortex

Recirculation bubble

Figure 1.3. Averaged near wake structure of Ahmed model of o= 12.5-30
(Ahmed et al., 1984)

Active control methods generally use an internal power energy by
synchronized with the vehicle's electrical distribution system. These active
methods work in harmony with more than one engineering systems like
electromagnetic, mechanic, electric, piezoelectric and acoustic. In the contrary of
passive methods, active methods mostly use moveable wings, walls, vortex
generators, covers or grills in order to control flow with depends on vehicle
velocity. Of course design, size and weight parameters very important because they
can negatively effect when joined in the vehicle system. As can be understood from
all this, active drag reduction methods are more complicated and costlier so
difficult to perform and work on. In aeronautics there are some validated control

methods for years. As can be seen from current sport cars this method were being
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used with same working principle but as to cause the opposite effect. Bayraktar et
al., 2001 investigates effect of Reynolds number on Ahmed body drag and lift
coefficient. Reynolds number range was selected between 2.2 to 13.2 million.
Results of the study maximum drag coefficient improvement was taken 3.5 % and
maximum lift coefficient was taken as 2 %. Also it was understood high Reynolds
number has no effect on drag coefficient.

Generally passive control methods include grooves or add on operations to
vehicle surface. They are divided into two categories how it affects the flow. The
first category includes from barriers directly mounted on vehicle surface and the
second category consists of barriers located upper or lower position of vehicle.

Main reference of this study Ahmed et al. 1984 was made all experiment
with 60 m/s wind velocity. This velocity equals to Reynolds number of 4.29
million based on vehicle length. Even Ahmed body is simple and available for
CFD analysis, each turbulence model is not capable of solve rear wake turbulence
zone. That is why some literature studies aim to investigate predicting situation of
turbulence models for different conditions. For example a study was made by
Krajnovi¢ et al., 2004 implemented Large-Eddy simulation model flow around the
Ahmed body. Large-Eddy Simulation (LES) is a CFD method which it solves large
flow wakes with using Navier Stokes equations directly. But LES is effective
medium scale of Reynolds number it is capable of directly solution instead of to
modelling. That is why Krajnovi¢ et al., 2004 studied at low Reynolds number (
2x10°) on 25° slant angle Ahmed body with the 9.6 and 16.5 million cells. Also
the results of this study validated and well predicted comparing to reference
studies.

In another study Kapadia et al., 2003 studied a different CFD modelling
technique as Detached Eddy Simulation (DES) with cell number of 1.74 million.
25° and 35° slant angle Ahmed body models analyzed and results showed 5%
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approximate value was taken according to experimental results of Ahmed at al.,
1984.

Despite the DES and LES techniques have perfect estimating capable of
flow, they can not used every time due to the computer requirements and mucher
solution time. In this situation Reynolds averaged Navier Stokes (RANS) equation
based turbulence models are good alternative methods and very common in
automotive industry. Ahmed body with 25° analyzed by Braun et al., 2001 with the
Realizable k-¢ model and 2.3 million cell number. Despite the RANS models not
very good to predict flow separation characteristics, this study was gived
acceptable proximity values.

Nicolas et al., 2015 made an active flow control study on 25 ° slant angle
Ahmed body model with using steady micro jet actuators. In this study multiple
actuator variations were determined according to critical vorticity areas and aimed
to see effect of vehicle aerodynamic. Using with the most effective configurations
maximum drag reduction value was achieved as 13 % but when implementing
different combinations as simultaneously the maximum drag reduction was
achieved additional %2 values.

In another active flow control by Wanbing et al., 2018 with using new
unsteady jet inspired from synthetic jet to reduce aerodynamic drag. Ahmed body
25-degree slant angle is serviced to implement analyzing method Large eddy
simulation. Flow control devices are distributed on rear window of Ahmed body.
Effect of this devices and flow characteristics saw significantly after analysis.
%13.6 maximum drag reduction value was a demonstration providing positive
effect on pressure distribution on wake area.

Active flow control can be benefit using hybrid flow control systems.
Airfoil Ra5243 is a common analysis tool to improve aerodynamic and studied
Bedri et al., 2011. The main aim of this study was reduce strength pressure wake
shock and wave drag. Hybrid system contained 2D single bump, individual jet

actuator and implementing simultaneously this two control device. The simulation

7
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results show that after optimization studies 3.94 % decrease in total drag and 5.03
% increase in lift using different combinations.

To create smaller wake flap or deflectors, splitter plates, boat tails, vortex
generators and non-smooth surfaces one of the passive drag reduction methods.
Implementing vortex generator on Ahmed body 25-degree slant angle on 20 m/s
free stream velocity provide 11.7 % maximum drag reduction. Vortex generators
are positioned on top of the Ahmed body surface with determined distance to
control flow and prevent early separation (Krajnovi'c et al.,2004). Another study
different height deflectors were implemented on the side and leading edges of 25
slant angle Ahmed Body. Analsys in this study have been done with Ansys CFD
commercial software.

Design engineers struggles to minimize design limitations and make more
similar like ideal streamlined shape. But some factors like space for passenger,
luggage and engine compartment cause being different from desired shape. Front
corner roundness and flow separation area that occurs end of the bluff body are
very effective parameters for determining drag coefficient number. As seen in
Figure 2 Ahmed body car model has a cornered rear surface and making elliptical
surface was one of the combinations to see effect of drag number. Engineers have
studied to find new modifications named add-on devices because of limitations on
body design. These devices are classified as two types; active drag reduction and
passive drag literature study shows aerodynamic efficiency of an airfoil can be
improved with addition a single bump at 10 % and CD 6% can be lower than a
smooth air foil (Strachan et al., 2007). With another article results shows that
increasing dimple depth which it causes directly increasing surface roughness
increase the drag coefficient values (Vino et al., 2005). The term of turbulent air
related with Reynolds number, when Reynolds number is high it causes to
consume extra energy during movement from wake flow separation area and drag

coefficient number is correct proportion with wake area.
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So of course it is not easy to implement this passive drag reduction
technique to commercial vehicles when evaluated in terms of productability side.
In this study base Ahmed body will be investigated to compare flow characteristics
and wake region characteristics. During CFD simulations poly-hex core meshed
CFD setups were solved with k-w SST turbulence model.

Active drag reductions are more complicated and costlier so difficult to
perform and work on. Flap or deflectors (Mohammed et al., 2010, Lee et al., 2010,
Fourrie et al., 2011), splitter plates (Gillie'ron et al., 2011), boat tails (Khaligi et
al., 2001), vortex generators (Modi et al., 1995), non-smooth surfaces (Chear et al.,
2015), and linking tunnels (B. Mohammadikalakooa et al.,) are one of the
techniques passive drag reduction.

Non-smooth surfaces are very effective technique for reducing drag
coefficient and make proper flow separation rear surface of Ahmed body. Dimpled
surfaces are good example for non-smooth surfaces. Dimpled surfaces on a golf
ball which it provides longer distance travel if compared a non-dimpled surface
ball are inspired from engineers. Because of longer distance travel is providing
lower turbulent air on flow separation area with the aid of dimpled surfaces. In
Figure 1.4 wake characteristics of golf balls compared with dimple surface and
without dimple.

This study investigates effects of passive drag reduction techniques using a
generic car model which is named Ahmed body (Ahmed et al., 1984). The final
object of this analyzes is to evaluate changement drag coefficient and see effect of
variable parameters on vehicle aerodynamic after the implementing different

techniques and their combinations.
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Furthermore, reducing drag coefficient an automobile improves
performance of the vehicle and optimizes fuel efficiency so the main purpose of the
study is to reduce energy losses and inefficiencies by making aerodynamics

improvements on road vehicle model Ahmed body with angle of 35°.

Figure 1.4. Dimpled surfaces on a golf ball ( Chear et al., 2015)
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2. NUMERICAL APPROACH
2.1. Cad Model

As seen on Figure 1 dimensions of model; length L = 1044 mm; width W =
389 mm; height H = 288 mm; length of slant back E = 222 mm. Also, diameter of
the cyclinders are 30 mm and height values are 50 mm from origin. CATIA
software was used creating 3D models of Ahmed body. In simulations dimple
surface passive drag reduction technique was used and in this study dimple
surfaces were implemented on Ahmed body rear window area. Dimple
characteristics has defined two different ways with same formula in literature

studies. They are dimple depth ratio and surface roughness.
Dimple depth ratio = S (1)

This passive drag reduction method was also used from Chear et al., 2015
according to formula £ defines dimple depth value and d defines diameter value.

The second way is named as surface roughness value instead of dimple depth ratio.

™
[
o=

(2)

There are 15 different dimpled model used in simulations and they have 3
diffirent diameters. Also each model has different depth values in its own group. It
can be seen from Figure 2.1 and Table 2.1 dimple surfaces implemented with the
same configurations on Ahmed body rear window are in all models. Also

according to dimple dimensions’ model’s surface roughness values generally vary

11
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from each other. Additionally, to prevent sharp surface between rear window and

dimple 0.5 mm fillet radius was applied.

Figure 2.1. Ahmed body with dimple surfaces and dimensions in mm

Table 2.1. Diameter and depth values for each model

Model Number H1 | #2 | #3 | #4 | #5 | #6 | #7 | #8 | #9 | #10 | #11 |#12| #13 |#14| #15
Dimple Diameter (mm) | 10 | 10 | 10 | 10| 10| 15 | 15 | 15| 15 | 15 [ 20 | 20| 20 | 20| 20
Dimple Depth (mm) 1123 |4]|5 1 2 3 4 5 1 2 3 4 5
Surface Roughness (€) | 0,1/0,2|/0,3|0,4|0,5|0,06|0,13|0,2|0,26|0,33|0,05|/0,1|0,15|0,2|0,25

2.2. Mesh Generation and Mesh Independence

CFD simulations depend on multiple parameters. For example, in case of
creating too fine or too coarse grid structure, it is possible to over-resolve or under-
resolve solution. Choosing small element size completely on flow region causes a
highly increment on the solution time and computational source requirements. In
this case, flow region separated in 3 different sizes was created, in which the mesh
density increases from the flow region wall to the vehicle body wall. During
generating meshes for CFD simulations, the Watertight Geometry workflow in
Ansys Fluent was used. The workflow is much simple and by simplifying mesh
generation it provides to complete all stages in one window. Also thanks to new

12
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poly-hexcore meshing algorithm, it is possible improve mesh quality and solution

time.

Region Il

Region |

Figure 2.2. View of grid regions with 3 different mesh densities

To make strategic mesh refinement, volume of poly hex-core elements
were divided with 3 different mesh density (Figure 2.2). The closest region to
vehicle walls have smallest mesh sizes for the purpose of catch flow characteristic
around the vehicle. Y'~1 values was chosed as a essential requirement when
solving viscous sublayer with k-@ SST to take advantages of this model. Also 24
prism layers were used to increase predicting possibility of full boundary layer
profile and effect of the adverse gradient forces. Additionally, in numerical
simulations mesh independence study is very important to select available and
sensible number of mesh cells. In this study as can be seen from Table 2.2, each
region was analysed 3 different setup which they are a Mesh 1,Mesh 2, and Mesh
3. When evaluated according to results of mesh indepedence study (Figure 2.3) , it
was found that flow solutions are almost independent from grid size after the grid

level of Mesh 2.
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Table 2.2. Mesh Sizing Strategy

Mesh 1 Mesh 2 Mesh 3
Element size of region I (mm) 20 7,5 5
Element size of region II (mm) 40 17,5 12,5
Global element size (region III) (mm) 175 100 75
First prism layer height (mm) 0,04 0,04 0,04
Number of prism layer 24 24 24
Growth rate 1,2 1,2 1,2
Volume mesh type Poly-hexcore [ Poly-hexcore | Poly-hexcore
Total mesh count (x10°) 1,1 2,4 5,5

cd
Cl

Mesh 2 Mesh 3

Figure 2.3. Mesh independence study

2.3. Turbulence Model

RANS numerical method was selected for numerical simulations in this
study since it is is adventageous in terms of computational cost and comparing with
Despite Detached Eddy Simulations (DES), Large Eddy Simulations (LES), and
Unsteady Reynolds-Averaged Navier-Stokes (URANS).

It is very important to select appropriate turbulence model for current
study. Because advantages of the eight RANS turbulence modes may differ for
different conditions.

So the main aim of the selecting k- Shear Stress Transport (SST) (Menter
et al., 1992) provides better estimation one of the RANS models and it has a better

estimation ability in adverse pressure gradients. This SST k-o model which is used

14
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widely in aerodynamic studies, combines of ability resolving k- with near the

walls and k-€ with free shear layers far from surfaces.

2.4. Boundary Conditions, Solver Settings and Post Processing

To provide different element sizes on specific areas body of influence
mesh insert technique was used. Also, near of the Ahmed body was meshed finer,
away from model was meshed coarser. Air has constant properties and assumed
incompressible was adopted as a simulation fluid. The air velocity has been set to
40 m/s with a Reynolds number of Re = 2,86 x 10° was based length of the
Ahmed body and turbulence intensity value was selected 0.5%. Also the pressure
outlet value was set 0 Bar with 5 % turbulence intensity. These turbulent intensity
values were selected for comparison experimental results of Meile et al. in 40 m/s
study. The experimental results of Ahmed et al. at Re = 4,29 x 10° are included in
this study just for comparison. In preparing solution setup ‘Double Precision’ was
selected to increase accuracy of solution and. Parallel processing options was
chosed instead of serial and number of processes was selected according to
specifications solver computer.

The spatial discretisation part was 2nd order for the pressure, and 2nd order
upwind for the momentum. Additionally, if it selected ‘Pseudo Transient’ option
optimizing solution control values can provide more relaxed solution convergence.
The residual absolute citeria value was 107> which this value effect of
convergence accuracy.

The boundary conditions and flow inlet parameters used during numerical
solution were shown from Table 2.3.

The whole enclosure body includes of three boxes to apply different
element size. As can be seen from Figure 2.4 if model length is called L; length of

main box is 15.5L, length of the between inlet and model is 2.5L. Also, the width is

15
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3L and height is 1.5L to provide condition of free stream condition with zero
normal gradients.

A quasi-three-dimensional model (quasi-3D) was used during creating
computational domain and they were analyzed by dividing them in two. These

dividing operation provided a reduction number of elements and analyzing time.

stationary Walls (No Slip)

~ 3

1.5L

Figure 2.4. Dimensions and boundary conditions of the computational domain

Table 2.3. Boundary condition setup for numerical analysis

Boundary Condition Parameters | Boundary Condition Type |Ouantity \Y 40 m/s
Inlet Velocity inlet 40 m/s Re 2,86 x 10°
Outlet Pressure outlet 1 atm p 1.225 kg/m®
Stationary wall with no-slip

Walls(Ahmed body) n 1.789 x 1075 kg/ms

condition —

Stationary wall with no-slip

Walls(Enclosure) condition

I <0.25%

There are some procedures to obtain stabilized solution and realistic
comparative with experimental data’s. Geometry creation is first step of this
procedure list. Because changeable parameter like dimensions or shape of the drag
reduction surface is directly affect CFD results. Mesh creation is the second
important pre-processing step after creating geometry. Especially face and volume
mesh quality improvements are very important to take convergence during

simulations. Additionally, solver step includes critical parameters like turbulence

16
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model, y+ value, number of layers, boundary conditions and convergence criteria.
According to aim of the study some parameters may be essential to achieve reliable
results. In some situations, it is better to select appropriate values otherwise
solution time may lead longer. Validation and verification is the last step of CFD
simulation procedure.

Drag, lift and residual monitors should be compare with experimental and
reference studies. The approaching percent may give information about the
completion of a reliable simulation procedure. CFD simulation procedure of these
study can be seen from Figure 2.5. The results obtained during this study are

outcome of selections and improvements following this procedure.

17
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CAD: Geometry creation, parameterizing
geometric nputs, PID (boundary conditions,
identifying separated force measurement surfaces)
\.

Pre-Processing ———— l

- ™
Meshing: Adding local refinements (BOI’s, prism

layers, face sizing, volume sizing, automatic surface [#—

and volume mesh improvements)
— N S

" (  Setup: Physics setting, selecting turbulence model, )

computation algorithms and discretization method,
specifying boundary conditions, set convergence

\ criteria and output parameters

Solver———_

4 N\
Solution: Running the simulation until the reaching
desired convergence criterias
— S

l

Validation and Verification: Judgement of y*on
no-slip surfaces to match turbulence model
V&v requirements, observing drag, lift and residual
monitors to obtain stabilized solution, compare
CFD results with experimental data.

Areanjoadsar ‘dnjes pue ysewr ‘Anawoas yoarD)

Solution Obtained

Figure 2.5. Procedures for CFD simulations
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3. RESULTS, VALIDATIONS AND EVALUATION

3.1. Validation

Numerical analysis results in this study were compared in Table 4.
References studies both includes numerical results (Thabit et al., 2018, Braun et al.,
2001) and experimental results (Ahmed et al.,1984 Meile et al., 2011). Reference
studies selected similar boundary settings as possible with the current study but
depending enclosure volume, turbulence model, Reynolds number or total mesh
number parameters the deviation value changes with the reference studies. One of
the main experimental reference is Ahmed et al. made all tests with 60 m/s air-
stream. This is corresponding a Reynold s number o 4.29 million based on body
length. This Reynolds number is approximately 1.87 million higher than the
current study. The second experimental reference study by Meile at al., 2011
investigated effect of slant angle with using 25 © and 35 °. Analysis were made
velocity range 10 m/s < Uoco < 40 m/s to see effect of Reynolds number but our
concern for this study the maximum velocity 40 m/s which it corresponds Re =
2.784x10°. When compared with this two experimental study deviation values for
Cd coefficients are 12,68% (Ahmed et al.) and 6,59% (Meile et al.). The main
reason of deviation difference is wind velocity is highest at Ahmed et al. study.
First numerical study by Emmanuel et al. [32] studied with two different slant
angle which they are 25 ° and 35 °. Also to see effect of turbulence model each
slant angle analysed with different models like Spalart-Allmaras , SST K — o , Rijj
— olP, Rij — ®SSG , EASM and ASM . With using SST K — ® turbulence model
our current study deviating value is 2%. The second numerical studied by Thabit et
al., 2018. In this study realizable k- model with 2nd order was applied and taking
a experimental study was referenced with 40 ° slant angle Ahmed body. To
evaluate effect of different slant angles on Ahmed body, 10-40 ° slant angle models

were analyzed. When compared the result of 35 © slant angle model drag
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coefficient value deviating value 0,16%. This variation can be acceptable and Cd

results of this current study is in a good agreement with experimental results.

3.2. Evaluation of Force Coefficients

Table 3.1. Numerical studies results comparision with references studies

Thabit et| Emmanu | Ahmed et | Meileet | o | 1001 | 10pon | 1003H | 1004 | 10D5H
al., 2018 | eletal., | al., 1984 | al., 2011
Cp 0,2949 | 02895 | 0,258 0,276 | 0,29548 | 0,29145 | 0,2864 | 0,28634 | 0,2865 | 0,28786
C, 00205 | na na 0,004 | 0018 | 0026 | 00685 | 00518 | 0018 | 0,0546
15D1H | 15D2H | 15D3H | 15D4H | 15D5H | 20D1H | 20D2H | 20D3H | 20D4H | 20D5H
Cp 02862 | 0,28585 | 02856 | 0,28595 | 0,286 | 0,855 | 0,28524 | 0,28513 | 0,28517 | 0,28549
C, 0062 | 0064 | 00619 | 00501 | 0,096 | 00686 | 0,0547 | 0,0487 | 0,0359 | 0,017

According to numerical results in the Table 3.1 all dimple models provide
drag reduction when compared with reference base Ahmed body model.
Nevertheless, if the dimple depth increases after a certain value, drag value is
effected negatively. The biggest drag reduction was taken 3.5 % with 20D3H
according to base model value 0.29458. The lowest drag reduction was taken 2.5 %
with 10D5H comparing to base value. It can be seen from Table 3.1 increasing
dimple diameter provide positive effect to decrease drag value but dimple depth

factor causes negative effect after a point.

3.3. Comparison of Wake Flow Structures

Base L ' - 20d3h | ,L_\ v

Figure 3.1. Iso-surfaces of Q criterion demonstration for numerical analysis
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In this part of the study, qualitative flow representations are carried out
between the optimum model with minimum drag and base model. According to
Figure 3.1 Q criterion can be seen, which is one of the vortex demonstration
methods in fluid dynamics. By definition, the Q criterion defines vortices as areas
where the vorticity magnitude is greater than the magnitude of the rate of strain.
For this two model it is possible to see upper, lower and longitudinal flow separate
from rear of the body. The obvious difference is lower and upper vortex tend to
interact each other when compared with base model. This interaction results in
smaller wake region on rear area and this provides pressure recovery at the rear of

the body.

TKE: 20 30 40 50 60 70 80 S0 100110 120 130 140 150

Base 20d3h

Figure 3.2. TKE contours in the symmetry plane

Turbulent kinetic energy (TKE) is the qualitative measure of energy
dissipation and loss for a given flow. It can be measured as the root mean square of
the fluctuation in the flow velocity. TKE contours demonstrate the higher energy
loses areas because of higher drag. TKE contours in the Figure 3.2, supports
previous comments about these two models. As can be seen, the lower and upper
vortex tend to interact rear of the body. The green flow vortexes break off clearly
in the base model but the same vortexes interact with each other on 20d3h model.

This indicates the flow is tending to regular and uniform flow regime..

21



3. RESULTS, VALIDATIONS AND EVALUATION Veli Kemal AYDIN

Base 20d3h

e

e
Lioasl
035 04 04 05 055 08 085 07 075 02 085 08 005 1

00 095 1

Figure 3.3. Velocity magnitude (u) contours in the symmetry plane

A regular and narrower wake is essential in terms of aerodynamic
performance for a vehicle. Ahmed body rear vortex is almost independent from
front and longitudinal surfaces. That is why, in this study drag reduction surfaces
effect only wake zone of body. For the base model, it is possible to see bigger
vortex creation on rear but on the optimized model using dimple surfaces eliminate
rear vortex creation and provide pressure and velocity recovery. At the same time
Figure 3.3 shows velocity magnitude contours are shown in symmetry plane.
According to velocity distribution of the rear area and it can be understood that
dimple surfaces reduce power of the vortex lines. When compared end of the two
contours it can be seen dark blue velocity is smaller and terminates before
according to base model. Also size of the green elliptical region in the middle of
the contours bigger than comparing to base model. When this informations
evaluated, it can be seen that there is a velocity recovery with using dimple

surfaces.
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Vorticity: 0 900 1800 2700 3600 4500 5400 6300 7200 8100 5000
Base 20d3h

033 03% 034 034 035 0356 038 0385 037 0306 038 0385 033 0336 034 036 035 03% 036 0385 037 0375 038 0385
X

Figure 3.4. Vorticity contours in rear separation zone

One of the main aim of the using dimple surfaces is eliminating or delaying
flow separation from rear surface. The vorticity contours are represented to see in
terms of cohesion effect between flow particles and vehicle surface. In Figure 3.4,
since there is an elongation during separation rear corner of the vehicle it can say

that an improvement has been gain in terms of attaching to surface.

Table 3.2.. Locations of the planes

Location Location
X, xL=01 Y, zH=0.574
X, xL=02 Y, z/H=1

X; xL=03  Symmetry y/W=0

[ \ i

Figure 3.5. Demonstration of planes
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Base 20d3h
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€1 41 41 oM 8 P B0 AW 82

: ¥
Figure 3.6. Velocity magnitude contours with vertical planes ( X1, X5 ,X3)

In Figure 3.6, normalized velocity contours demonstrated with using
X1,X, and X3 planes. This planes cut the vehicle from top to bottom also exact
locations can be found Figure 3.5 and Table 3.2 Naturally as the distance increases
from vehicle surface, size and value of velocity contours are reducing. But when
evaluated same distance level of planes, the optimized model’ contours have

smaller velocity regions according to base model’s.
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‘ e RN
Lo 3 & 3 w15 8 n @ W]

20d3h

Figure 3.7. Velocity magnitude contours with horizontal planes (Z ,Z, )

In Figure 16, velocity magnitude contours illustrated with two horizontal
plane. Z, plane locates upper side and Z; plane locates lower side of the vehicle. It
can be seen from figure, near of the vehicle the velocity values smaller comparing
to flow contour separating from vehicle. But with the optimized 20d3h model,
wake region is narrowing. Especially Z, contours shows that there is a remarkable
velocity recover with 20d3h model which this recovering directly related

decreasing drag value and improving rear flow structure.
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4. CONCLUSIONS

In this study a drag reduction study is represented to improve aerodynamic
characteristic of a generic car model’s rear wake zone. The rear window of the 35°
slant angle of Ahmed body is optimized with variable parameters in each model.
This study shows similar results with the main reference study (Chear et al., 2015)
in passive drag reduction methods. These passive methods reduce pressure
gradients by creating friction on flow boundary layer. Inferences from this study

can be summarized like below:

e During creation dimple surfaces parameters can effect whether decrease
drag coefficient or not.

e Although increasing dimple diameter effects positive, the bigger dimple
depth causes to increase drag coefficient value after a point.

e Despite optimized models provide Cp value reducing, there is no consistent

variance on (], values between optimized models and base model.

In the light of the information’s in this study it can say that dimple surfaces
reduce vortex and turbulent intensity on the wake. Especially flow separation zones
are very critical to achieve aim of the aerodynamic studies but in the future studies
can be investigate effect of optimized dimple surface with implementing different
zones of car like bottom, top, side and front surfaces and their combinations.
Besides all this, considering that the drag reduction values are very low compared
to vehicle size, it creates a discussion subject whether this study is feasible or not.

Also it should be take into account in terms of commercial side because
changing vehicle part shapes effect production conditions and it is important for the

manufacturers whether it will be preferred visually or not.
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