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ABSTRACT

Flows around bluff bodies have complex structureswhich create drag, surface
contamination and stabilitgsuesfor transportation system$he standard Ahmed body
(SAB) is asimplified representative thregimensional3D) bluff body thatis known to
producethe essentiafeatures of complex bluff bodieShis thesis studes the flow
structures athe rear end of 3D bluff bodies to aid the developmenfl@iv control
strategiesin thefirst method amodified SABwith a 25° slant anglis proposed that uses
elliptical curvature at the rear end and is denoted as the elliptical Ahmed body (EAB). The
particle image velocimetrgPIV) technique is used to provide tHetailed flow structure.

The PIV study is conducted at a Reynolds number®fp p 1T based on the model
height. This experimentalstudy is complementedby detached eddywimulations at
Reynolds numbers df.47 x 10, 4.31 x 10* and 1.90 x 19 In the second methqdhe

effect ofa hydrophobiccoating on the flow structuief the SAB and EABSs investigated
experimentally using the PIV technique and for the same Reynolds numbers stated above
For both methods, the coherent structures are evaluated using advanced analysis
techniques, such dgequency analysigproper orthogonal decomposition, dynamic mode
decomposition, €Zriterion and} -criterion. For the Reynolds numbers and specific
conditions investigated, theesults show that the elliptical curvatureeates significant
reorganization ofhe flow structures, where the slant separation bubble, longitudinal C
vortices and lower recirculation bubble are eliminated, whereas the upper recirculation
bubble shifts toward the slant surface. This flow restructuring provides ~10.4% drag
reduction ad reduces surface contamination. In addititime hydrophobic coating
increaseghe slant separation bubkd@d he Strouhal numbeat the slant surface e

SAB, while thewakerecirculation lengths notsignificantly affected However the shear
stress, turbulent kinetic energy, and Strouhahbersare reduced over the EABith the
coating Overall, the results show thaliptical curvature and hydrophobic coating have
the potentialfor drag reductionand the mitigation ofsurface contaminatiortHowever,
further investigation is required before generalized conclusions can be drawn.

Keywords: Bluff body; Ahmed body,flow control; hydrophobic coating coherent
structure, Q-criterion, } -criterion, proper orhogonal decomposition, dynamic mode
decomposition.
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Chapter 1: Introduction

The chapter providesackgroundnformation related to blufbodiesfocusing onthe
effect oftherear end on the flow features. It also discasse motivation and objectives
of thethesis.Finally, thestructure of the thesis is outlined.

1.1 Background

A bluff body is defined as a body thediuses flow separation over a substantial part of
its surfacebecause of the nature of its shgpe They show a premature boundary layer
separation from the surfacnd create a wake with unsteady velocities. The region
occupiedby the separated wake is generally denoted bydbieculation regiorhaving
significant low pressures, which isfeatureof drag creatiorn2], [3]. When the Reynolds
number is low, theléw over a bluff body is strongly affected by viscosity, and the body
experienceslragforces primarily due to skin friction. As the Reynolds number surpasses
a certain threshold, the wake undergoes vortex shedding, which leads to a substantial
decrease impressureat therear surfaceThis pressure reduction becomes the dominant
contributor to the overall drag experienced by the bluff dgly

The most common examples of thidienensional (3D) bluff bodies ateains,buses,
cars andsome submersible vehiclgg, [6]. The flow aroundD bluff bodieds inherently
threedimensional and exhibits complex characteristics, such as turbulent boundesy laye
flow separation and reattachmedof)gitudinalC-vorticesand a large turbulentake at the
rear end. Understanding the effects of these flow characteristics has considerable practical
significance because they are closely associated dvéy surface contamination and

stability issuesegtc.[4], [6].

Figurel.1(a) shows thealifference between the higiressure at the front and the low
pressure region at the reaf a vehicle. This pressure disparity, resulting from flow
separatiorat the rear endjives rise to the dominant form of drag known as pressure drag,
which constitutes a significant portion of the total drag experienc8®Imuff bodes[7]i
[9]. Subsequently the rear end is the main contributothe drag andepend®n the slant
angle, as shown iRigure1.1(b), which dramaticallyltersthe flow featureq10]i [12]. At
high speedssuchcomplex3D bluff body shapes can account for more than 60% of the

total fuel consumptiorj13]. Thus, given a reduction in the aerodynamic drag by 10%, fuel

1



consumption in realvorld driving may go down by 2i8% [13]. Similarly, the recent
trend shows an interest towards bluff shepemersible vehiclesuch as squat submarines
The flow aroundthis type of vesselalso encounterghe problem of pressure drag and
surface contaminatidb]. Furthermore, there are otherderwater vehicles thahowflow
featuressimilar to the 3D bluff bodiesfor example the shallowrunningflat submerged
bodieg14] andmulti-state submersible vehiclgsb]. Other underwater applications of 3D
bluff bodieswhich are not transportation related inclddige structures, such as caisson
structures or oscillating water columns (OWC), wawergy converters (WEC§)6], and

underwater energy storage systdig.
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T

Figurel.1: Conceptual description of the drag orig#}, [18]. (a) Schemati®of drag around the vehicle (b)
C-vorticesfrom the side edges and the effect of slant angle

Subsequentlythecontrolof complex flow characteristics the rear 08D bluff bodies
relies onfundamentatomprehension of the sources of the drag and surface contamination
mechanismsvhich must first be studiedn basic bluff bodiedor a refined understandin
of the flow physics There are different simplified 3D bluff geometries, especially in the

ground tansportatiorsector,such agthe Ahmed body19], [20].



The Ahmed bodyprovides uniqueopportunities to analyze the flow belavin great
detailby focusingonthe reaend[10]. The standard Ahmed body (SABJ)oduces complex
threedimensional structes (TDS) and unsteady turbulent struces at therear end
depending on the slant ang&ncethe Ahmed bodyepresents several vehicle moddls,
is the most studied simplified geometignd it has become a benchmark mdael.
Similarly, the flow aroundome submersible vehiclpsoduces similar flow features to the
SAB at the rear end, which are found to encounter significant resistaterens of drag
and surface contaminati@sy, [22], [23]. Accordingly, the SAB reservesspecial position
among the simplified 3D bluff bodies thiadve a flow structure common to both ground
and underwatevehicles Also, the Ahmed bdy is amember of larger critical geometries
showingrelevantflow featuresdue tospecifc geometric paramete[82]. Therefore, this
thesis employs the Ahmed body as the representative 3D bluff body to understand the flow

features focusing on the rear end and relate it to drag and surface contamination.

In the SABwith the rectangular slant surface, the slant angle remains the main factor
that distinguishes the model into high and low drag regi24 [25]. In the highdrag
regimebetweenslant angles 12.5° and 3@he slant separation bubble (SSB), a pair of
counterrotating longitudinalC-vortices and wake recirculation region behind the body
includingthe upper recirculation bubble (URB) and lower recirculation bubble (l2R&)
the primaryflow features. In this higllrag region, the flow has a thrdenensonal
structure (TDSHominated by turbulent eddies of various ordé€s the contraryin the
low-drag regimethe flow becomes massively separataudthe Gvortices lose energy,
which generateghe quastaxisymmetric separated (QAS) float the reaf10], [26]. It
should be noted thate threedimensional and unsteady behawwbthe SAB between the
2 5 A < UstaBtardgles not well understoodespecially aia 25° slant anglehaving a
complex flow structurg27], [28]. In fact, tre flow structure at the rear of t2&° SABis
so complex that low order turbulence models su¢heReynoldsaveraged Naviestokes
(RANS) cannot capture if29]. Additionally, there is currently limited understanding of
the unsteady flow physics associated with the-eeak flow structure ofhe 25° SAB, and
the existing knowledge is fragmented across experimental studies and numerical
simulations.It was shown ¥ Ahmed et al.[10] that the wake ofthe Ahmed body
contributesup to70% pressure dragf the total dragSpecifically,at25° SAB, almost64%
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of pressure drag fromthe slant surface30% from the vertical base, andly 6% from
the forebodyf10], [30], [31]

The subject o§hape modification usingunding oftherear edge and i&ffect on the
wake flow featuredas hardly been discussed in the open literature until re¢dailyFor
example,Thacker et al[33] rounded the sharp edge of the slant surface on th82&B°
This modification successfully suppressed flow separatinod provided 10% drag
reduction Nevertheless, another investigation conducted examined the effects of rounding
both the top and side edges of the slant surface on tHeAESM [34], [35]. Interestingly,
while rounding the top edge resulted in a notable 16% reduction in drag, nwémenot
in drag was observed when rounding the side edges. The primary factor contributing to this
reduction was the suppression of flow separation and the elongation of the recirculation
region[34], [35]. These studies found compelling benefitéerms of drageductiondue
to themodification in the complex TDS found at the rethe2 5SAB. Nonetheless, the
idea ofshape modification bimplementingan elliptical curvature athe rear endof the
SAB has not beeattempted so faitherefore, the flow structure of the modified SAB with
elliptical curvature which is denoted as the elliptical Ahmed body (EABII provide
physical insight into the rear end flow featusesd its impact on the drag and surface

contamination

Similarly, in recent times, there has been a notable surge of interest in surface
modification methods aimed at altering the characteristics of the boundary layer,
particularly with regard to the application of hydrophobic coatings. These coatings,
possessingawatr contact angl e e x cfeearwateginté&flce , gen
[36]1[38]. Consequently, hydrophobic coatings have gained recognition as a viable
technique for achieving diverse objectives, including the reduction of viscoug3®jag
antricing capabilities[40] and sekcleaning propertief41]. The concept of employing
hydrophobic coatings to manipulate the flow dynamics arsungle 2Dbluff bodies has
garnered attention, specifically in terms of delaying flow separation and regulatin

subsequent vortex behavior in the wik2]i [44].



1.2 Motivation

In Canada, the transportation industgnsumes around 23% diie total energy
produced45]. Furthermorethe transportation sector is heavily dependent on fossil fuels
and contributes up t@2% of the greenhouse gases in Canpi. Addressing these
pressing global concerns of greenhouse gas emissions and fuel consumption requires
innovative approaches to aite the efficiency of vehicles. Despite their prevalence in
the transportationindusty, there remainsomeknowledge gap regarding complex flow
phenomena occurring at the rearsome3D bluff bodies.For examplethe flow around
the 25° slant anglef the SAB is so complex th&w fidelity simulations such as RANS
cannot capture the flow dynamicBhus, high fidelity investigation of flow separation,
vortex shedding, and wake dynamics at the rear end provides fundamental insights.
Moreover, fundametal studies of turbulent flow around the EAB is not reported in the
open literatureSuch physicalunderstanding can pave the way for the development of
innovative flow control strategies and drag reduction techniques resultiagniore
efficient transpdation sector and logreenhouse gas emissioMoreover, studying the
wake flow characteristics offers valuable insights into the rear window surface
contamination observed in the context of the LRB. The presence of the LRB at the rear end
close to the gund leads to the entrainment of contaminants, propelling them toward the
rear window. This phenomenon poses significant challenges, particularly for autonomous
vehicles relying on cameras and sensors. Understanding and addressing this issue is crucial
for mitigating the adverse effects of surface contamination on the performance and
reliability of autonomous vehicle systentsurthermore, it has been observed that the
application of hydrophobic coatis in close proximity to the separation point manifests
significant effects, thereby suggesting a direct influence on the boundary layer at this
critical location [37]. Nonetheless, previous investigations have predominantly
concentrated on scrutinizing the consequences of hydrophobic coatings on simpler
geonetries of bluff bodies, notably cylinders and sphé#eji [44]. However, the flow
structure at the rear end of a thdimensional (3D) bluff body, exemplified by the
complex flow structures encountered in the
been explored. The intricate flow patterns

challenges in terms of comprehension. Consequently, -alepth examination of the



implications of applying hydrophobic coatings to the rear end of the SAB, aasvied
modified version, the EAB, provides a compelling avenue to unravel novel physical

insights.

1.3 Objective
Based on the above discussion, the main objective of the thesitinedas follows

1 Conduct detailed velocity measurements of the flow atdhae 25 SAB and EAB
1 Perform highkfidelity numerical analysis of the flow around thé 33\B and EAB.

1 Experimentally investigate the effects of hydrophobic coatings on the wake flow
characteristics of the 25AB and EAB

1 Extract and analyze theirbulent quantitiessuch as the Reynolds stresses and
turbulence kinetic energgs well as theréquency spectra

1 Apply multiple point advanced analysis technigjgach as twepoint correlation,
proper orthogonal decomposition@dP) anddynamicmode deomposition (IMD)
to identify theunsteadyflow features in the wake of tf&#5° SAB and EAB

1.4 Thesis Structure

The thesis is organized into five chapters as follows. The literature review of previous
studies on the flow structure of the Ahmed body fimd control methods is presented in
Chapter 2. Detailed experimental setup, including test facilities, measurement procedures,
and the description of the setup for the numerical investigation, is reported in Chapter 3.
Chapter 4 reports the results andadission in detail, including the vortex identification
and model decomposition methods used to document the flow features. Finally, Chapter 5

presents the summary and conclusions of the thesis and recommendations for future work.



Chapter 2: Literature Review

This chapter discusses the flow features of bluff bodies, specifically focusing on the
threedimensional bluff bodies represented by the generic vehicle model of the Ahmed
body. The survey of the relevant literature highlights the important development in
understanding the turbulent flow behavior and areas of immediate concern in the
development of flow control to improve the aerodynamic performance of road vehicles.

Finally, a summary of the literature is provided, and the relevant research gaps are stated.

2.1Bluff Body Flow

A bluff body is defined as a body that, as a result of its shape, causes flow separation
over a substantial part of its surface and undergoes a massive flow separation at the rear
end[1]. The region defined by the separated walgeiserally denoted by the base having
significant low pressures, which is a strong factor of high drag creation. The base pressure
is a direct function of the nearake flow topology and boundary layers at separation.
Hence, when a body moves in a stillidluit increases the total energy of the fluid. This
increased energy is directed to the wake, which is a function of an organization of
continuously generating vortices due to the liodurface. However, such a base region,
despite having a great scidittivalue, which depends on geometrical and fluid dynamics

parameters, is complex and still an open prol&hh [47].

For two-dimensional bluff bodies, this phenomenon is documented where the alternate
shedding of twecounter rotating vortices creatiesge perturbation energy contributing to
aerodynamic drag. Hence, reducing the concentrated vortices or even reducing their
strength provides encouraging resy#ty [48]. Bearman[47] highlighted this physical
phenomenon by stressing that vortex fation distance influences the base pressure
devoid of the method used. It is confirmedwa r e z a n o v i[31] aadrThiria €tald o t
[32] that placing a small cylinder at the back ofB bluntbody extends the recirculation
length and increases thimbal pressure in the base regibigure2.1(a) & (b) denotehese
phenomena where bluffness (Dr/D) is related to the wake width, and at a giveresduff
increased recirculation length provides greater base pressure, hence reduced drag. It also
shows the equilibrium between the entrainment and reversed flow which will be different
for the turbulent flowj51]. The significance of these studies essdigs that the base drag



can be reduced by modifying the wake recirculation region, and hence, methods should be

developed to control it.

Figure 2.1: (a) Meanflow (b) instantaneous flow dynamics around a circular cylinder. In (b) (i) and (i),
entrainment flows; (iii), reverse flg&l].

The flow around complex 3D bluff bodies more complicated than the 2D bluff
bodies. Since the compl&D bluff bodies prduce high TDS that are responsifdedrag,
surface contamination and stability according to the applicatiothis context, rany
industrial flows are produced by the motior8&fbluff bodieq3], [52]. The most common
examples of bluff bodies are encountered in the transportation industry, such as trains,
buses, and cars. The design constraint requires body bluffness which inevitably brings
complex threadimensional flow to the rear end of thedy [13], [53], [54]. Thus,these
vehicle modelsepresent 3D bluff body having blunt rear edgel'he growing desire for
energy efficiency and safety related to stability and soiling mitigation provides the impetus
to understand wake dynamics and force isitegs around basi8D simplified vehicle
bodies The aim is to develop mechanisms capable of reducing undesired effects using
geometric optimization orflow control devices[28], [31]. Furthermore, several
optimization tools such as geometric optimiaatj6], [55], genetic algorithnj56], [57],
and explorative gradient meth{fB] are being used to develop unique vehicle shapes and
devices to reduce adverse aerodynamic effects. In addition, the optimum shapes of the
vehicles are similar in detaind, as such, do not provide significant brand differences.
Thence, stylists began to search for4gonventional shapes to provide a brand signature
[35]. However, geometric customization requires a great deal of attention to systematically
study the peameters that can initiate a framework of a paradigm shift in the conception of
the solidfluid interface. Hence studying and controlling the external flow over the rear end

became crucial, which led to the creation of several generic vehicle niig@elShe idea
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of the current research is to focus on specific vehicle models that can provide opportunities

to investigateear enceffects.

Likewise, the design of a submarine seeks to identify the optimal shape for the vessel
to enhance its hydrodynamic rfmmance, while also reducing the amount of energy
required for propulsion. This approach can help increase the range and duration of the
submarine's operatioriBhereis also theemergence dightweightmini-submarinalesigns
for amateumunderwater explorerdhere has been recent attention given to this particular
type of submarine. One notable characteristic of this submarine is its-terdgpth ratio
(L/D) of less than four, which alters the type of drag force experienced fronfriskion
to pressure draf$0]. Such underwater transportation systso encounters the problem
of surface contaminatiomlong with drag[15], [23]. Even he classical streamlide
submarines experience arolB@®90% of the skin friction dragand prasure drag amounts
to 1020% of the total drag. In fact, the flow around submarswesh ashe squatand
Chalmersship modeproducessimilar flow features to that of the Ahmed body at the rear
end[5], [14], [61]. Hence, hetrend in underwater transgationprovidesnew avenues to
develop flow control methods to reduce pressure,dedgng inspiration from ground
transpotation gstems. There are other underwater applications of 3D bluff basliel|
including large structures, such as caisson structures or oscillating water columns (OWC),
wave energy converters (WECE)6], and underwater energy storage syst¢iryg.
Therdore, the Ahmed body as a representative 3D bluff body creates a unique opportunity
to study the effect of flow features due to flow control methretéssant taheground and
underwatertranspotation The work of Ahmed et al[10] significantly improved the
comprehension of the flow around different shapes of road vehicles: it characterizes the
critical influence of theear endconfiguration. It also represents several vehicle models.

Significant work has been carried out on thisd it has become a benchmark mdag].

2.2 Simplified Road Vehicle Geometry

The movement of a bluff body in close proximity to the ground affects the flow around
it, resulting in highly turbulent separation and reattachment. Studying the interaction
betveen the body and the ground, as well as investigating the unsteady flow, require a
significant amount of experimental effort due to their complex nature. Reproducing the



relative movement between the vehicle and the ground in experiments is also @icttpllen
task.Notwithstanding, the optimization of road vehicles requires a complete understanding
of these complex phenomena. Therefore, several generic vehicle models have been
developedwhich can be divided as follows: simple bodieslbasic car shapg§9], [62]

Simplified bodies, including the SAE body, Ahmed body, and Rover, are frequently
utilized in timeaccurate investigations. The main advantage of these models is that they
require less computational and experimental resources than actuattpmodeehicles
while still allowing researchers to analyze the flow characteristics of different vehicle
components without interference. Furthermore, these models provide a diverse set of
numerical and experimental validation data, which is crucial fodateng simulations.
Although simplified vehicles are commonly used for research purposes, the shapes of these
models do not precisely match the geometries of real cars. Consequently, insights obtained
from these simplified models may not be easily trarsile to the development of
production vehicles, particularly in complex areas of the car geometry such asahe A
C-pillars, the highly curved rear end, and the wheelhouse region. As a result, actual
production car geometries are typically utilized time actual optimization process.
However, these geometries are not widely accessible and, as a result, are not typically
featured intheopen literature for validation purpogé&®], [62]. Thereforea compromise
between the simplified geometries, sashthe Ahmed body, and production cars, such as

MIRA and DrivAer, is required.

Furthermore, previous studies have shown that a significant contribution to the
aerodynamic drag is from the rear end of the body, as shoviigure 1.1, which
dramatically affects the flow features of a vehi@8]. Therefore, greater focus is put on
facilitating an apprehension of theear endflow behavior to provide a physical
understading of the flow field[10], [11], [54], [61] The focus of current research is on
specific vehicle models that can provide opportunities to investigateendeffects. In the
framework of road vehicle aerodynamics, the work of Ahmed €ft1€]. significantly
improved the comprehension of the flow around different shapes of road vehicles: it

characterizes the critical influence of the rectanguéar endconfiguration. Since it
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represents several vehicle models, significant work has been carriezh dbts, and

become a benchmark mod2L].

The Ahmed body{10] is perhaps the most studied generic vehicle model in the
literature. Morel[22] classified the Ahmed bogwlong with the slanted cylind¢83] as
one of a group of "critical geomeds," showing exclusive flow behavior with some
specific geometric parametesach aghe slant angle. Thus, the slant angle remains the
dominant factor distinguishing the Ahmed model between high and low drag regimes in its
current rectangularear endshape [24], [25]. Figure 2.2 by Choi et a[53] provides a
conceptual representation of the flow structure with slant angles. It posséaggswake
recirculation region characterized by a slant angle of less anTthe majority of the
studies in this range are conducted at a 0° angle which is known as the square back Ahmed
body [57], [64]i[68]. Whereas a slant separation bubble (SSB), couotating
longitudinal Gvortices and wake recirculation region ateetsignificant causes of drag
increases between the slant angle of 3> Within this range, the flow has a three
dimensional structure (TDS) that contributes to increased dhiggré 2.2(b)) ) and is
hence called a higtirag regime. Compared to the 0° (square back) model, the counter
rotating Gvortices increase pressure drag by 50% around a critical angle ¢2130°
Notebly, at 30°, the wake can be first in the hiditag regime and then switch to the low
drag regime, but the duration of the lalnag regime decreases with increasing Reynolds
number69]. Several studies have explored the hilghg regime of the Ahmed bo{35],
[34], [58], [70]i [77]. A slant angle greater than the critical angle (30°) results in weakened
C-vortices that lose energy, and the flow becomes massively separated at a 35° angle. Such
separation generates quagisymmetric separated (QAS) flow, wh substantially
reduces the drag and is considered adioag regimg25], [78], [79]. The TDS transforms
into QAS flow when enlarged vortices occasionally merge with the base flow, creating a
largescale separated vortex (LS\/80], [81]. Accordingto the review by Yu and Bingfu
[11], most experimental and numerical studies on the Ahmed body are concentrated on the
slant angle of 0°, 25°, and 35° only to grasp teweraged and timdependent flow
structures. Such an approach restricts a compseareestudy of fastback vehicles and the

lack of control of drag forces, especially in hidfag slant angles.
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Figure 2.2: (a) Timeaveraged thredimensional flow structures of the Ahmed body in thaeke (b) the
variation in drag coefficient for different slant ang[68] (Reproduced with permission from Annu. Rev.
Fluid Mech. 46, 441468 (2014). Copyright 2014, Annual Reviews.)

However, Sims/Nilliams [82] studied the slant angles 2Jad 3@ and pointed out
that the proximity of the slant angle with the critical angle is more crucial than the absolute
angle since the wake structure characteristic frequency is sensitive to the slant angle. Still,
they did not discuss the transition mechanisnmfioigh to low drag, which was later
carried out iff26], [80], [81], [83], [84] In those studies, a variety of slant angles, ranging
from Pto 25, as well ag, ® & ohd @ o nhd @ BA T & vwere studied. In their study,
they found that the transition frothe TDS to QAS happened due to the occasionally
enlarged vortices in the unsteady phenomena that create sstalgeseparated vortex
(LSV). Another related stud5] performedheDDES simulations of 25°, 30°, 32°, 33°,
and 35° slant angles at a high Reynolds numbe?7.68 x 1. Guilmineau [85]
characterized the flow features and studied the effect of the slant angle. Thus, inthe high
drag region, the slant angle rangey J | o 1 Bas not been explored in great detail at
low Reynolds numbers, such as examining the parameters responsible tfan#itgon
from TDS to QAS for the timaveraged flow and the detailed flow structure at low
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Reynolds numbers. These highag angles will be referred to as the transition angle range
(TAR): ¢ v J| o 1t Jherefore, a systematic study of the flow develogrirethe TAR

is needed.

In several studies, the Ahmed body is also used as a notchback y86{c[&9].
Furthermore, under crosswind conditions, bothslhated reasurface and the near wake
region downstream of the rear vertical base play an imtortde in the flow dynamics
[78]. The development of turbulence flow parameters shows that turbulence rate and
velocity fluctuations are significantly high on both the windward and the leewadz|
side[70]. The effect otrosswinds also studief@0], [91]. There is a significant influence
on Gvortices duringcrosswindconditions.The importance of @ortices projects serious
concerns for the vehicle aerodynamic performance. The creation of SSB over the slant
surface is ascrilgeto the entrainment of the countetating Gvortices[48], which finally
coalesce into the wake flow and influence the formation of the (IRBB [77], [79] It
should be noted that such countetating Gvortices are also found in the delta widg],

[58], and aircraft fuselagi®9], influencing drag and stability. In fact, both the Ahmed body
and aircraft fuselage are part of much larger critical geometries studied by [RR)rel
Zigunov et al[94] found two stable flows on the criticReynolds number of 25,000, a
vortex flow patternand a fully separated flow at a 45° andtarthermorethe existence
of LRB in the SAB is responsible for selbiling at the rear window, which is detrimental

to driver vision and electronic equipmentB@&s sensors and camej@s]i [97].

Although the timeaveraged flow structures of the Ahmed body are understood, the
instantaneous dynamics are scattered. Various coherent frequencies have been found
around the fronf98], at the slanf99], [100], a the roof[72], and in the wakg31], [98],

[100], [101] The Strouhal numbers{®ver the slant surface of the 25 ° Ahmed body at
the symmetry plane have been associated with theikstability [98] with an $=0.27
0.35 and flapping of the SSB02] at an $0.11 near the upper edge of slant surface.
WhereasS=0.18 and §0.33 are also reportgd00], [L03] However, a small SSB over
the slant surface was foufid2] and a predominant frequency oE&.2 throughout the
slant surface. A pedical spanwise vortex was created by the-ugllof the shear layer

behind the bubble, resulting in=8.2. In addition, these vortices correlate with the
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predominant frequency in the middle of the model rpt]. Based on this, it was
concluded that=0.2 emanated from the hairpin vortices at the ferd recirculation
bubble at the roof. On the other hand, in the wake of the 25° Ahmed body at the symmetry
plane, a range of predominant frequencie® 880.52 was found by different studig9],

[72]. These findings are supported by PIV and flow visualization[d2jawhich showed

a growthandburst process of the two recirculation bubbles behind the base. However, it
was argued that the hatre measurements used in previous stupiggare not spatially
dependent, so such dynamics are impli&d. Subsequently, the tirresolved PIV data

found a dominant frequency o0f=8.23 in the wake of the 25° Ahmed bof#i]. This
frequency is ascribed to the alternating contraction and expaokite Gvortices. In
addition, at the rear end of the body, boundary layers separate and form shear layers with
a dominant frequency o#=&.30. The periodic movement of thev@rtices was not found

[72], but a similar bluff body, such as a higbeedrain, shows a cyclic process in the C
vortex as reportedn [71], [104].

In addition, flow control methods are also being investigated in the literature to modify
the TDS flow structure for better aerodynamic performance, as recently re\i£8jed
[105]. Therefore, the highdrag regime of the Ahmed body is still not fully understood, and
a better understanding of the TDS flow field is required, which is also recently highlighted
in [73], [77]. Specifically, at a 25° slant angle, TDS contributes @%ressure drag from
the rear end, 30% from the vertical base, and 6% from the forg¢b@H\30], [31] The
presence of TDS and unsteady behavior further complicates the study of the 25° slant angle
and makes it difficult taanderstand andontrol. As a result, the 25° Ahmed body got a lot
of attention in the literature. According to the recent review byaid Bingfu[106], at
low Reynolds numbers, the relevance of the 25° Ahmed body is not fully explored, despite
the fact that more than 50 research articles have been published on the topic at medium to
high Reynolds numbers. Some of the important exparied and numerical investigations
are documented ihable2.1 andTable2.2. Several simulation methods have been used in
the existing literaturg29], [34], [107) [113]. Table 2.2 provides a summary of the
literature on the numerical investigation of the Ahmed body. The investigations were
conducted eitheabove2 x 10 (Range 1) obelow0.33 x 16 (Range 1) apart fsm only
Kobayashi et al80].
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Table2.1: Experimental studies of the Ahmed body

Method n-H Literature Slant angle Model
(10) scale
1  Wind tunnel 13.80  Ahmed et a[10] 0°, 1:1
5°,10°,12.5°,15°,20°,25°,30°,3
40°
2  Wind tunnel 2.0 SimsWilliams and 30° 11
Dominy [82]
3 Wind tunnel 2.0 Duell and George 0° 1:0.44
[114]
4 Wind tunnel 4.20 Khalighi et al[115] 0° 11
5 Water tunnel 0.30 Spohn andGillieron 25° 1:0.288
[116]
6  Wind tunnel 9.10 Lienhart and Becker 25° and 35° 11
[117]
7  Wind tunnel 5.9 SimsWilliams and 25° 1.1
Duncan118]
8 Wind tunnel 4.50- Vino et al[119] 30° 11
7.70
9  Wind tunnel 2.30- Thacker et al[33], 25° 11
12.20  [102], [120]
10 Wind tunnel 2.90- Conan et al[9] 10°,20°,25°,30°,40° 11
13.6
11  Wind tunnel 8.50 Heft et al.[121] 25° 11
12 Water tunnel 0.00%, Grandemange et al 0° 1:0.25
0.40 [122]
13 Wind tunnel 1.10 Grandemange et al 0° 1.0.25
[31], [123]
14 Wind tunnel 0.60 Wang et al[124] 25° and 35° 1:0.33
15 Wind tunnel 0.70 Kohri et al[26], [83] 0°,12.5°,25°,27.5°,29°,30°,32.. 1:0.287
35°
16 Wind tunnel 1.60- Lahaye et al[125] 0° 1:0.7
7.9
17 Water tunnel 0.14 Tunay et al.[126] 25° 1:0.25
18 Water tunnel 0.14 Tunay et al.[127] 25°,30°, 35° 1.0.25
19 Water tunnel 0.17 Cadot et al[128] 0° 1:0.25
20 Water tunnel 0.17 Essel et al[65] 0°,25°,35° 1:0.18
21 Water tunnel 0.26 Venning et al[71] 25° 1:0.25
22 Water tunnel 0.30 Venning et al[129] 25° 1:0.25
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23  Wind tunnel 5.90- Volpe et al[130] 0° 11

9.0

24 Wind tunnel 0.50- Zhang et al[72] 25° 11
2.40

25 Wind tunnel 2.20- Barros et al[131] 0° 1:1.03
6.50

26 Wind tunnel 3.50 Sellappan et a[77] 25° 1:.04

27 Wind tunnel 0.30- Liu et al[79] 35° 11
2.70

28 Water tunnel 1.47, Present study 25° 1:0.25
431 &
1.90

The 25° SAB is investigated in 13 studies in Range I, considetedadigh Reynolds
number, but only six studies are in Range Il, which is considered low Reynolds number
studies. Furthermore, the difference between Range | and Range Il also liemindtie
length scale, where almost all the Range | study used thechlk model similar to the
Ahmed body{10]. However, at a low Reynolds number in Range II, the model used is as
small as 1:0.1875 of the square back model (0°) while 1:0.25 for 25° A&ABst, initial
simulations focused on the Ahmed body by HA82] and when combined with
incompressible turbulence models, feN of the turbulence model underestimated the
base pressure. Later, using the Reyndldsraged NavieiStoked (RANS) equations,
Makowski et al[133] conducted a detailed analysis of the flow structure over the Ahmed
body. More recently, due to the complgtseparated flow of the 35° Ahmed body, it was
observed that the RANS turbulence models successfully anticipated the flow behavior
around the bodf29]. However, the model was unable to represent the-tlireensional
structure associated with the 28fimed body. This problem is often caused by an under
prediction of the turbulent stresses due to an uadeounting of the turbulence produced
by nonrtlocal, inertial range turbulent structures. Furthermore, an interesting study by Fares
[110] used the httice Boltzmann method (LBM) to calculate the SAB angle for 25° and
35° and demonstrated that this increasingly popular method could achieve similar results.
Thus, overcoming the standard uniform mesh limitation of the LBM by combining regions
of embeddedefinement and a novel interpolation scheme at a wall, a Very Large Eddy
Simulation (VLES) scheme is proposed to model turbulent transport and solve the

discretized equations using finite differences.
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Table2.2: Numerical studiesf the Ahmed body

Sr.  Method* n"H Literature Slant angle Model

No (10°) scale

1 LES 42.90 Howard and 28° 1:1
Pourquie[134]

2 LBM 9.10 Fared110] 25° and 35° 1:1

3 URANS 8.90  Guilmineau29] 25° and 35° 1:1

4 DDES 8.90 Ashton and Revel 25° 1:1
[109]

5 LES 8.90 Keoghetal[108] 25° 1:1

6 LES 7.60 Minguez et al[98] 25° 1:1

7 IDDES 7.60  Guilmineau85] 25°,30°,32°,33°,35°  1:1

8 LBM 7.60 Cai et al[135] 35° 1:1

9 SAS, RAN! 7.60 Delassaux et al 25° 1:1

DDES, SBES [34]

10 LES 7.60 Aljure etal[136] 25° 1:1

11 LESand DE¢ 7.60 Serre et al[137] 25° 1:1

12 PANS 6.40 Rao et al[25] 25° and 35° 1:1

13 LBM 460 Lucas etal138] 0° 1:1.03

14 URANS 4.10 Khalighj115] 0° 1:0.347

15 LES 3.50 Osth et al[139] 0° 1:1.03

16 LES 3.0 Mirzaei etal[140] O0° 1:1.03

17 LES 2.10  Krajnovic and 0° 1: 0.43
Davidsor141]

18 LES 2.10  Krajnovic and 25° 1:1
Davidsorn142]

19 LES 2.10  Krajnovic and 25° 1:1
Davidsorn143]

20 LES 2.0  Hinterberger et al. 25° 1:1
[144]

21 LBM 0.63 Kobayashi et al 27.5° 1:0.277
[80]

22 LES 0.33 Hesse and Mrgan 0° 1:0.25
[145]

23 LES 0.30 Longa et al[64] 0° 1:0.08

24 PANS 0.30  Mirzaei et al[140] 25° and O° 1:1.03

25 RANS 0.27 Corallo et al[107] 0°,5°,10°,15°,20°,25°,Z 1:1

0°
26 LES 0.14 Tunay eml.[126] 25° 1:0.25
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27 LES 0.14 Tunay e@l.[146] 25° 1:0.25

28 |IDDES 0.14 Kang et al[147] 0° 1.0.187
5

29 SOFV 0.10 Podvinetal[112] 0° 11

30 DNS ™0 Podvinetal[113] 0° 1.1

31 LES 0.08 Minguez et al 25° 1:1
[148]

32 PNSE 0.08 Bruneau et al O° 1.1
[149]

33 PNSE 0.08 Bruneau et al O° 1.1
[150]

*PNSE: Penalized NavieStokes equation, IDDES: Improved delayed detached siddylation,
LBM: Lattice Boltzmann model, LES: Large eddy simulation, SOFV: Seawddr finite volume,
PANS: Partial averaged Nawstokes, URANS: Unsteady Reynolds averaged Nastites, SAS:
Scaleadaptive simulation, SBES: StreéBkended Eddy Simulatin, DDES: Delayed detached eddy
simulation

There have also been LES studies, again mostly focusing on the 258w&sas in
[98], [108], [136], [137], [142][144], [151], [152] The LES has shown results for front
end and afterbody separation that are on par with stg#dsy, [145], [162] Several
subgridscale models and wall treatments were used in these studies, but many failed to
achieve the level of accuracy that one wdoexpect at such a level of closure, despite some
being more successful than others. The fRglynolds number (7.68 x J0necessitated
meshes of up to 48 million cells, although even this falls short of the ideal resolution for a
wall-resolved LEJ137]. Indeed, in summarising their comprehensive study, Serre et al.
[137] indicatedthe hybrid RANS LES approaches that are appealing, although mesh
generation requires special attention in the RANSS interface. It is noteworthy that the
TDS of industrialflows at high Reynolds numbers incurligh numerical cosf34]. It is
imperative that LES be used to enable reliable flow simulations. However, LES can
become prohibitively expensive computationally, especially for-b@linded turbulent
flows, whichexist in the majority oftheapplications (almost as expensive as DNSBJi
[156]. Therefore, for walbounded flows, in particular, there must be a compromise

between the precision of physical modeling and the associated computatiofabépst
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Although DNS is the best numerical method to capture the unsteady flow characteristics,

it is still too expensive to use in commercial applications.

Subsequentlythe Detached Eddy Simulation (DES), a hybrid model introduced by
Spalart[158] that combineshe RANS and LES, is becoming increasingly popular as a
compromised method. Recent review papers highlight the development of such hybrid
simulation methods used for both streamlines and bluff body flb%/4, [159], [160] It
has been demonstrated thgh some foundational research ttre DES is an appealing
method for modeling the 25° Ahmed body, which represents adnaghslant anglgL37].
Moreover, Shur et aJ161]further developed the DES models by combining SST ka n d
Delayed Detached Eddy Simulation into thecatiled ImproveeDelayed Detached Eddy
Simulation (IDDES). This particular model has shown superiority in capturing the flow
field in both the TDS and QA&gions[29], [34], [111], [162][165]. Hence the IDDES

method is employed for the current investigation.

2.2.1 Effect oflow Reynoldsnumber

The literature above reveals that the high drag 25° Ahmed body is studied at several
high Reynolds numbers using different sizes of the test models. However, the effect of low
Reynolds numbers on a scaled model has been studied by only a few. A scaledithode
a Reynolds number af T p Ttwas compared by Tunay et |0], [126], [127], [146]
with a full-scale model at a Reynolds numberx@ ¢ p 1 by Lienhart and Becker
[117]. It was concluded that the wake parameters compared well with tres&ld Ahmed
body at the high Reynolds number. Similarly, investigation®&j, [116], [119], [166]
also suggest that with minor differences such as velocity magnitude and recirculation size,
the flow structure is close togh Reynolds numbers. Hentlee timeaveraged largscale
structure[71] and transient naturR7] compare well with the fulscale highReynolds
number. Further, Avadiar et §27] studied the effect of a low Reynolds number over the
DrivAer model and found that although thwake structures are close to those of a high
Reynolds number (T® p m), the drag coefficients are unlikely to be the same. Instead,
the scaled model permits a comprehensive understanding of thengareand transient
behavior. Despite the SSB and thmdiaveraged turbulence quantities fitting well with

experiments, the drag coefficients diffar], [137].
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The effect of the Reynolds number on the drag coefficient is notdaelimentedn
the literature. According to Meile et 4L.67], the drag coefficient shows13% increase
from a Reynolds numbem p 1T to ¢& p 1 and then becomes almost constant.
Thacker et al[33] indicateda 5% increase in drag from® p mmtot p 1 However,
for the low Reynolds numbera® p p 11, Kohri et al[26] experimentally found around
24% in drag variation at th&5° slant angle compared to the experiments of Ahmed et al.
[10] conducted at théengthbased Reynolds number o& w p 1T at the same slant
angle This drag discrepancy between high émd-order Reynolds numbers is caused by
increased contribution from the skin friction while the pressure drag count remains almost
constan{26]. Additionally, the contribution of the skin fricth at a low Reynolds number
betweero® v p MAT @® 1 p Tis 0.088 compared to the 0.050 reported by Kohri et
al. [83], an increase of 0.04 cou@onsequently, Avadiar et 427] concludedbased on
the low Reynoldsiumber study on theriveAer mode] that drag discrepancy at low order
of Reynolds number exists ftlie Ahmed body alsoln addition, the LES simulation by
Minguez et al[148] and Tunay et dlL46] over the25° Ahmed body confirmed that the
Reynolds number has no sifjoant effect on the flow topology; nonetheless, it affects the
magnitude of the flow parametdi?7].

Table2.3 summarizes existing studies on thiemed body at low Reynolds numbers.
As shown, the studies by Cadot et[4R8], Essel et al[65], Kang et al[147] and Tunay
et al. [126] have comparable Reynolds numbers. On the other hand, the studies by

Grandemange et dlL22] have much larer Reynolds numbers.
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Table2.3: Summary of low Reynolds number studies over the Ahmed body.

Sr. Method n "H Title Slant Model
No. angle scale
1 Exp. 8300 Spohn & Gillierofil 16] 25° 1/3.5.
2 Num. 8275 Bruneau et aJ149] 0° 1/0.288
3 Num. 8275 Bruneau et al[150] 0° 1/0.288
4 Num. 8322 Minguez et al[148] 25° 1
5 Exp. 340, 410 Grandemange et af122] 0° 1/11.0.
6 Exp.+ 14800 Tunay et al[126] 25° 1/4
Num.
7 Exp. 14800 Tunay et al[127] 25°,30°, 1/4
35°
8 Num. 10000 Podvin et al[112] 0 1
9 Exp. 14000 Tunay et al[70] 25°,35°  1/4
10 Num. 14000 Kang et al[147] 0° 1/5.33
11 Exp.+ 14800 Tunay et a[146] 25° 1/4
Num.
12 Exp. 17000 Cadot et al[128] 0° 1/4.
13 Exp. 17000 Essel et al65] 0°,25°,35° 1/5.3
14 Exp. 26000 Venning et alf71] 25° 1/4
15 Exp. 30000 Venning et al[129] 25° 1/4

Num.i numerical; Expi experimental

Therefore, low Reynolds numbers reproduce the flow topology of the high Reynolds
number at a significantly low cost and time. On the other hand, the flow features found at
low Reynolds numbers over the Ahmed body have been reported on the real cars with
significantly higher Reynolds numbers. Recent efforts have focused on identifying and
analyzing the wake bistability of more realistic cfdls Bonnavion et al[8] investigated
bistability in two fulkscale vehicles and reported that both showed llisgati\ccording
to them, one of the vehicles was characterized by an inversion of its vertical gradient during
formation. As a result of its large heigiotwidth ratio, the authors believed that the
mechanism was likely similar to the one found in scieked Ahmed bodigd 68].

These bistabilities are found at really low Reynolds num[gtk [122] Therefore, it
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encourages further investigation to provide a better understanding of the flow structure at

low Reynolds numbers.

However, with few studies at the low Reynolds number,-iveraged and unsteady
flow features of the Ahmed bodare still not completely understood. For example,
Minguez et al. and Serre et f8], [137] performed accurate LES simulations capturing
all the major flow features. Nonetheless, the drag coefficient is overestimated by 40%
compared to the experiment. Although they found that the flow topology, including
separatiofreattachment at the slant surface and {aweraged and turbulence quantities,
fit well with the experiment, the drag coefficient deviates. Contrary to what the experiment
predicted the behavior of this coefficient does not reflect whether the flow over the slant
matches the experiment. Serre efBB7] argued that it is relatieto thebig recirculation
region at the fronend separation, specifically the low Reynolds number. This-&odt
recirculation is also reported by Spohn & Gillief@d6]. Furthermore, the existence of the
slant separation bubble was not captured at the Reynolds number frt using the
unsteady simulation by Rao et[@5]. They found the QAS without the SSB. Nonetheless,
the nonexistence was attributed to the low Relds number effect referencing studies
conductedy others[83], [107], [127], [169] In all these studies, the SSB did not appear,
contrary to the experimenfs$0], [33], [170] However, as stated earlier, the existence of
an SSB has been proved in Mjuez et al. and Serre et @8], [137] at a low Reynolds
number inline with a fulkbody experiment at a high Reynolds number. Furthermore, there
areonly two studie§126], [146]whichinvestigated the spectral analysis and documented
the Strouhahumber at the low Reynolds number. Similarly, model decomposition methods
like proper orthogonal decomposition (POD) and dynamic mode decomposition (DMD)
are not used to investigate the wake flow features at the low Reynolds numbers, which
provide importahflow information. Consequently, there is a need to document the Ahmed
body flow features at the low Reynolds number.

2.2.2 Rearsurface contamination and recirculation bubble
Vehicle rear surface contamination (RSC) has been documented to be affected by
recirculation bubbles in a few studifs71]. The extraction and dispersion of particles,

aerosols, mineral dust, and soot particles towards the rear surface and windows have been
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shown by some existing studies to be affected by unsteadiness and wekeedrat the

rear of vehicle§l72], [173] The scope of such surface contamination can be ségayuire

2.3. The wake ring vortex is a part of the recirculation region which is shown by the dashed
white line. Given the significance of autonomous vehicle and their heavy dependence on
sensors for nagation, clear optical vision is critical and so controlling soiling and surface
contamination is a necessity. Nonetheless, with few studies in this direction, the relation
between the recirculation region and surface contamination is the current réeeasch

that is expected to dominate the road vehicles of the future.
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Figure2.3: Rear surface contamination Rear Surface Deposition Process: (a) Wheel Wake and Ring Vortex
Interaction, (b) Spray Capture Hye Ring Vortex and its Effect on the Spray in f9&].
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2.3 Flow Control
Flow control methodaredivided intofour important categoried his section discusses

previous important studies related to them in the subsequent subsections.

2.3.1Aerodynamic devices

Aerodynamic devices are broadly categorized into active and passive. Several active
devices have been used in the literature, includingaime underbody diffusers, steady
blowing, steady suction, plasma actuators, and synthetic jets, as shovablé2.4.
However, active devices reqgeiexternal energy and electronics to function. On the other
hand, passive devices provide comparable drag reduetiereasy to implement without
any extra energy, and work as an-adcomponent, makingpem simple.

Table 2.4, indicates that, in comparison to other passive devices, flaps offer superior
drag reductionFor instance, using small rectangular flaps at dlaat surfacesdges,
Beaudoin & Aidef21] were able to achieve a 25% reduction in drag on a modified Ahmed
body with a 30° slant angl&uch a mechanism made the flow fully separate at the slant
and rediced the Gvortex emanating from the side edges. Similarly, Fourrie ¢ia4]
used a small bent plate as a deflector over the 25° slant Ahmed bodghaededa 9%
drag reduction by modifying the-@rtex. Tian et al[175] conducted a study on ti25°
and 35° slant Ahmed body to analyze the impact of flape findings demonstrated that
the use of flaps resulted in a significant drag reduction of 21.2% for the 25° Ahmed model,
while the 35° Ahmed model only experienced a 6% reduction in Basgel on the works
of Beaudoin et al.[21] and Fourrié et al.[174], another study{176] focused on
implementing the flap at the side edges and the top edge of the slant surface over the 25°
Ahmed body. However, this investigation found the best flagalles at the top edge of
slanted surfaces achieving 11.88tmilarly, vortex generators are the other alternative for
the passive flow control applied to the Ahmed body. Aider eftl&l7] installed vortex
generators over a modified Ahmed body providing a curve at the slanted surface. Usually,
vortex generators are used to delay flow separation; nonetheless, in this case, it creates an
early separation that leads to massive flow separdtiastablished a rather extensive
recirculation bubble by preventing the longitudinal vortices of the side edges. Such a
mechanism had given a 12% of drag reduction. Furthermore, it was mentioned that the
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relative parameters of the vortex influence tlwnfifield. Similarly, another vortekype
mechanism was applied to the 25° Ahmed body in the form of small circular cylinders
[177], [178]

Table2.4: Active and passive aerodynamic devices. Here Exp.= Empet and Num.= Numerical

Flow control Investigation Device Drag References
Method method reduction
Active device Num. Movable 4% Kang et al[179]
underbody
diffuser
Exp. Steady blowing 1% Einemann et al.
[180]
Exp. 610 10.4% Mestiri et al.
[181]
Num. 20% Rouméas et al.
[182]
Exp. 6.4% Wassen & Thiele
[183]
Exp. 5.7% Krentel et al.
[184]
Num. 11.1% Wassen et al.
[185]
Exp. 9-14% Aubrun et al.
[186]
Exp. and Sim. 2.6% McNally et al.
[187]
Exp. 29% Zhang et al[28]
Exp. Synthetic Jets  4.29% Park et al[188]
8.5% Kourta & Leclerc
[189]
10% Tounsi et al.
[190]
Exp. Pulsed Jet 6 to 8% Joseph et al.
[100]
20% Gilliéron et al.
[191]
20% Gillieron &
Kourta[192]
Exp. Steady suction 17% Kourta &
Gilliéron[193]
6% Lehugeur et al.
[194]
9.5% Wassen & Thiele
[195]
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10% Whiteman &

Zhuang196]
Exp. Plasma Actuator 8% Boucinha et al.
[103]
3.65% Shadmani et al.
[197]
20% Khalighi et al.
[198]
Passive Flow Exp. Vortex 12% Aider et al[177]
Control Num. Generator 2.2% Kim & Cheifi199]
Exp. 10% Pujals et al[200]
Num. 10% Filip et al[178]
Num. 11.7% Y NI 209 @A
Num. 10% Mazyan[201]
Exp. and Num. 4.53% Shankar &
Devaradjane
[202]
Num. Spoiler 5% Kim et al[203]
Exp. Flaps 25% Beaudoin &
Aider[21]
Exp. 19% Kim et al[204]
Exp. 21.2% Tian et al[175]
Num. Body 10% Marklund et al.
modification [205]
Num. 8.4 % Cho et al[206]
Num. 5.639% Song et al[207]
Exp. and Num. 13.23% Hu et al[208]
Num. 5.20% Wang et al[209]
Combined Num. Blowing jets 30% Bruneau et al.
Active and with a porous [150]

Passive layer

This cylinder creates coherent streamwise vortices and throws-anbigientum flow that
precludes the formation of the separation bubble at the slant surface. It also shows a 10%
drag reduction. The attached flow was also achieved by rounding the topfedgeslant
surface bylhacker et al[33] which provided a 10% drag reduction. Some of these devices

are shown irFigure2.4.
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Flaps Vorter generators Arrays of circular cylinder

(d) (e) (f)

Steady microjet array Steady slot blowing Steady slot suction
Figure 2.4: Aerodynamic devices attached to the Ahmed body. Here (a)artb) (c) are the example of
passive devicgs3] while (d), (e) and (f) are the example of active dev[des.

The aerodynamics of vehed especially race cars, do not focus only on aerodynamic
drag reduction bushould also improve downforce. It is known that downforce on a road
vehicle can be created through the use of the underbody shape of a vehicle, and hence, the
application of underbody diffuserf210]. Ehirim et al. [211] reviewed the recent
developmenof diffusers and the physical understanding of drag and downforce. Several
recent studies have proposed new solutions for drag reduction with diffusers, including
Huminic et al.[212] and Rossitto et a[35]. Taiming et al[213] studied the effecof a
singlechannel rear diffuser on the aerodynamic drag and reported a 5.3% drag reduction
with a vertical diffuser at 10.46°. Similarly, ndlat underbody diffusers were studied by
Huminic and Huminid214]. While using circular and elliptical sades, they reporteal
20% of downforce increment. In addition, a parametric study was performed on the effect
of the diffuser angle on a square back and slanted Ahmed bdgiydowariolo et al[215].

They found that the slanted Ahmed body provides peakntbrce at 20°, and for drag, it
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is 30°. Similarly,Saleh and Ali[216] achieved a 2.47% drag reduction by modifying

underbodydiffuser slice modification.

However,only flaps have high drag reductions, but the implementation of flaps is
guestionableiace they add extra weight, ada devices need fixing, and are aesthetically
not attractive. Secondly, the study of Beaudoin & A[@é&i used the SAB at a much higher
slant angle of 30°. Thirdly, the expected drag reduction of ~25% can only be actwdpli
by a collection of flaps around each side of the slant surface and the vertical base. Thus,
the total number of flaps is up to 8, which is tedious to implement. According to the
literature[13], the only method that has achieved a drag reductianooind 29% is using
the active flow control steady blowing by Zhang ef28]. Nonetheless, the use of energy

still did not completely avoid the longitudinat@rtices, and the LRB still remains.

2.3.2Shapemodification

As a result of traveling at high sgus, vehicles create complex external flow patterns
that include eddies, pressure gradients, and suction effects. Automobiles generate
significantly different external flow patterns from aircraft wings, in part because they have
different shapes, particulg at the rear. By manipulating the shape of an automobile, it is
possible to control the external flow pattern, increasing its aerodynamic performance
significantly [59]. Aerodynamics is influenced by two main factors. The first factor is
geometric, as the area subject to aerodynamic force increases with tbé thigeuter
surfaceof the car Another is concerned with flow detachments and vort[@4s].
Moreover, theexterior structuref the carand the components added to it impact drag,
force, and moment. Throughout the vehicle, it is essential that surfaces intersect smoothly.
When the styling direction has been established, the aerodynamic characteristics will
roughly follow. Therefore, it is only through detailed shape optimization and the
development of addn parts that aerodynamic performance can be impr[af). The
trunk lid level and rear diffusers of higierformance cars are optimized, and the redr en
flows properly[218]. Howell[219] investigates the aspect ratio of 8ianted reasurface
on the aerodynamic forces in detail. Gilhaus and R28@], Buchheim et al[221] and

Howell [219] examined how automotive shapes affect aerodynaees$. Although these
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studies did not make a serious inquiry into the physical mechanism of changes in the

aerodynamic forces, they stress the importance of shape modification.

The external flow can be controlled by modifying the vehicle shape using ezt
the rear end. Depending on the radius at the transition between the windshield and roof and
the roof to the rear window, the curvature at the rear end has a favorabl¢2da#@cthe
focus on reducing drag through shape optimization is growDegpite this, most
aerodynamic analyses of cars have been conducted on simplified models with sharp rear
edgeqd10], [219], [222] There has not been much discussion regarding rear edge curvature

and aerodynamic performance until recef].

Morel [22] argued that the Ahmed body is a part of larger specific geometries called
“critical geometrie® whi ch show exclusive fl ow behayv
parameters. There is no monotonic relation between the drag force and some specific
paramegrs, and the slant angle is one of those critical parameterslditeangle is
the primary characteristidistinguishingbetween the high and low drag modedbasic
sharp edgerectangulaafterbodydesign [24], [25]. Recendevelopmentdhowever,
modify the sharp reaedge by rounding .itThe idea ofrounding the edgewas first
highlighted by Gilhaus & Renj220] while studying the effect of geometric shapes on drag
and driving stability. In contrast to tlsbarprearedge, a rounded trailing edge provides up
to 8.2% drag reduction over a fastback model. This study did not investigate the physical
mechanism of drag reduction. It was emphasized that drag reduction should not
compromise vehicle stability, and hentlee flow control mechanism needs to consider
stability. Gohlke et a[217] carried theoundededgetheme again by rounding thegllar
of a minivan modellt shows local effects but, at the same time, contributes to the side
forces. The side forceadreased since the-pillar vortex shifted towards the model side
surface compared to the sharp edges. Thacker[8B3himplemented theame ideaver
the 25° Ahmed body by rounding the sharp edge of the slant surfdeel b the flow
separation qupression that reduced the drag by 10%. The displacement of vortical wake
toric vortices downstream is associated with reduced drag caused by the intricate interplay
among separation bubbles at the slant and recirculation at the base. However, the mean
location of the longitudinal vortices is not impacted and remains spatially stable. Moreover,
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roundededgeapplication on a rear pillar (slant side edge) is performed as well on the Davis
model. It provides striking physical modifications wih11% drag redction[223]. The
rounding edges weaken the trailing vortices that further modify the wake structure. The
flow field is more unsteady than the sharp edges and is detrimental to the dynamic stability
of the vehicle Nonethelesq34], [35] studied theoundededgeover the25° Ahmed body

by rounding the top and side edges of the slant surface. While a 16% reduction was reported
with top edge rounding, side edges did not improve drag. The suppression of the separation
and extension of the recirculationgren is the major cause of the reduction. This result
contrasts with Fuller & Passmof223], who reported that it was the side edge rounding
that provided drag reduction. Since both the Davis and 25°Ahmed body models represent
fastback models, thow structures with small modifications are naturally different.
Hence, the Ahmed body is not exclusive in symbolizing the fastback flow structuees.
effect of side edge rounding was further investigated on a realistic fastback[B&jd#l
increagd the local drag and counealanced the pressure recovery achieved at the slant
surface. Therefore, the side edge rounding is inefficient, at least for fastback vehicles. A
recent study by Delassaux et [@4] implemented the samdeaand model. The found

that the top edge of the slant surface provaé@$% drag reduction, but the side edges
remain detrimental. However, it is beneficial for lift increment. Also rthendededgeis

studied on a notchback model by rounding the top edge of thessidate[89]. The bt

stability is suppressed due to rounding the edge and is a function of the Reynolds number

and radius of curvature.

Furthermore, the idea of curvatuae a method of shape modification at thar end
exist inZigunov et al]224] studiedrecentlyover the slanted cylinder 20°, 32°, and 45°
angles. This particular model represents the aircraft fuselage with an upswept afterbody.
The flow features of such a model are close to the-titgg Ahmed body with a pair of
countefrotating vortices and slant separation bubbles. Since both cylinder and Ahmed
bodies are sensitive to the slant angle, they represent critical ge¢22dthiowever, the
model used byigunov et al[224] has a distinct feature of slant surface that is rszcgs
for the aircraft fuselagehe elliptical slant surface. A horseshoe vortex resulting from a

smooth transition between countetating vortices and a separation bubble is said to be
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the striking feature. The contribution towards drag and lift isebrted, but a flow field

modification provides criteria for further analysis within critical geometry.

Therefore the concept of curvaturepresents. geometricustomizatiorthataffects
the flow field aroundheslanted fuselagén the current thesis, the same ide&liptical
curvature is used to propose a niggw control methodover the Ahmed body. A few

examplef shape modification ahown inFigure2.5.

(b) (c)

(d) ~

Figure 2.5: Some examples of shape modification Here (a) Aider ¢i@F)], (b) Rossitto et al35] (c)
Mohammadikalakoo et g225], (d ) Rossitto et a[32] andu Howell & Good[7].
2.3.3Surfacemodification

The surface modification here means to amend the surface morphology of the body. It
can be done with several methods; however, this research was motivated by the
observations madabout the natural worldReif and Dinkelackef226] were the first to
discover the complex shape of the sharkskin migomved surfaces that reduce drag in
turbulent conditions. The reason behind this drag reduction is the thickness of the viscous
subayer. If the thickness is greater than the roughness of the contact stiréatbese
rough surfaces will be immersed into it; hence the friction is transformed into viscous
resistancg227]. The structure of sharkskin evolved with migi@oved struires that
consist of riblets. It was suggested that these grooved surfaces are the reason for reduced

viscous drag and turbulence intensity.

Walsh [228], [229] reported a maximum of 8% drag reduction due to longitudinal

grooves of shark skin ribletsh&y kept the dimensions of grooves in the same order as the
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turbulent wall streaks and bursts. Also, the optimum rib shape is a sharp peak groove with
valley curvature. The effect of riblet parameters that can affect the hydrodynamic has been
developed. Taviscous suboundary layer due to the longitudinal rib of the shark has been
theoretically analyze[®30]. The theoretical calculation predicted the origin of the velocity
profile from the riblets. It lies below the tips of riblets, in general2@® distance of rib
spacingcal | ed the "~ pr ot r ud8¥%dgag tedudtigniwasimptovee or vy .
by Becheri et al231]to 10% compared to smooth surfaces through oil tunnel experiments.
By taking inspiration from nature, sharkskin riblet has then been modified to suit
engineering problemsNugroho et al.[232] reported the experimental results in
convergingdiverging rblets in the turbulent boundary layer with zem@ssure. Due to
largescale periodicity in the turbulent boundary layer in the spanwise direction, the
boundary layer thickness is significantly affected. Hence, the local mean velocity increase
and turbulenintensity decrease making the boundary layer thin. Taking the same line of
research, CUI et dJl233] recently investigated the effect of streamwise riblets in turbulent
boundary layers with particle image velocimetry. They found a reduction in frictio
velocity, and Reynolds stress inside the turbulent boundary layer, hence reporting drag
reduction. The correlation between hairpin vortices and momentum distribution is that
increase in streamwise riblet surface decretise hairpin vortices. Theseeain contrast

with the smooth surfaces. Similar studies have been reported in this direction, making
sharkskin riblet an undisputed technique to reduce drag red(284ji[239].

However, the effect of riblet cannot be understood until all the faeffesting the
movement of sharks are knowranget al.[240] investigated the existing proposals that
sharkskin can bristle their scales while in motion. The experiment showed an increase in
momentum close to the slip area that forms above the scalese Hhe increase in velocity
can be attributed to boundary layer control that is due to separation control. This is a
separate issue to be explored. Lang and colled@3é$ brought a different perspective
that deals with the angle of attack over &kkin scales. The angle of attack is a highly
influential factor in reducing drag and turbulence intensity. The scales change with
swimming conditions. They also stated that the sophisticated morphology of the scales
behaves as a supeydrophobic surfacevith a contact angle of more than 150°. This
creates boundary slipping at the interface of Hewdid, which can reduce the velocity

32



gradient along with resistance due to the viscous effects. One more critical point is the
working of nanochain mucus thettetches within the boundary layer creating a more stable
and steady flow. They also highlighted the variation of shark riblets throughout the body
and found no similar second rib on the entire surfBoenel et al.[241] designed a new

kind of riblet inspired by denticles that have shown significant improvement in the
aerodynamics of the wing. This inspired device can improve thetoHiggratio by 323%,

which outperformed the existing vortex generators at a low angle of attack.

By focusing on the girtfin mako sharkPatricia et al[242] designed structures from
the dorsal fin. The dorsal fin has somewhat different structures than the body, and the
mimicked designed structure was rounded, semnded, and long. They have found the
best drag reduion with rounded and long denticles. The lowest drag coefficient of 0.011
was recorded for long and roundedh&.5° angle of attack with 5 m/s speed. Simulation
and experimental studies have been undertaken by Zhand2t3jlto see the effect of
the micregrooved surface on the blade of an air engine. They found that agnomeed
blade has a higher drag reduction performance than thextured. They also optimized
the position of texture on the blade surface. A bunch of applieatiented ivestigations
havebeen done inspired by riblef237], [244) [249]. Similarly, the protrusions at the
surface of sailfish were investigated for friction drag redud22é0]. They found that there
was no significant improvement in the drag by the tiblef sailfish. The reported skin
friction drag reduction was only 1%. This is in contrast with the improved aerodynamic

performance of the shark riblets.

2.3.4Hydrophobic coatings

On the other handhe original inspiration forthe superhydrophobicoatingscame
from the unique waterepellent properties of the lotus |d261] as well as the leaves of
other plant$252]. Surfaces that are described as superhydrophobic tend to have very large
contact angles and low contact anbiesteresis. It is not surface chemistry that makes
coatingshydrophobic or superhydrophobic, but its surface roughness at the- moicro
nanoscal¢253]. Unlike most plants, lotus leaves have tiny protrusions covered with waxy
crystals. The lithographidgl manufactured superhydrophobic surfaces use precisely
patterned micronor nanometresized ridges or pos{86], [38], [254] It is reported that
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water penetrates the surface corrugations in the Wenze[25&fe Cassie's staf@56] is
characterzed by a smalkcale surface roughness that lacks hydrophobéting which
prevents water from moving into the space between the peaks of the surfacewAterir
interface is therefore formed between the peaks in the roughness of the surface.

The waer-repellent characteristics of lotus leaves served as the initial inspiration for
the superhydrophobiacoatings The lotus leave$257] and other plant4258] are
characterized by extraordinarily large contact angles but low contact angle hystdresis.
trapped gas also causes a partial slip by forming amwaer interface between
microfeatures. In some studies, the-glip conditions were switched to partiip
conditions to understand the effects better. For example, a direct numerical simulati
(DNS) was conducted in both slipee and nosslip conditions[259]. The researchers
discovered that the slip length largely determined the amount of drag reduction. However,
despite significant efforts, surface modification has only had sporadiessuat wider

engineering applications, especially when applied to bluff bodies.

The impact of HPS/SHPS on internal channel flow has been the subject of many
investigationgd260]. The reduced drag and slip are associated with a greater amount of
sheasfree airwater interface. Experimental research the hydrophobiccoatingsin
turbulent channels has also shown that the drag is reduced by about 50% in the turbulent
regime[261]. It is also claimed that the decrease in drag rises with the Reynoldsmumbe
before reaching an asymptotic valu#djallis et al. [262] demonstrated, using a super
hydrophilic flat plate, that the skin friction drag reduced the turbulent boundary layer flow.
Direct numerical simulation (DNS) and large eddy simulatidfS) were used to examine
the exterior flow across a hydrophobic cylinder for Reynolds nun3@€rand 3907259].

It was discovered that the reoteansquare (r.m.s.) lift coefficient and mean drag values

of a microscale circular cylinder witthe hydrophobic coating decreased. The delay in
separation during laminar vortex shedding decreases skin friction, but during shear layer
transitions, it reduces drag. The effects of partial slip on the shedding frequency of the
wake of a circular cylinder are vastigated using DN$263]. They found that the
frequency of the shedding increased with the slip. Additionally, the vortex intensity, drag,
and lift were reduced near the wake, while the vortex shedding was delayed with the slip.
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In addition, superhydphobiccoating for example, can delay vortex shedding and reduce
drag[264], [265] Surfaces that are superhydrophobic promote vortex shedding and early
roll-up. It has been demonstrated that partial slip occurs on various superhydrophobic
coatingsfor Reynolds numbers of up to 100[X®54]. There was a significant difference in

the flow behavior depending on where the ridges were aligned in the flow direction within
the superhydrophobicoatings which means that shedding frequency occurs more
frequenly than on a smooth circular cylinder. A ridge aligned in the flow direction exhibits
higher shedding frequencies than one aligned in the normal direction. Researchers
observed diminished vortex shedding and elongated recirculation bubbles from a highly
hydrophobic cylinder [264]. A circular cylinder oscillation induced bythe
superhydrophobicoatingwas measured with Reynolds numbers ranging from 1300 to
2300[266], and it was reported that slip reduced the amplitude and lift of the oscillating
cylinder. In addition, the length of the bubble and the width enlarged, but to the contrary,

the intensity of the vorticesasreducedsimilar to the lift coefficient.

Furthermore, experimental studies were conductedthenhydrophobic circular
cylinder coatedvith sand by Brennan et §267] at Reynolds numbersupp& p 1t It
was found that Cassiaxter sand coatings significantly reduced drag compared to Wenzel
coatings by 28%. As a result of the plastron's thickness and protrusion's height, there is a
reduction in drag. In a study by Kim et 7] hydrophobic microparticles were sprayed
on a cylindrical surface, while another cylinder was roughened with Teflon. The cylinder
wake was studied based on the gas fraction, particle size, and direcsioriagk slip at
Reynolds numbers of ¢ o p 1 Their observations suggest that the delay in
separation and early relip of the vortices are due to the turbulence in the wake and shear
layer. In a recent study268], a drag reduction of 40% was foundeo the
superhydrophobic hydrofoils at a 15° angle of attack was reported. In addition, Sooraj et
al. [42] studied the effect athe superhydrophobicoatingover a circular cylinder and
found an increase in the TKE and Reynolds shear stressebefsuperhydrophobic
cylinders. The onset of vortex shedding is also delayed for the superhydrophobic surface
cylinder, and they found a 15% drag reduction at a Bleégnnumber of 860. They
highlighted that the superhydrophobmatingaffects the cylinder differently while having

different flow regimes. Furthermarbackwardfacing stepsare studied by Zeinali et al.
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[44] at different Reynolds number3he siperhydophobic coating reduces the drag
coefficient by 25% and 46% at Reynolds numbers of 400 and 2000, respectively.
Additionally, the Strouhal number is augmented as a result of the modification of the

recirculation region.

However, the effect of HPS on 3D Hibodies has found limited attention. For
example, using LES, a sphere was studied by Zeinali ¢44jl.at different Reynolds
numbers based on the HPS slip. They found that HPS reduced the drag coefficient by 25%
and 46% at Reynolds numbers 400 an@®@Qespectively. Additionally, the Strouhal
number is augmented by 25% as a result of the prolonged recirculation region. Another
study by Jetly et a[269] implemented HPS ¢(2um air layer) on a metallic sphere in a
water tank. They found that eventlwisuch a small air layer, approximately 80% drag
reduction is achieved between Reynolds numbeai@o p Tt It is associated with the
shifting of the separation point to the rear, which leads to decreased pressure drag.
Additionally, recently a DNS stydconducted by Mollicone et gR70] investigated the
effect of the HPS around a 3D bump representing a bluff body. The form drag was found
to be reduced due to the HA%e dimensions of the separation bubble decreased by up to
35% as a result of theethyed separation point. This is attributed to the significant
modification of the production mechanisms of turbulent kinetic energy caused by the HPS.
However, Choi et al4] highlighted that 3D bluff bodies having a fixed separation point
change the flow behavior from the boundary layer to wake flow which is substantially
different from the moving separation point in the cylinder and sphere with Reynolds
number. Therefore, gending on the nature of the flow separation in the bluff bodies,
different strategies need to be developed for flow control. Although there are studies on
simple bluff bodies such as cylindg#], [43] and spherd44], [269], the effects othe
hydrophobiccoatingon complex 3D bluff bodies have not been attempted as far as the

authors are aware.

In this regard, the extensive literature available on the standard Ahmed body (SAB)
[10] is of relevance because the SAB not only shows the rich TDSduuit delongs to
the same cl ass of 0c (2R]desailzet, as sgowiognskarprilone s t h
pattern transitions depending on the rear slant angle. The flow asobngrineproduces
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similar flow features to the SAB at the rear end, whiind found to encounter significant
resistance in watgf4], [22]. There are other underwater applications of 3D bluff bodies,
including underwater energy harvesti2g1], large bluff body structures, such as caisson
structures or oscillating water loonns (OWC) and wave energy converters (WEQ$)]

and underwater energy stor@gd. Therefore, the development and study of HPS on the
flow features of the Ahmed bodyavetremendous significance in the bluff body flow
control domain, especially innderwater applications. Furthermore, the effectthef
hydrophobiccoatingaround a complex 3D bluff body based on the nature of the flow
separation at the rear end, having fully separated and attachetdbwnot been attempted

so far, which is signifiant in creating flow control methods.

2.4 Summary of theL iterature

Road vehicles are blufodies andunderstanding their flow behavior is necessary to
develop flow control methods to improve their aerodynamic performance. Sinitevihe
around road vehicles is extremely complexnplified generic vehicle models have been
developed to examine the changeswake flow features. Within the generic vehicle
models, the Ahmed body is perhaps the most studied nadklhasextensive data
available in the open literature for verification and validatidha 25° slant angle, the
wake at the rear end of tidhmedbodyis a combination of the slant separation bubble,
longitudinal Gvortices, and a wake recirculation regiolm terms of its contribution to
aerodynamic drag, this model ha$4% contribution from pressure drag by the slant
surface, 30% by the vertt base, and 6% by the forebofy0]. The synthesis of the
literaturesuggests thatinderstandinghe time-averaged and timdependentvake flow
featuresat the rear end TDB of critical importance talevelop flow control method®s

control drag and minimize surface contamination.

The Ahmed bodyas a representative 3D bluff bogyovides flexibility to study the
complex turbulent flow structures at the rear.enldis inspirel several specific studies
focusing on each component of the TDS differently, namely the suppression of the SSB
[34], [170], elimination of Gvortices[272] and modification of the wake recirculation
region[28], [273]. In general, several flow control methods have beeneappd attain
drag reduction, as reviewed in the literat[i@)], [53], [274]
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Similarly, shape modification using rounded side edges and smoothing the blunt edges
have also been found to provide positive aerodynamic effects. However, as pointed out by
Zhang et al[28], most of the studies in the literature developed flow control methods by
concentrating on any one out of the three important components of the TDS. Such methods
not only isolate the possible influence of the interaction among the contpdn&can
also have a detrimental effect due to a lack of understanding of the flow structure
interactions. For example, based on a realistic fastback modeduthdededgeof the side
edges was examined by Rossitto ef28] and reported that tHecal drag increased, and
the pressure recovery was counterbalanced at the slant surface. In addition, the existence
of rear window soiling is attributed to the formation of the LRB. Hence, the
characterization of the interaction mechanism of the flonufeatshould also add to the
mitigation of soiling phenomena since it is detrimental to the performance of optical
sensors used in the emerging area of autonomous veBig]eR75]. Finally, the literature
revealedhfew studieonthe impact ofthehydrophobiccoatingaroundsimplified 2D bluff
bodies such asylinders and sphergbut there is no study on the complex 3D bluff body
flow structures. Especially usinje Ahmedoodywhich is a simplified 3D bluff body but

produces the complex TD& therear end

2.5ResearchGaps
Based on the above literature review, several research gaps have been identified as

follows:

1 The flow around the 25° SAB omplexdue tothreedimensional and unsteady
flow structures which makes understanding and contrallenging.

1 Recent studies used the rounded edge instead of the sharp edges at the rear end of
the SAB. However, the idea of elliptical curvature has not been usetiuenice
drag reduction and soiling by modifying the rear end shape.

1 Recent trend shows an interest towards bluff shape submarines where the dominant
drag is the pressure drag. Such 3D bluff shape submarines provide new avenues to
develop flow control methds to reduce pressure drag, taking inspiration from

ground transportation systems.
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1 The emerging area of autonomous vehicles depends on optical sensors for

1

navigation. Therefore, the mitigation of sensor soiling is a relevant area of research.
Hence, the evelopment of flow control devices that can provide benefits in both
drag reduction and soiling mitigation is needed.

Prior research has shown that hydrophobic cgatexhibit pronounced effects
when applied in proximity to the separation point, direicifijpencing the boundary
layer. However, existing studies have primarily concentrated on investigating the
impact of hydrophobic coatings on simpler bluff bodies like cylinders and spheres.
However, examination of the effect of hydrophobic coatings ometheend flow
structure of more intricate 3D bluff bodies, such as the specific case of the SAB and
modified EAB, remains unexplored in the literature.

Application of multiple point advanced analysis technigigeich as twepoint
correlation, proper orthogonal decomposition (POD) and dynamic mode
decomposition (DMDhas not been applied to examine the unsteady wake flow
structures originating from the application of elliptical curvature artde

hydrophobic coatig on the SAB
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Chapter 3: Methodology

This chapter discusses the experimental setup, test conditions, measurement
procedures, and freestream flow characterislibe chapter also discusses the numerical
simulation procedures, including the hybrid simulatimethods, governing equations,
boundary conditions, mesh independence, and validation. Finally, the data analysis

techniques employed in this study are discussed.

3.1 Experimental Study

The experimental facilities used for this study consist of a waterel and particle
image velocity (PIV) system. The water tunnel is used to carry out the measurement since
it offers some advantages over wind tunnels. It is excellent forflsualization studies,
providing insight into the physics of the flpand ismore suitable for modern, laskased
methods of flow field diagnosis, such te PIV [276]. The experimental systems are

described in detail in the following sections.

3.1.1 Water tunnel andtestsection

The experiments were conducted in a test channel inserted into a main recirculating
water tunnelFigure3.1 shows a schematic diagram of the wataengl used for this study.
The test section was made of a clear acrylic plate to facilitate optical access. The main
water channel, as shown kigure3.1, consists of a flow conditioning unit (items2), a
test section (item 3), a tank (item 4), a centrifugal pump (item 5), a variable speed drive
(item 6), piping and valves, supporting framework and a filtering system. In terms of
dimensions, the maims$t section measures 6000 mm in length, 600 mm in width, and 450
mm in depth. In addition, the test section walls are made oftBitl8 acrylic sheets,
providing an optically transparent view. A-BUV variablespeed drive water pump drives
the flow throudp conditioning units before entering the test channel. The flow conditioning

unit has a contraction ratio of 4.88:1.
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Figure3.2 shows a schematic representation of the experimental arrangement. Within
the testing area, the models are fixed on flat acrylic plates. The origin of the model axis is
55.56h from the inlet of the test section and 27.78h downstream of the rhadety
height). The test model is placed withip mm of the test section's center during the test.

At the channel's inlet36-grit sandpaper is used to strip the incoming flow and speed up
the transition to turbulent flow. It is 100 mm long and covers the exfitarenel width (wall

to wall). The water tunnel has a blockage ratio of 2.5%, which is way lower than the
recommended 5% threshold val{#&77]. Therefore, no correction is required on the
measured datf278]. The figure also displays the incoming flairection and the laser

system position.
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3.1.2 Testmodel description

The standard Ahmed body (SAB) developed by Ahmed ¢iL@).was 1044 mm in
length, 389 mm in widthand 288 mm in height. The model is supported on small
cylindrical rods 50 mm in height from the test floor. A quarter sedt@an version of the
25° SAB is used in this thesis with a heigit 72 mm. The general dimensions of the

model are displayed iRigure3.3, normalized with the model height.
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width. The Local axis in (b) is shown to calculate the equation of the ellipse. The Isometric views of the EAB

and SAB are shown in (c) and (d), respectively
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Figure 3.3. shows the modified Ahmed body with elliptical curvature called the

elliptical Ahmed body (EAB). The equation of the ellips¢he EABcan beexpresseas

0 WE | 0 (3.1)
)8 W ¢

Where the dimensions and variables are display&dgure3.3. Note thatOA = S.L.
andOB = 0.5W. In terms of the normalized X, Y, and Z coordinate systems, the centre of
the ellipsedObin the local coordinate axes is located att§007 1.1h) from the model rear
end.Eqn.(3.1) is designed for a constant slant surface length; hence it is limited to

R

On the Makerbot Z18, the models are 3D printed using white polylactide acid, also
known as PLA, in Fused [pesition Modeling. The PLA filament was used with a diameter
of 1.75 mm, a layer height of 0.2 mm, 35% fill, and two layers on top, with four layers on
the bottom. For the perimeter, the raster angle is 0°, and for the infill, it is 45°. Two SABs
and two EABs are generated. The surface glare is minimized by painting each with non

reflective black paint. Furthermore, to provide the hydrophobatingto the model, one

SABandoneEABaresprayoat ed wi th commerci al hydropho

UltraTech International Inc. Florida, USf79] and denoted as the hydrophobic SAB (or
HSAB) and the hydrophobic EAB (or HEAB). The models are sprayed in several layers
using bottom and top covers. After each layer of coating, sufficient time (as mentioned in
the technical manual of the Ultra Tech) was provided to get the maximum strength.

3.1.2.1Contact angle

The contact angle of the spray coating on the models was determined using the
Keyence digital microscopendavalueo f a p p r o x iwasabtankedyhis veud
is consistent with values obtainfrdm other studief268], [325. The significantlyhigher
contactanglest han 90 thatdhedoatingnpesdesses hydrophobic properties.
Detailed results can be foundAppendix B3.

3.1.2.2Surfaceroughness
The surface roughness of the model surfaces was mdasimg the Filmetrics Profilm

3D instrumento obtain tle arithmetic mean deviation roughness)(Ra values of 0.18
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pm and0.35umwere obtained for the model surfaces withouthiydrophobic coating and
with the coating, respectively. The measured/&ues are considered smo¢835] and
confirms that the coating did natgnificantly modify thesurfaces rougtess More

detailedinformationcan be found i\ppendix B4.

3.1.3 Particle imagevelocimetry (PIV) technique

PIV has gained popularity as a nmtrusive optical measurement technique that can
provide wholefield instantaneous velocity measurements. Its ability to estimate velocity
gradients and derive quantities such as vortanity various terms in the transport equations
for turbulent kinetic energy and Reynolds stresses make it a useful tool in fluid mechanics
and aerodynamics research. As such, PIV has been widely applied in these fields in recent
years.This thesis employsvo types of PIV technique®oubleframe PIV (DFPIV) and
Time-resolved PIV (TRPIV) supplied by LaVisiorinc. A typical setup of the PIV is
shown below inFigure 3.4. The PIV system involves three main components: a laser
source, a camera, and a data acquisition system. The tracer particles are introduced into the
flow and illuminated by a pulsed laser to generate images. The images adivttied
into grids, and each grid is called an interrogation area (IA). The local displacement vector
( & of the tracer particles between the first and second image for each IA is calculated
using a numerical correlation algorithm. Finally, the veloedgtor map of the entire flow
field is det eromyofeedactlixThd details dfibasig componers

the PIVare as follows:
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Figure3.4: Typical setup of a Particle Image velocimetry (P[230].

3.1.3.1Laser
The experiment involved the use of a Photonics DN62UDH laser, which was a
diode pumped duatavity duathead highspeed neodymiurdoped yttrium lithium
fluoride (Nd:YLF) laser. The laser produced a green light with a maximum energy of 30
mJ/ pul se at wavelength a= 532 nm. To adjust
of spherical and cylindrical lenses was employed, resulting in a thickness of appebxima

1 mm.

3.1.3.2Camera

Achieving precise and accurate PIV measurements requires the synchronization of
cameras and lasers. Although CCD cameras have been traditionally used in PIV, they have
limitations in terms ofthe image acquisition rate. Higbpeedcameras, such as the
complementary metadxide semiconductor (CMOS) camera, have been developed to
overcome this limitation and can achieve image acquisition rates of up to kilohertz (kHz).
The CMOS camera is a valuable tool fidR-PIV measurements whersed with high
repetitionrate lasers. In this study, a higheed 12bit CMOS Phantom VE@30L camera
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with a full resolution of 2560 x 1600 pixels and a pixel pitch of 10 um to capture flow field

images.

3.1.3.3Seeding particles

In this study, the flows seeded with a hollow glass sphere with a silver coating. The
density of the seeding particles is 1400 kg/mith a particle size (mean diameter) of
10um. The ability of the particles to follow the flow faithfully is assessed by determining

the Stokes nmber, Y based on the particle response timhe,and the characteristic

temporal scale in the flow, as follows(Eqgn.(3.2):

(3.2)

Where” and” denote the density of the seeding particle and the fluid, respectively.
The temporal scale in the flow field,, is estimated to be of the order of the Taylor

timescale_ . Therefore, it is assumed here that & According to Tennekes and Lumley

[281], the Taylor scale is calculated as:

mn (33

For the particle to be considered to accurately tracKale the Stokes number should
be smaller than 0.0R282]. The present analysis has the Stokes numbpgog p 1
which satisfies the above conditions.

3.1.3.4 PIV measurement procedure

The PIV measurement is first made for the upstream daétltenodel before the model
is installed to characterize the upstream boundary layer. This measurement plane is in the
vertical plangX-Z) and indicated as VP1 Figure3.5 with a camera field of view (FOV)
of 224 mm x 140 mm(Shown in terms of model heightSecondly, the velocity
measurements were performed in the downstream locations indicated as VP2 and VP3 in
Figure 3.5 with the same FOV. Velocity measurements were also performed in the
horizontal planeat 0.62h from the ground The schematics of the vertical measurement

planes are shown fRigure3.5.
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Figure 3.5: Schematic of the vertical measurement planes. All dimensions ardimensionalized with
model height ).
3.1.3.5 Data acquisition

The data acquisition is regulated by commercial software (DaVis version 10) developed
by LaVision Inc. The timeesolvedPIV (TR-PIV) measurements are performed by
acquiring 48000 snapshots at a rate of 80Aizhe same timedoubleframe PIV (DF
PIV) measurements are taken at a rate of 6Hz for 9000 pairs of imag&€3V3Bamples
have more statistical independence, whiltbws them to provide a more accurate measure
of the mean velocity and Reynolds stress. Tthis,study uses DPIV to compute time
averaged statisticavhile TRPIV is applied to compute timgependent and spectral
statistics. A 4pass correlation meti is used to calculate the velocity vectors. The initial
interrogation area of THRIV was 128 128 pixels, with a 50% overlap, and PHV's
initial interrogation area was 64 64 pixels, with a 50% overlap. Following earlier
experiments, the final intergation area washosen to b4 x 24 pixels with 75% overlap
[67].

3.1.4 Testconditions

In the experiment, all the tests are carried out at a Reynolds numti@r ofp p Tt
based on the model heiglht<£ 72) and the freestream velocityldé= 0.60 m/SThe study
is conducted at a room temperature of 25°C. The related Froude niibeiQ'Gs 0.5Q
andH denotes the water depth in the tunnel. Four different test models, naime§AB,
EAB, HSAB, and HEAB, are investigated, focusing on the velocity measurement at the
rear end in the vertical (X at Y=0) and horizontal planes {X at Z/h=0.62). The test
conditions are listed imable3.1.
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3.1.5 Error analysis

the present study followed the procedure of Casarsa & Giannd@83pfor the error
analysis in the experiment. Based on that, the mean velocity uncertainty at a 95%
confidence level was estimattxbe less than 2%, and that of the Reynolds stresses is 4%

of their peaks. For further information on the statistical convergence and error analysis

please see the appendix?A

Table3.1: Experimental test conditions. EFAV (Double frame PI1V) and TRIV (Time-resolved

PIV).
Test model Surface type Reynolds Measurement  PIV type No. of images
number plane DFPIVITR
PIV)
Y-0
SAB (Symmetry DFPIV/ITR 9000/48000
Plane) PIV
Z/h=0.62 DFPIV 9000
(Horizontal
Nort plane)
hydrophobic Y-0 DFPIVITR
EAB (Symmetry PIV 9000/48000
Plane)
Z/h=0.62 DFPIV 9000
0.431x10°  (Horizontal
plane)
Y-0 DFPIV/ITR 9000/48000
HSAB (Symmetry PIV
Plane)
Z/h=0.62 DFPIV 9000
(Horizontal
Hydrophobic plane)
Y-0 DFPIV/ITR 9000/48000
HEAB (Symmetry PIV
Plane)
Z/h=0.62 DFPIV 9000
(Horizontal
plane)

3.2 Numerical M ethod

The experimental technique employed for this study has some limitations. For example,

the experiments were only performed in the vertical plane at the sympiatiyof the

model and the horizontal plane. Also, the measurements are limited to low Reynolds
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numbers. Therefore, numerical simulation was used to complement the experimental
measurements. The numerical investigation of this thesis is conducted in two stages as

follows.

For the initial investigation, a thorough numerical investigation is perfoowedthe SAB

by varying the s| athdgl arsdlee .f Tdms2 51| atna 3l g

transition angle range (TARBased on the model height, the Reynolds numb@d &7 x
10° at a freestream velocity of 3.1 m/s. For simplicity thodels are denoted according to
the velocity (3.1 m/s) aheSAB_3.1.

After characterizing the flow features consistent with the literature at a low Reynolds
number of 0.14x 1, further numerical investigation for both the SAB and EAB is
performedatthe Reynolds number of the current experimental study of 0.43at 4@ air
velocity 5 wi 7O In addition to this, the Reynolds number is raised in the moderate
range of 1.0 x 1 found in the literature for eroad aerodynamics understanding at an
air velocity 5 T 1t ¥Q This is the maximum Reynolds that can be achieved with the
available computational resources. Consequently, the numerical investigation not only
provides fresh iformation on the low Reynolds number but also documents the effect of a
moderate Reynolds number on the SAB and EAB. For simplicity, the models are denoted
according to the air velocity (9 m/s) tie SAB_9 andthe EAB_9 for Reynolds number
0.43 x 10. While at Reynolds number D% 1 they are calledhe SAB_40 andthe

EAB_40 for air velocity of 40 m/s. The test conditions are summariz&dbte3.2.
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Table3.2: Test conditions for the numerical simulation

Test model Reynolds number Slant angle Simulation method
SAB_3.1 0.14x10° 250, 26°, 27°,
28°, 29° and
30° IDDES
SAB_9 25°
EAB_9 0.43x10° 250
SAB_40 1.90x10° 25°
EAB_40 250

3.2.1Detachededdy simulation

Thedetachedddy smulation (DES) is a hybrid model introduced by SpdHs8] that
combinesthe RANS and LES and has become increasingly popular as a compromised
method. Recent review papers highlight the development of such hybrid simulation
methods used for both streamlines and bluff body &3], [159], [160] It has been
demonstrated throiigsome foundational research ttie@DES is an appealing method for
modeling the 25° Ahmed body, which represents a-tiigly slant anglgL37]. Moreover,
Shur et al[161] further developed the DES models by combining ST kand Del ay e
Detached Edg Simulation into the secalled ImproveeDelayed Detached Eddy
Simulation (IDDES). This particular model has shown superiority in capturing the flow
field in both the TDS and QAS regiof29], [34], [111], [162][165]. Hence the IDDES

method is employefbr the current investigation.

3.2.2Governing equations

The commercial software Ansys Fluent is used to do the numerical simulation. The
finite volume methotbased transient threBmensional continuity and momentum
equationss used in the simulation. Boundsdcondorder implicit time wagemployecdto
solve the resulting algebraic equations from the discretization. A spatial and temporal
discretization of the governing equations is performed. Simply put, the equation can be

expressed in its most basic form:
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HerenmCHl 8 M values that correspond to density, speed, surface normal, diffusion
coefficient, and gradient operatid47]. The convective fluxes are approximated using a
bounded central differencing (BCD) scheme, which is a combination of a central difference
schemeand a secondrder upwind scheme. The SIMPLEC method couples pressure and
velocity, and a seconorder implicit scheme provides the temporal resolution,

guaranteeing a robust numerical sch¢g4g.

The IDDES is used to conduct the current study becays®vides more accurate
predictions of the 25° Ahmed body. The IDDES is a hybrid of the Delayed Detached Eddy
Simulation (DDES) and the Wall Modeled Large Eddy simulaf@jn[14]. The IDDES
prevents the logayer mismatch or an excessive reductiofRaynolds stresses typically
seen near the RANSES interfacf85]. The TKE equation that is used time RANS
simulations i4284], [286]

8 (3.5)

Where the time, TKE, density, velocity, molecular viscosity, turbulent viscosity, tensor
of stress, and mean strain rate is representedkpy, 6 ,* ,* bt @& Y hrespectively.
The O is the turbulent length scale for the RANS. However, in the IDOES,
lengthscale is replaced by , which is the IDDES turbulent length scd85], and

is written as:

Where/Eis the blending function( is an elevating function, is the length scale
for theRANS and, is for LES and is defined as:

E7 (3.7)

, # YAT A bz

o

Here °=0.09 IS a constant in the SST -K, Yy

~ Y

I Ell A Y W AY is the subgrid lengthscale betweenY
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I E1Y@YUYU andy I A @ayUyUst isthe empirical constard,is the nearest
wall distance. The blending function is defined/&s | A @p A& HE where £is

empirical blending function. Whe#Eis equal to zero, Eqi3.6 can be written as:

0 0 Q0 p QD (38)
Whereas, whe#Eis higher than zero andtis equal to&, Egn.(3.8) becomes:

, , Ep A, p A, (3.9

Comprehensive explanations of the equations and coefficients can be fLéiif284],

[286].

The dimensions of the model are similar to the experiment showigume 3.3. The
computational domain setting is based on the results of the ERCOFTAC workshop on
advanced turbulence modelif287]. According toFigure3.6, the domain has a length of
7.250 in front of the model, 18.126n the back, a width of 6.483and a height of 4.8611
Here h is the model heightDomains with a blockage ratio of 4.28% ameicial for

calculating aerodynamic coefficierjtd08], [111]

For the simulations othe SAB_3.], the time step is set to p 11 that ensures a
Courant number of less than 1137]. The total simulation flow time i® & ¥E=67,
and the flow statistics are collected over the@s58 with ten iterations/timstep because
the lift coefficient was less fluctuating while the drag coefficient became stable. Therefore,

the time averagg of the last 1.25s is reliable to ava@idntamination.

On the other handhe SAB_9 & EAB_9 andheSAB_40 & EAB_40, the time step is
setto¢ p m andp p T ,respectively that ensures a Courant number of less than 1.5
[147]. The average simulatidiow time is® & 7FE=150 and 70 fothe SAB_9 and
SAB_40 respectively. The flow statistics are collected with ten iterationsgtiepewhen
the drag coefficient becomes stable. Therefore, the time averaging of the last 0.8s and
0.125s of physical timesireliable to avoid contamination.
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The solution is considered to have converged when residuals of continuity, momentum,
TKE, and scalar dissipation rate fall below*L@hich is consistent with the study by He
et al.[285]. In all the simulations, theutlet is subjected to constant pressure, and the left,
right, and top surfaces are all designated as symmetry planes. The road is assumed to be

stationary, and a nslip boundary condition is used in the model.

78, 1254

Figure3.6: Computational domain of the simulation

3.2.3Mesh andgrid independence

Accurately capturing the Ahmed body wake requires the estimation of turbulent length
scales. As a result of these factors, the mesh grid size is detebyittedTaylor ) and
the Kolmogorovg length scales for the smallest turbulent length in the wake are shown
in Table3.3, normalized by the modékight for the 25° Ahmed bod$26], [288]

Table3.3: Relevant length scale normalized by the mdubédht

Model Reynolds number L/h v i

SAB 3.1 0.14x10° 4.52x 10? 8.86x 10*
SAB 9 & EAB 9 0.43x10° 3.62

2.65x 10? 3.98 x 1¢

SAB_40 & EAB_4 1.90x10°
1.26x 107 1.31x 10*

54



The simulation accuracy is confirmed by performing mesh sensitivity. The simulation
used a structured polyhedral mesh. Reducing the element count improves the mesh quality
while also dramatically reducing the cost and simulation {28, [107], [289] Along
with the domain, two distinct refinement boxes surrounding the model precisely capture
the length scale specified ifiable3.3. The grid resolubn requirements for the smallest
meshing cell sizd 7¥Y>1 was achieved147], whereY is the sukgrid length scale
mentioned in EqK.7[161]. Consequently, as specifiedliable3.4, three different meshes
are applied for the grid independence study. To capture the boundary layer over the model,
inflation is used with a first layer height o® o p m andx& 1 p 1 with 30 layers.

Figure3.7 shows the mesh used in the study.

Table3.4: Mesh sensitivity analysis summax{q is the dragcoefficient)

Mesh SAB 3.1 SAB_9 SAB_40
type Cell G Cell G Cell G
count/10° count/10° count/10°
Mesh 1 3.6 0.449 4.4 0.383 54 0.350
Mesh 2 7.2 0.448 7.3 0.384 9.5 0.353
Mesh 3 13.5 0.448 14.4 0.385 18 0.354

It can be seen that Mesh 2 and 3 provide reasonably close drag coefficients foe both
p is achieved for both Mesh 2 and Mesh 3; this

demonstrates that the grid resolution is enough for capturing the viscous sublaykeove

SAB_9 and SAB_40. Furthermore,

walls. As a result, Mesh 2 is chosen for the simulation to save processing time.
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Figure 3.7: Computational mesh (a) Front view of the mesh at symmetry (Y =0), (b) Enlarged view with
rgfinement boxes, (c) Enlarged view at the frentl, (d) Enlarged view at the slanted end, @)tsometric
view.
3.2.4Validation

At first, the simulation is validatedsing the aerodynamic drag coefficient. According
to Table 3.5, the drag coefficient is scattered with respect to the Reynolds number. The
drag valuesighlight that as the Reynolds number increases, the drag coefficient begins to
reduce, and it varies between 0.285 to 0.437. The values found in the current IDDES
simulation at both low Reynolds numbers and medium Reynolds numbers lie within the
drag coeficient range. Secondly, Serre et[aB7] argued that the drag variation at the low
Reynolds number is due to the large front roof bubble (FRB) at the front end. This FRB is
also reported by Spohn and Gilliergh16] at low Reynolds number experimenta
investigation over a 25° SAB, which is also found in the current low Reynolds number
model SAB_3.1 andhe SAB_9 shown inFigure 3.8. Hence, the FRBs the distinctive
feature of the low Reynolds number also supported by Krajnovic et al. and Mingueaz et al.
[142], [148] Thirdly, the most important features of the 25° SAB are the existence of SSB,
recirculation region, URB, and LRB, as showrFigure3.8. In the current simulation as
well, both the low and high Reynolds number shows the existence of these recirculation
regions and the bubbles. The length§SB (SBL)and wake recirculation region (Lr) are

compared in

56



Table3.6 with the existing studies. It can be seen that both the SBL and Lr are in close
agreement with the existing literatui27] with minor differences due to the Reynolds
number It can be concluded that the IDDES simulation not only provides the basic flow
features but also captures the FRB, SSB, Lr, URB, LRB, and drag coefficient according to
the Reynolds number. Therefore, the current setup of the IDDES simulation is cahsidere

validated.

\
|

1.5

FRB

0.5 F

Figure 3.8: Basic flow recirculation regions over the 25° Standard Ahmed Bodth&#8AB_3.1 andhe
SAB 9.

Table3.5: Comparison of the drag coefficient

Reference Ay Reynolds number Method
Kohri et al[26] 0.365 0.73x 10 Experiment
Serre et al[137] 0.431 7.68x 10 LES
Guilmineau et al. 0.437 7.68x 10 DDES
[111]

Guilmineau et al. 0.380 7.68x 10 IDDES
[111]

Present study

SAB 3.1 0.448 0.14 x 16

SAB_9 0.382 0.43% 10° IDDES
SAB 40 0.353 1.90x 1¢°
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Table3.6: Comparison of the slant bubble length (SBL) and wake recirculation length (Lr). All the
values are in terms of percentage slant length. Note, Exp. is experiment and Num. is Simulation
Re= Reynolds number

SAB SAB SAB_  (1)* @»  3)* @*  (B)* (6)* (7)*
31. 9 40
Re ™T ™ o pdom 0.08 7.68 7.68 0.62 0.52 11.10 1.70
(10
SBL 76 78 84 77 75 61
Lr 76 76 73 78 67 80 84 84 96

(1)* Numerical study byMinguez et a[148], (2)* Numerical study byGuilmineay85], (3)
*Experimentalstudy byRossitt¢32], [170], (4)* Experimentalstudy by Zhang et 2], (5)*
Experimentalstudy by Wang et 4l24], (6)* Experimentalstudy by Sellappafv7], (7)*
Experimentaktudy by Liu et a[76]

3.3 Data Analysis Technique
In this section, the data analysis techniques used in the thesis are discussed. These
include proper orthogonal decomposition (POD), dynamic mode decomposition (DMD),

Two-point autecorrelation, Qcriterion and .

3.3.1Proper orthogonal decomposition

Proper orthogonal decomposition (POD) is used as a model decomposition method in
this study. According to their kinetic energy content, flow fields are classified into
orthogonal spatial modes in the POD. Additionally, it can be applied to lesserssdell
turbulence and PIV uncertain290]. POD is composed of three matri¢281]:

» Y W (3.10)

A data set of matrix X is built by transforming each individual snapshot into the mean
removed vector fieldsx, x, ... »into anm 1 vector in whichmis the number of velocity
vectors times the number of velocity vector components and the number of snapshots is
The order in which they were recorded in the X matrix determines how a flattened velocity
vector field is then structured. Modal componesftthe POD are quantified as a share of
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the fluctuating kinetic energy. The eigenvalues of a signal allow us to categorize the
relative intensity of each mode (excluding mode 0). POD analysis of the Ahmed body has
been used in previous studig0], [139, [290], [292] However, POD analysis of the

wake region of the Ahmed body is not fully understood, especially the energy contribution

and flow features.

3.3.2Dynamic mode decomposition

Dynamic mode decomposition (DMD) is a spatial dimensionaditiuctiontechnique
thatcombines POD with the Fourigransformsin time. In this way, spatial modes now
have a temporal frequency, possibly associated with a growth or decay rate. The DMD
method, therefore, provides a spatiotemporal decomposition of data intmidymades
derived from snapshots or measurements of a system in time. It has two main advantages;
first, it is an equatiofree architecture; and second, a future state prediction is possible to
construct at any future tinj293]. There are only a fewwgdies of the DMD in the literature
on the SAB[30], [294].

The DMD modes can be obtained by using a time series of measurement snapshot
vectors,® at each timgstep is arranged in a matri®o N whoB 8 & . The data
matrix & is decomposd into two sets:d N B 8 ® and & N
who B 8 @ . The first set is orthogonalized using the singular value decomposition
(SVD): "t o i UG , where U includes the proper orthogonal modes of the first
setofdat@ . Itis thus possible to express the last data veetas a linear combination
of the previous elements in the fof890]:

YO0 o (3.12)

Model structures are represented by the eigenvectors of S, whereas frequencies and
growth/decay rates are represented by the eigenvalues. In order to quantify how many
modes representations there are in the original dataset, the optimum amplitudes can be
computed by QRIecomposition of the original data matrix V, the singular vatyeand
the modes (Eigenvectors of S). The disctete eigenvalue is used to study the stability
characteristics of the DMD modes. The eigenvalues occur as complex copjaigand

lie on a unit circle in the complex domain representing the modes with zero growth rates.
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However, the eigenvalues lying inside the unit circle represent the decaying of DMD

modes, and outside existence shows growth with 298]

3.3.3Two-point autocorrelation
The twoepoint correlation functions are defined for two arbitrary quantities A and B in

a plane at reference points separated by

YO &E<6(i1,12)8(1l+wil,i2+@R)>L 6, 6 (3.12)

At positions (11,12 ),, 6and, Orefer to the standard deviations of A and B,
respectively. A and B are the fluctuating velocities, whileand, drepresent the turbulent
intensities in this research. For instance, in theptane,, 0and, 6correspond to the
streamwise (u) andavall-normal (v) fluctuating velocities. It's worth noting that the
equationEqgn.(3.12) is also applicable to autocorrelations. As mentioned earlierpbid
correlations help to determine the distance and time scales that depict the correlation of the
turbulence field acrasthe flow. Additionally, they can be utilized to evaluate the integral,

Taylor micro length, and time scales.

3.3.4Q-criterion
One of the essential and critical means of vortex identification is tedt&ion
proposed by296]. It is based on the tensoirthe velocity gradient o which is segregated

into one symmetric strain tensdf and one arisymmetric rotational pant) . This is

described as:

6 Y (3.13)
N P (3.14)
COR OF
6 Y (3.15)
P (3.16)
COR Ojf

Egn.(3.13) is satisfied by the eigenvaluesnaf is given by:

o, 0, 'Y m (3.17)
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The Qcriterion is based on the second invariant of the velocity gradient, denoted as Q.
It also includes the condition that ambient pressure should be higher than the pressure of

the vortex to separate it. The full dynamics are preseas:

6 & 0pOF géﬁéﬁ glE £ RYE (3.18)

Q is a local term for balance vorticity magnitugend strain rate S. By putting Q>0;
it is possible to separate the regions whieeestrength of vorticity surpasses the strain rate.
Since within a lowpressure tube with a small cressction engulfed by isobaric layers of
pressure, Laplacian will be positive if the flow has a uniform density. This variable is

related to the Q, the send invariant, and Q must be positive.

3.3.5 -criterion
Thel criterion extracts the coherent vortical structures based on regions where the

second largest eigenvalue of the tensor is negatijé47].
Y Y (3.19

Here are the symmetric and antisymmetric parts of the velocity gradient tensor

3 — —7Tgandm — —¢ (3.20)

3.4 Non-dimensionalizedparameters

Throughout this chapter, some common parameters ardim@msionalzed and used
to discuss the flow features. They are described here as follows:

The streamwise, spanwise, and wadkmal coordinates are normalized with the model
heighth:

(3.21)

The velocity component in the x, y, andlizection is defined as:
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v 2 2 (3.22)
Y 7 hw =

T
Y Y

Where5 is the freestream velocity. The Reynolds shear stresses are:

- .  O@BR, o= ¢ F==1 LR, oare Daxe 3.23
YY —hYowo —hmod —hYo —hhw ——h (329
Y Y Y Y Y

Similarly, the Qcriterion is defined as:

0 b&ry (3.29)
Q is the second invariant of the velocity tensor. Finally, the pressure coeffiCigns (
defined as:

0 0 (3.25)
p7c” Y

Here,0 is the pressure at the surfa&®, is the static reference pressumeis the

medium density. The Strouhal number is calculated as:
YoOxY (3.26)

Here frequency ifandh represents the height of the model. Until specified, 25° is the
default slant angle of botihhe SAB and EAB.Note that all the data reported in the tables

have an accuraayf 1@ Pin the normalized form
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Chapter 4: Result and Discussion

This chapter documents the results and discussions of the experimental and numerical
analyses. The chapter is divided into three main sections as follows: Section 4.1 reports the
experimental invstigation of the standard Ahmed body (SAB) dheelliptical Ahmed
body (EAB). Section 4.2 extends the investigation of the SAB and EAB using numerical
simulation. Finally, Section 4.3 presents the experimesiiady of the effect ofthe
hydrophobiccoatingonthe SAB and EAB.

4.1 Experimental Results

This section provides a detailed experimental investigation of the effects of elliptical
curvature on the Ahmed body. Hence, it employs the SAB as a base model and, with the
application of elliptical curvarre, creates an EAB. The investigation is conductea at
Reynold number ofi@ o p p tbased on the model heigi. order to comprehend both
the timeaveraged and timdependent flow characteristics, the mean velocities, Reynolds
stresses, twpoint autecorrelation, frequency spectra, proper orthogonal decomposition

(POD), and Dynamic Mode Decomposition (DMD) approaches are used.

4.1.1Upstream boundary condition

The profiles of velocity and Reynolds stregshe upstreamare illustrated irFigure
4.1. It shows that, sithe wallnormal distance increases, a monotonic increase in velocity
is also observed. Similarlizigure4.1(b) reveals the averaged Reynolds stpeefiles UU,
UW, and WW. It can be seen that the stresses converged to lower levels after Z=1.5. The
turbulent boundary layer thickness (BLT) at the upstream location is found at Z=1.05.
Figure4.1(a) depicts the extent of the model rlidight as a solid line with a lordptted
line denoting the TBL. The model's rAmight is observed to be within the BLT. The shape
factor is 1.29, which is consistentith prior results, and the displacement and momentum
thicknesses are 0.15h and 0.12h, respectifg@ty, [280]. The test model of the present
study is within the boundary layer, which is similar to other watenelstudies such as
[67], [297] Howe\er, the neafield flow structure is not significantly affected because of
the fixed separation points of the Ahmed body, except for the potential effect on the
magnitude of the upper and low recirculation bubbles in the wake. Furthermore, a

comparison othe present study with similar studies in wind tunnels and water tunnels
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[280], [298] shows consistent results in terms of shape factors in the range between 1.29
1.39.
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Figure4.1: Profiles of the upstream flow (a) normalized streamwise velocity and (b) Reynolds stresses. The
long dotted line in (a) represents the thickness of the boundary layer, while the solid line indicates the mid
height of the test model. These quantities ateaeted at x=29h from the test section inlet.

4.1.2Mean velocity

The timeaveraged streamwise and watirmal velocity contours at the symmetry
plane Y=0 are presented iaigure 4.2. These figures provide both qualitathemd
guantitative flow characteristics by showing the velocity field and parameters of the

recirculation regionThey are crucial to understanding the effect of elliptical curvature on
the Ahmed body wake flow structures.

(a) standard Ahmed body (SAB)

In Figure4.2(a) and (b), streamwise and wathrmal velocity contours are shown for
the SAB. The solid red lines show the contour of zero velocity td th& reverse flow
region. At first, it can be seen that the flow separates at the upper edge of the slant surface
in the SAB Figure4.2(a)) and is reattached over the later part of the slant surface, thus,
forming aslant separation bubbl&$B. The SSB is dominated by negative streamwise

velocities. Additionally, due to the flow separation, the waifmal velocity inFigure
4.2(b) is positive over the slant surface.
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Figure4.2: Contours of normalized streamwise mean velocity (a) & (c) andneathal mean velocity (b)

& (d) at the symmetry plané) & (b) are SAB and (c) & (d) are EABhe streamlines of mean velocity are

superimposed on the contours. The solid red line indicates U=0 velocity showing the extent of the

recirculation region. In Figured(d)tpper recirculéion bubble (URB) antlower recirculation bubble (LRB)

And slantseparation bubble (SSB Figure 4(b)ahd H are the recirculation length and recirculation height.
This SSB is a typical flow characteristic of the 25° Ahmed body and is documented by

mary high and low Reynolds number stud[@g], [73], [77] Still, other low Reynolds

number studieslid not find the SSB83], [127], [299] Contraryto a study by Rao et al.

[25] at a high Reynolds number @f p malso did not find the SSB. Consequently, the

difference in the Reynolds number cannot be taken as a criterion for the absence of the

SSB. Secondly, the present study found the reattachment length of the B8BAB to

be 62% of the length of the slasurface. This is close to the values reported as 77% from

the IDDES simulation and 72% in the experiment reported by Guilmifsuat a

Reynolds number of 7.68 x A®imilarly, 75% is also documented by Rossitto ef33]

based on an experiment g& ¢ p 1 Reynolds number The difference in the

reattachment length can be attributed to the different Reynolds numbers.
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Thirdly, following the formation of the SSB, the flow again separates at the rear end of
the slant surface, creating the wake redation region dominated by negative velocities.
There are two recirculation bubbles, which are depictdéigare 4.2(a), with the upper
recirculation bubble (URB) and lower recirculation bubble (LRB). This causesdlte
normal velocity to increase in the wake recirculation regibrgure 4.2(b)) before
decreasing afterward. The location of URB is at X=1.65 and57, while LRB is at
X=1.7 and Z=0.3. These locations are also consistent with the values of Tundgy2t]al.
at a low Reynolds number. However, unlike this study, they did not find the SSB over the
slant surface at the 25° angle. Many studies have documented that slanted Ahmed bodies
have these two recirculation bubbld®], [72], [77] Fourthly, the recircaition length
indicated as LHin Figure4.2(b) is ~0.64, which is 85% of the slant length located at Z=0.36.
This L is close to the ~ 0.64 of Zhang et[#&R], ~ 0.67 by Wang et dl124], ~ 0.65 found
using volunetric PIV by Sellappan et 4/ 7], and ~0.55 reported by Liu et B16]. Finally,
several studies on the higinag Ahmed body highlighted the existence of theo@ices.

The Gvortices are known to originate on the upper side of the slant surfd@xgend into

the wake downstream. It is the interaction between tiver@ces with the flow over the

slant surface and eventual merging with the URB that leads to distortion and dissipation of
the URB further downstreafit6], [77]. Thus, although thpresent study provides flow
structure at the symmetry plane, the basic flow features of the SAB at the 25° angle strongly
suggest the existence of both primary and secondaorii@es over the slant surfaf@s],

[72].

(b) elliptical Ahmed body (EAB)

The effect of curvature at the rear end of the slant surface is appaFeguiia4.2(c)
and (d) referred to as the EABigure4.2(c) shows the streamwise velocity contours ef th
EAB with the streamlines in the symmetry plane. The EAB shows a fully detached flow at
the upper edge of the slant surface. It does not reattach over the slant surface; hence the
SSB does not exist. Instedde URB isenlargedandcovers the entire slasurface along
with the near wake and extends until X=1.98. Consequently, thenaatal velocity
increases over the slant surface. The streamlines suggest a stronger downwash compared

to the SAB. Overall, significant flomodificationsareobserved.
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Based on the literature on the SAB, the flow transition is reported to happen at or around
a critical angle of 3Q°whereas some reported p8sP a[85]. The dletachment from
the upper edge of the slant surface facilitates the trangtididS into QAS [10], [13],
[25], [127] The transition transforms the higinag regimeof the SAB into a lowdrag
flow field. An example would be the higirag TDS present in the SAB at 25° (which the
current study deals with) while absent from the SAB ataBisfle which shows a lovdrag
QAS flow field [79], [85]. Interestingly, the EAB provides the flow transition at a
significantly lesser angle of 25° and converts the flow structure similar to that of the SAB
at 35°. However, the flow transition of the BAs not exactly similar to the 35° SAB and
differs in three important aspects. First, the wake recirculation heightigblincreased by
more than 50%HKigure 4.2(c)) compared to the 25° SAB shown kigure 4.2(a) but
corresponds well with the SAB at a 35° angle found in the literature. Secondly, there is no
significant increase in the recirculation length due to the EAB, and it remains close to the
25° SAB inFigure4.2(a). Conversely, the 35° SAB shows a prolonged recirculation length
along with the height. Thirdly, both the 25° and 35° SAB have URB and LRB, but the EAB
only shows the URB72], [79]. The location of URB is also moved towarthe slant
surface in the EAB compared to the 25° SAB-igure4.2(a). At the same timethe 35°
SAB shifts the URB in the downstream direction. These three observations stated above
are also different from the flomodification made using a rounded curvature at the upper
and side edges of the slant surface of the 25° 88B The rounded curvature over the
upper edge of the slant surface makes the flow attached over the slanted surface and creates
two recirculatiom bubbles in the wake. Similarly, thev@rtices are weakened but do not

vanish entirely.

On the other hand, the flow modification by the EAB differs from that of the elliptical
curvature at the rear of the slanted aircraft fuselage stpdéeibusly[94]. Although both
the SAB and slanted fuselage are considered critical geometries, the effect of curvature
differs in a few aspects. Firstly, the slanted aircraft fuselage, even at a 45° angle, shows the
SSB, while the EAB eliminates the SSBhich is one of the most important contributors
to pressure drag in the Ahmed bddg]. Secondly, the aircraft fuselage is dominated by
strongcounter ot ati ng | ongi tudi nal v pduettahgsteresis c al |
effects[300]. TheReynolds number is directly proportional to the length of the separation
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bubble. In the vortexlominated regime, the strength of the vortices correlates with the
form of drag[301]. Furthermore, as pointed out above in the discussiohe®AB, the

shar layer rolls up from the side edges and merges with the slant surface flow, which
creates the @ortices that coalesce into the near wake and merge with thg 1{RB72],

[77]. However, the curvature in the SAB significantly affects the underbodyl@ading

to theeliminationof the LRB. Such a modification also shifts the URB in the avafimal
direction at the level of the slant surface. Therefore, theem@tence of both the SSB and

LRB and the shift in the URB suggest the weakening of tiver@ices. This is supported

by Beaudoin and Aidej21], who found a fully detached flow similar to the lalrag
Ahmed body by implementing flaps at the side edges of the slant surface. The side flap
eradicated the longitudinal-@rtices that contributedbtearly separation. Thus, a fully
separated flow is also accompanied by a suppression of longitudw@tiCes and the

SSB. Therefore, the elliptical curvature affects the Ahmed body differently by removing
the SSB and LRB and weakening theva@tices, which is different from the slanted
cylinder[94]. Moreover, Zhang et aJ28] also found a similar flow modification where

the active manipulation joined the URB with the SSB over the slant surface leading to
significant drag reduction of almost 29%herefore, the EAB not only transforms the TDS
into similar lowdrag flow features but also removes the LRB, which is a significant
contributor to the soiling, causing surface contamination atvétméclés rear window.
These salient flow features suggest that the EAB has the potential to improve aerodynamic

performance.

4.1.3Reynoldsstresses

The effect of curvature is analyzed using the contours of the Reynolds stresses. The
normal stresses and shear strass shown inFigure 4.3 at the symmetry plane. A few
observations can be made.

(a) standard Ahmed body (SAB)

First, two peaks in the SAB are seen on th&ddntours inFigure4.3(a). One peak is
located close to the top edge of the slant surface UU=0.12, and it is connected to the shear
layer as a restlof the flow separation. The value was lowered to UU=0.04 by more
rearward reattachment at the slant surface. The second maxima have a value of UU=0.11

and are located at tlmodelslower edge. The UU=0.006 far downstream within the shear
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layer is showrfor comparison with the EAB. The two opposing peaks in the UW shear
stress contour in the SAB are also visibld-igure4.3(b). The upper shear layer stresses
have a maximum negative value of UWG:017, which almost remains the same over the

slant surface, including the rear end.
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Figure4.3: Contours of streamwise Reynolds normal stresses and Reynolds shear stresses at the symmetry
plane Y=0 (a)% (b) areSAB (c)& (d) areEAB.

The lower shear layer from the underbody sh&Mg=0.001. The underbody shear
layer also extends further downstream and is centred at X=2 when compared to the normal
stresses. Finally, the twsmlid rad circles represent the URB and LRB, respectively. The
negative UW values are associated with the URB due to the downwash that has positive U
and negative W velocities. At the same time, the positive UW in the LRB corresponds to
the upwash because it has positive U and W velocities. These values are lovibe than
UW values reported previous|¥24] at the 25° slant angle Ahmed body.
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(b) dliptical Ahmed body (EAB)

The effect of curvature on the Reynolds stresselasvn inFigure4.3(c) andFigure
4.3(d). Due to the fully detached flow, the EAB shows a dominant upipear layer.
However, a reduction in normal stress to UU=0.08 is noticed, which represents a 33%
reduction in th€EAB. In contrast, the point inside the upper detached layer has a value of
UU=0.07, which is 91% higher than that of the SAB. On the othat,ltha shear stresses
(UW) (Figure4.3(d)) over the slant surface are found to be constant\at-0.008, which
is almost 53%higherthan that of the SAB. Similarly, the upper layer shawg=-0.028,
which is around 96% higher thanmat of the SAB. In comparison, the normal stresses in
the lower shear layer are increased by 42%, whereas the shear stress has increased by
almost 83% compared to the SAB. Furthermore, the lower shear layer in the EAB is more
stretched in the downstreanteattion. Finally, the centre of the URBtine EAB (Figure
4.3(c)) has a value of UWH.014. It suggests that after shifting in the wuadtmal
direction, the effect of upwash increased in the EAB compared to the SAB since the shear
stress increased by almost 86%. Thus, the shear stresses are higher at both the centre of the

shifted recirculation bubble and within the separated shear layer.

4.1.4Two-point auto correlation

Further investigation of the largeeale structures in the wake is achieved by extracting
the twopoint autecorrelations. Since the flow is predominantly streamwisg, IR
explored in this directiof67]. A turbulence field's autocorrelation reveals how closely it

is connected over a range of distan@&2].

(a) standard Ahmed body (SAB)

As shown inFigure4.4, five locations are selected to study the autocorrelations over
the SAB.Point #1, indicated irFigure4.4(a), is at the slant surface, whesgaoints #2 &
#3 are associated with the bottom shear layer. The centre of the LRB and URB,
respectively, are located at positions #4 and #5, as shovgure 4.4. Over the slant
surface, the shape ofiRs almost oval and elongated in the direction of fléigure4.4
(a)). This indicates that the SAB has a higher degree of correlation in its fluctuating flow
at the upper slant edge. Moreover, the flow reattachment causes a significant negative
inclination(-45°) of the Ry contours in the SAB toward the wall. Points #2 andrRgure
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4.4(b) & (c)) in the SAB exhibit R contours in the lower shear laythat is more
compressed and only slightly stretched in the streamwise direction than the slant surface
(point #1). However, they are oriented at a positive 5° and 26° angle in the streamwise
direction. The creation of the LRB is linked to the steadyimipesitive angles. This means

that the LRB's centre, located at point #4, stretches and correlates at an angle of around
11°, as seen irFigure4.4(d). Finally, a Ru with a negative inclination can be detected at

the URB (point #8Figure4.4(e)) as a result of the SSB and its related downwasesé&h
findings are consistent with the earlier discussions about the mean velocities and Reynold

stresses.

Ruu
03 01 01 03 05 07 09

Figure4.4: The SAB's autocorrelation contours for the streamwise fluctuating velogityi§ing slant and
wake locations on the symmetry plane as reference points. Where (a) Point #1: X=0.96, Z=1.09 (b) Point #2:
X=1.46,2=0.121 (c) Point #3: X=1.66, Z=0.135 (d)Rd¢t4: X=1.72, Z=0.284 (e) Point #5: X=1.65, Z=0.57

(b) elliptical Ahmed body (EAB)

The twopoint autocorrelation of the EAB is shownHigure4.5 for the six locations.
Although identical in shape toRin the SAB (apoint#1), the EAB Ry (Figure4.5(a)) is
far more diminutive. This indicates that there is a stronger correlation between velocity
fluctuations in the SAB thatme EAB. Having an inclination of onlyL0°, the EAB is more
horizontal than the SABHigure4.4(a)), which points to a separation of the flow from the

slant surface. Point #2 is small and parallel to the streanfilavgén the lower shear layer
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of the EAB Figure4.5(b)). On the other hand, point #3 in the lower shear layer is only
inclined by 21° Figure4.5(c)) than the SAB. Since the effect of the LRB (pointHigure

4.5(d)) no longer exists, the shape of the recirculation region is changed. Over the inclined
surface, the EAB flow separates, and the centre of the URB is shifted in theowatl
direction. As illustrated for point #5, thepositioned URB is perpendicular to the direction

of the flow (Figure4.5(e)). Modification of the flow due to the EAB is supported by the
two-pointcorrelation and inclination patterns. As a result, the detached flow causes the size
and inclination of the slant surface to be smaller than the SAB. Changes in the wake
recirculation region, represented by the URB's movement, cause the patterns ineghe wak

to diverge dramatically from the SAB.

(a) ) rRw [

935 04 081 oMz 1

(e)

(<) (d)

Figure4.5: The EAB's autocorrelation contours for the streamwise fluctuating velogity&ing slant and
wake locations on the symmetry plane as reference p&ioitst locations are similar feigure4.4.

4.1.5Frequencyspectra

The effect of curvature is documented in terms of the frequency spectra in this section
by calculating the associated Strouhal number. When the Strouhal number has the order of
1, then viscositydominates the flow, and inertial separation does not occur, even at high
Reynolds numberf303]. For example, if the Strouhal number is*1hen the flow is
considered to be quasieady. In fact, there is a range between these orders where the flow
does not behave in a quasteady manner due to inertial separafRo8].
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The velocity variations are more vigorous at low frequencies and weaken with
increasing frequendB04]. Moreover, oscillations dominate the flow and are pushed away
by the fastmoving fluid at a low Strouhal number. Betweeni 0.3 Strouhal numbers, it
is widely known that vortices are shed downstream of a bluff (f@dy]. Furthermore,
Roshko[306] discovered that a decrease in the drag coefficient frequently coincides with
arise in the Strouhal number. Vino et[all9] also observed an increased Strouhal number
and associated it with drag reduction. Therefore, the investigation of the Strouhal number
variations is important. The Strouhal number of the streamwise veltatyiations is
investigated at a low Reynolds number over the slant surface and in the wake, as indicated
in

Table4.1, along with the coordinates of extracted points schematically shdwgure
4.6.

(a)

SAB j EAB

Figure4.6: Schematic of the point location for the Strouhal number extraction. Here (a) SAB (b) EAB. The
positions of the points are indicated in
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Table4.1: The Strouhal numbers for the SABJEAB.

Re x 10
4.3 7.7 4.69.2 8.9 0.5-7.0
1)* (2)* (3)* (4)*
Point = Locations (X, Z)
No # Strouhal #s
SAB EAB SAB without coating
#1 0.84, 1.15 0.16 0.88 0.25 0.11 0.35
#2 0.96, 1.09 0.16 0.65 0.21 0.11 - 0.20
#3 1.07, 1.04 0.16 0.95 0.21 0.11 - -
#4 1.17,0.99 0.16 0.55 0.15 - 0.27 -
#5 1.31,0.95 0.30 0.70 - - -
#6 1.46,0.12 0.55 0.50 0.45 0.53 -
#7 1.66,0.13 0.31 0.46 - - -
#8 1.72,0.28 0.55 0.50 - - - 0.44
#9 1.65,0.57 0.61 0.23 - - -
#10 2.05,0.35 0.56 0.48 0.45 - 0.42

(1)* Numerical study byDelassaux et a[34], (2)* Experimental study by Thacker et tdken
from [34], (3)* Minguez et al[307] and (4)* Experimental study 4y2].

(a) standard Ahmed body (SAB)

According toTable4.1 a large area of the slant surface in the symmetry plane, a single
dominant Strouhal number 0t=98.16 is discovered. When compared to the constant S
value of $=0.2 recorded by Zhang et ff2] between points #1 and #4, the current value
S=0.16 isclose Additionally, a sharp peak with a value @=9.3 can be noticed close to
the rear edge of the slant surface (point #5). Even though this value is high, it still remains
within the range of &alues that have been explored in the literature. The literature reports
a wide range of Sralues over thaslant surface. Thei.11 and 0.20, for example, are
reported by Thacker et 4808] and Zhang et a[72], respectively, whereas=%.25 and
S=0.31 were reported by Delassaux et[a8#] and Minguez et al[307], respectively.
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According to Thaker et al[308] the flapping of the thredimensional separation bubble
over the slanted surface is linked to a Strouhal number=df.13, whereas a small

separation bubble is related to a Strouhal numbe=0Z) by[72]. Note that in

Table4.1, Delassaux et a[34] and Minguez et al307] are numerical studies, while
Zhang et al[72] and Thacker et a]308] are experimental.

The Sin the lower shear layer, LRB and URBshown with points #6 to #10 indicated
schematically irFigure4.6(a). A peak withthe S=0.55 (point #6) is found in the shear
layer close to the model's vertical base, and this value is comparable to those reported by
Delassaux et aJ]34] and Thacker et a]308]. Also, Tunay et al[127] found S§=0.31 and
St7=0.31 for alow Reynolds number around points #6 & 7, respectively. In addition, the
LRB and URB make a major contribution to the construction of the wake structure; hence
the Strouhal number is determined by their respective centre locations, indicated by points
#8 and #9, respectively. ThasS0.55 and §=0.61 show prominent frequency peaks at the
centers of the LRB and URB, respectively. The fact that ordered structures are alternately
emitted from the URB and LRB in the wake shows a peak:=0.8! connected to
guasiperiodic events discussed by Zhang d72l,, which can be attributed to the current
the SAB as well. The Saddle point (point #10) shows~8L58, which is close to those
reported by Delassaux et f84] and Minguez et a[307].

(b) eliptic al Ahmed body (EAB)

According toTable4.1 due to the fully separated flow, the EAB has much higher S
values over the slant surface than the SAB. Near the point of flow separaixh3%
(Point #1), while the rear end shows=8.70. Here, there is no single dominant Strouhal
number above the slant surface. In the EAB, a higher negative velocity is found near the
wall of the slant surface than in the SAB, and the separating shear layer influences the
reverse flow over the slant $ace. For points #6 & #7, within the lower shear layer, the S
values of the EAB are close to those of the SAB. A surprising difference between the EAB
and the SAB is that the EAB does not show the LRB, but a highe0.50 is found.
However the $=0.23is less than half of the SAB. Thei&values are similar to that of
the SAB. Finally, since the URB theEAB has shifted in the watiormal direction, point
#11 shows the centre of a shifted URBere $1=1.14 is found. Whereas point #12 inside

75



the cetached and separated shear layer, two dominant Strouhal numbers are present at
$12=0.42 and 0.94. Overall, the flow detachment and the contribution from the shifting of
URB in the wallnormal direction are responsible for the elevaie@bes over thelanted

surface. The higher frequenc$ ¢1) appears to be associated with the instability of the
separating shear layer that initially undergoes exponential growth. This phenomenon is
similar to a sphere having two modes Kim efZ09] and also to an aircraft fuselage having

high frequencies Zigunov et §94].

4.1.6Proper orthogonal decomposition

The POD is used in this study to extract the dominant frequency in the wake of the
SAB and EAB models. It is calculated based on the method used by ThackéB@4]al.
They reported that a waveleng(h) could be calculated between alternate positive
negative regions of velocity and using the convection velocitivas T® Y , the
frequency of these alternate velocities can be found @ith'Y 7_ relation.

At first, Figure 4.7(a) & (b) shows the total energy percentage and the energy
accumulated within the initial fifty modes. The POD is taken inside the limit of {X=1.15
3.3} and {Z=0.025 2.05}. According toFigure4.7(a), the relative energy captured in the
15t and 29 POD modes in the SAB is 12.8% and 11.4%, respectively, and this drops to
4.5% in the % mode.In addition, the EAB without the hydropholmoating shows higher
relative energy of 18.5% in tH&' POD mode but only 4.5% in thé%mode.In general, it
can be observed froffigure4.7(a) that fractional energy from the*POD mode to the
50" decays more steepig the EAB compared to th®AB. Furthermore, the cumulative
energy inFigure4.7(b) shows an increasing trend, as expected. It is observed that the first
50 modes contribute to abdaf% of energy in the SABn the EAB the cumulative energy
is closer tdb5%. The resultsupport the hypothesibat the moda¢nengy is redistributed
more gradually in the SAB compared to the EABese energy contributions are in a
moderate range that is higher than 21.9% report¢29i2] and less than 479304] over
the SAB, dependingn where the POD is applied. The first two modes are especially
preferredwhich are used to discuss tmede patterng310].
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Figure4.7: POD Energy contribution for four cases, where (a) percentage energy contribution, (b) percentage
accumulative contribution

The streamwise velocity contours of tiéahd 29 POD modes of the SAB are shown
in Figure 4.8(a)(b) and Figure 4.8(c)-(d). Thacker et al[304] used the walhormal
velocity distribution to calculate the associated Strouhal numteesed on theSfh/Up,
where h is model heightSubsequently, thesland 29 mode of the SAB provides the
frequency ofQ 0.33 & 0.48 Hz, resulting in Strouhal numbers 0i=0S36 & 0.48. Even

afteraccounting for measurement errors, thaselbies are consistent with those in

Table4.1. Neverthelesgt is important to note that thesgv@lues correspond well with
the $=0.33 discovered b292]in the F'and 2¢modes of the 25the SAB. Such Svalues
are attributedo quasiperiodic dynamics §292] and[72], having $=0.44 and 0.54 in the
wake. On the other hand, no existence of alternate negaisigve velocities is found in
the EABFigure4.8(g)-(h). Therefore, the POD does not reveal any Strouhal number in the

wake, suggesting that it might have a low value only.
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Figure4.8: Contours of the POD modes. {@) SAB; (e}(h)EAB; First two columns: Streamwise velocities;
and last two columns: Wallormal velocities.

4.1.7Dynamic modedecomposition

An ideal spatial dimensionaligeduction technique is the dynamic mode
decompositioDMD), which combineghe POD with Fourier transform in time. In this
way, spatial modes now have a temporal frequency, possibly associated with a growth or
decay rate. The DMD method, therefore, provides a spatiotemporal decomposition of data
into dynam¢ modes derived from snapshots or measurements of a system in time.
Therefore, it is possible to extract the inherent frequencies associated with the DMD
modes. However, the selection of mode to represent the dynamics involved is a
cumbersome issue and Heeen debated in the literature, which led to several variations of
the DMD [311], [312] Nonetheless, the application of DMD in the wake of the SAB and
EAB provided a predominant Strouhal number calculated based on=ttieh8Jp). Here,
fi= 27 gl(re(i 1) 9 /apthe comptexheigenvaluégheing the model height, andbU
is the freestream velocity. The Strouhal number with associated DMD modes is shown in
Figure 4.9(a) & (c) andFigure 4.9(b) & (d) for the SAB and EAB, respectively. It is
interestingo note that the dominant Strouhal number in the SAB=8.%7, which is close
to the values found in the POD analysis. The corresponding DMD modes of the SAB show

alternate positive and negative velocity contour§igure 4.9(a), similar to that of the
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POD. On the other hand, the DMD analysis provides a different understanding of the EAB.
At first, the dominant Strouhal number for the EAB is closeSte0.013, and the
corresponding DMD modes shoan extended region of negative velocity fields.
According to the literature, a lower DMD Strouhal number suggests a more energetic
mode, and a higher one indicates less enefg&8 Consequently, the medn the SAB

is less energetic than the EAB at this dominant Strouhal number.

Figure4.9: DMD analysis of the models. The first row indicates the dominant Strouhal number found in the
wake ofthe model| and the second row shows the corresponding streamwise contour of the real part of
streamwise velocity. Here (a) &) SAB and €) & (d) 1 EAB.
4.1.8Flow features in thehorizontal (X-Y) plane

Attention is now turned to the horizontal-{% plane, where salient features of the flow
will be discussed as well. It also provides some information to corroborate the discussion
conducted in the symmetrygrie In order to maintain high spatial resolution, the entire
flow field in this plane was not captured from the test section wall to wall, but it was
ensured that the flow field from the test wall to 4o¥ation beyond the midection was
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captured. Giverthat the Ahmed body is symmetric, the flow structures are similar with

respect to itsymmetricplane in this horizontal plane.

4.1.8.1Meanvelocity

Figure 4.10 shows the contours of the streamwise and -matmal velocities
superimposed with streamlinasZ=0.62. Note that this location liekse tathe center of
URB. The U=0 velocity line in a solid red captaithe wake recirculation regiofigure
4.10(a) shows that the streamlines are in the direction of the flow as expetteddtB.
A low-velocity region exists in the wake; however, a trivial side recirculation bubble (SRB)
is formed, indicated in a solid red lireatards the side edge. These features are consistent
with the results reported by Tunay et[@0] who plotted the features at Z=0.67 and also
captured the SRB. The spanwise velocities are observed to be higher in the wake than the
streamwise velocitiegsee Figure 4.10(b)). On the other hand, the EAB shows two
symmetric bubbles in the wake that are clearly visiblEigure4.10(c). The symmetric
bubble found in the horizontal plane at Z=0.62 in the EAB shares similarities with the wake
flow structure of an elliptical cylinder as well. Within the aspect ratio of-0.83 and at
a zeredegree angle of attack, the wake is domiaditg a symmetric wake similar to that
of the EAB and has a low drag coefficient value. Although not exactly similar to the
elliptical cylinder, the EAB creates synchronous wake {8¥4]. In addition to that, there
is a large wake recirculation regiomosvn by the U=0 velocity line in redrigure4.10(c)).
The recirculation width identified as M Figure4.10(c) is 93% of the slant length. There
are several studies reportingatha change in the length, height, and width of the wake

recirculation region contributes to drag reduc{idbs]i [317].
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Figure4.10: Contours of normalized streamwise mean velocity (a) & (c) andmeathal mean velocity (b)

& (d) at the horizontal plane Z=0.62 plane. Where (a) &afleSAB, and (c) & (d) is EAB. The streamlines

of mean velocity are superimposed on the contours. The solid red line indicates U=0 velocity showing the
extent of the recirculation regipand the dotted line in (c) marks the symmetry plane.

The EAB provides a sigficant increase in the wake width, which is one of the causes
of drag reductionThe streamlines coming from the side edges merged at approximately
X=0.6 and moved in a downstream direction which is not the case with the SAB. The
existence of a symmetriosubble in the EAB increases the spanwise velocity, which is
around 0.24, compared to the SAB, but which is only 0.05. It should be noted that the flow
structure shown in the plane at Z=0.62 does not provide complete insight into the flow
structure since ivaries with the wathormal distance, as reported by Tunay e{70].
Therefore, from the discussion above, the EAB promises to provide both drag and soiling

benefits which are necessary for improved aerodynamics of the vehicle.

4.1.8.2Reynoldsstresses

The Reynolds stresses are showrigure4.11 for both the SAB and EAB. It can be
seen that adjacent to the model wake, a weak Reynolds normal stress exists that slightly
increases in the downstream directioraround UU=0.9. This region is fed by the stresses
coming out of the side edges as well. However, the existence of strong normal stresses is
found at one end of the model only. In the EAB, strong normal stresses exist in the
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downstream direction, simildo the SAB. Also, positive and negative shear stresses are

alternately distributed. Figure 20 shows that high normal stresses (> 0.68) lie between

X=0.3 and X=2.1, whereas the corresponding values in the EAB are more concentrated

between only X=0.4 and={.3. In addition, the shear stresses are predominantly positive,

with more dispersed high values over much of the wake region in the SAB. However, they

are predominantly negative in the EAB. This is another demonstration of the curvature

effect in the EAB
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Figure4.11: Contours of (a) & (c) streamwise Reynolds normal stresses and (b) & (d) Reynolds shear stresses
at the horizontal plane Z=0.62 plane. Where (a) & (b) is SAB and (c) & (d) is EAB.
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4.2 Numerical Results

In order to provide a comprehensive analysidhef effect of curvature, a detailed
numerical investigation was conducted to complement the experimental studies. This
section is divided into two subsections as follows: Sectiorl 4i2sents the numerical
analysis of the standard Ahmed body (SAB) byrclgai ng t he s | &3t antg lae
low Reynolds number. Section 4.2.2 reports the residiltke numerical analysis of the
SAB andélliptical Ahmed body (EAB) at low and medium Reynolds numbers. The
simulations were per f adexendedha Reymwldssnindoeéot an gl

more applicable road vehicles.

4.2.1 Numerical Resultsof the Standard Ahmed body (SAB)

This section studies the effect of the slant angle on the flow structure of the standard
Ahmed body (SAB). Itntends to achievan imporaintaimto corroborate the experimental
investigation reported in Section 4.1. The fim#h is to understand the process of flow
transition aalow Reynolds number in the SABhe study by Guilmienaj85] found flow
transi ti on apahlsgh Reyridlds namberhessfore, whether such flow
transition is also found & low Reynolds number is important to stress the critical
importanceof t he EAB that provi dédbkeflavtrdnsitonhs t r ans
eminent since it significantlieduceghe drag and changes the flow structdigere is no
study to support the flow transition phenomenalatv Reynolds numbe&and this partly

inspired this thesis to conduct a comprehensive investigati

4.2.1.1Mean flow

According to Yu and Bingfy13], the pressure drag over the 25° Ahmed body is
primarily generated by theear end(64%) and the vertical base (30%), with only 6%
coming from the front end. Furthermore, the read of the Ahmed body is sajt to
pressure drag caused by the separation bubbles along the slantdiie&s by the side
edges, and the recirculation region (RR) in the wk@k [13]. These flow features are

the focus of our analysis and discussion.

The timeaveraged veloty streamlines in the symmetry plane are showkigure
4.12. The geometry of the fromtnd causes an adverse pressure gradient, resulting in an

initial separation of the boundary layer from the front top roof, creating a front roof bubble
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(FRB). The nature of the fl ow adystuded At he
few studies ard67], [142]. Since most of the studies only concentrate ongheendlow,

dataonthe frontend separation is scarce.

(b)

: © .f (@

Figure4.12: Time-averaged streamwise velocity streamlines g glanet at Y=0. (a) 25° (b) 26° (c) 27°(d)
28° (e) 29° and (f) 30° slant angles. FRBont roof bubble, SSBSlant separation bubble (SSB), URB
upper recirculation bubble, LRBower recirculation buble.

The FRB can be seen at all the slant angl&sguare4.12. After the creation of FRB at
the frontend, the flow travels towards the rear end seplrates at the upper edge of the
slant surface. It is reattachata later part otthe slant surface, creating a slant separation
bubble (SSB) that can be visualized at all slant anglésgyure4.12. Following this, the
flow sepaates again at the rear end of the slant surface and creates an upper recirculation
bubble (URB) and the lower recirculation bubble (LRBhich begins to weaken after a
28° slant angle.

The isesurface of the timaveraged velocity with an isealue of zeo to capture the

various recirculation regions is shownFigure4.13. The dimensions of FR&redefined
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as front bubble length (FBL), front bubbieight (FBW) and front bubble width (FBW),

SSB as slant bubble length (SBL), slant bubble length (SBR slant bubble width
(SBW), and wake recirculation region including URB & LRB is defined as wake
recirculation length (B, wake recirculation heigliH:), and wake recirculation width (YY

as indicated ifrigure4.13(a). It can be visualized froffigure4.13that the shape of FRB

for all slant angles appears similar except at 25° and 28°, where it is comparatively larger.
On the contrary, the shape of SSB increases consistently in lengthevalant angles. At

30°, it almost touches the rear end of the slant surface. Finally, the wititwadkelooks

nearly the same as the model width, which means there is no change in the wake width
with the slant angle. However, it is not possible taaige all the RR parameters from
Figure4.13. Therefore, the detailed features of these RRs are discussed as skhmunen
4.13(a).
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Figure4.13: Iso-surface of the mean velocity at tsalue of 0, where (a) 25° (b) 26° (c) 27°(d) 28° (e) 29°
and () 30° slant angles. Here dimensions of FBL are as follows: front bubble length (FBL), front bubble
height (FBW) and front bubble width (FBW), dimensions of SSB: slant bubble length (SBL), slant bubble
height (SBH) and slant bubble width (SBW), recirculatiength (L), recirculation height (H , and
recirculation width (W).

As discussed irFigure 4.13, the dimensions of RRs are listed Table 4.2. The
parameters FBL, FBH, and FBW dotn@ary much with the change in slant angle. The
FBH varies only 0.1% of the roof length, while FBL & FBW show a variation of around
0.5% of the roof length. These results are apparent because SBL and SBW will be higher
than FBH due to geometrical diffeimas at the frosénd andrear end The existing
literature does not report freend recirculation lengths for every slant angle. However,

the FBL is reported b¥rajnovic and Davidsorj142] with full-scale LES simulation
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around the 25°Ahmed model at Reyds number of; p musing different grid sizes.
The FBL decreases when the grid size increases from coarse to fine. While a coarse mesh
shows the FBL as 0.B3the fine mesh is significantly reduced to h(B42]. The present
IDDES simulation found FB to be 0.9h. This length is close to thaf Minguez et al.
[148] who found 0.95 at a low Reynolds number of 8322 andhdal a high Reynolds
number x& Y p 1. Furthermore, the FBL at a 30° slant angle is reported in an
experimental study bgimeWilliams and Dominy{82] usingthe full-scale 30°Ahmed
model at a Reynolds number@ p p 1. They reported a length of 0.21¥%vhile the
present IDDES simulation found a value of M9®& can be seen that the fresnd
recirculation region shws large differences. However, these differences can be attributed
to the Reynolds numbers, as reportedvigguez et al[148] that a low Reynolds number

provides a higher FBL compared to a high Reynolds number.

Table4.2: Dimensions of the recirculation regiom®eferto Figure 4.13 for nomenclature.

Dimensions of Dimensions of Dimensions of (1)* (2)* 3)* (4)*
FRB SSB wake

Ang FBL FBH FBW SBL SBH SBW L H W;

25° 116 10 105 75 3.2 1375 76 43 159 77 75 83 71

26° 117 6 96 77 3.8 118 70 46 159

27° 121 9 93.4 79. 48 1102 66 36 159

28° 121 9 101 85 5.8 1088 50 36 159

29° 112 7.7 90.8 92. 7.7 105 70 42 159
1

30° 120 8 934 95 9.2 103.7 71 44 159 87

(1)* Guilmineau[85] (2)* Rossitto et al[32] (3)* Zhang et al[72], (4)* Liu et al.[76]
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Table4.2 also shows the effect tifie slant angle on the dimensions of SSB. There are
a few important conclusions that can be drawn here. First, there is a consistent increase in
the SBL with the slanangle. At 25°, the reattachment point of SBL is located at 76% of
the slant length. This change is consistent with 77% of the slant length reportaétidrom
IDDES simulation and 72% by experiment at 7.68 XR@ynolds numbefi85]. Rossitto
et al.[32] also reported the reattachment point to be 75% of the slant length. The SBL
further increases with the slant angle, and at the critical angle of 30°, the reattachment point
is 95% of the slant length. This is on the verge of transition from the stéatesutHowever,
according taGuilmineau[85], the SBL is 87% at 30° and 95% at the 32° angle of the slant
length. Consequentijefound flow transition above 3&lant angleThe current study at
a low Reynolds number achieves a reattachment poRB%f of the slant length at a 30°
angle; the flow does not show transition to QAS but is close to transdid®econdly,
along with the SBL, the SBH also increases with the slant angle. The SBH increases from
25° with 3.2% of the slant length to 9.2% &f 3Thus, the slant angle increases both SBL
and SBH. Such an increase in the SBL and SBH of the SSB is advantageous for transition.
Thirdly, SBH decreases with the slant angle except at 28°, where it slightly increases. All
these conclusions can also bsualized inFigure4.13. The SSB can grow in length and
decrease in height with the slant angle. Compared with 25°, t#seiiface of the velocity
at 30° demonstrated the facts presented above.

Furthermore, the percentage change in thend H with respect to the slant angle is
listed inTable4.2. The L for the 25° is ~0.58, which is 76% of the slant length. This is
close to the value of ~0.64 reporiad72], ~0.67in [124], ~ 0.65in [77] using volumetric
PIV, and ~0.55 reportad [76]. The slant angle generally decreases tteandl H;, reaching
a minimum of around 28° angle. The 28° slant angle has been investigalttmrvayd
[134]using LES at& w p 1t They found a fully detached flow which was similar to the
postcritical angle (30°) lowdrag regime Ahmed bodyNevertheless other LES
simulationscaptured the flow features of the 25° Ahmed body similar to the present study
[98], [148] Thus, the 28Ahmed flow features are not completely understood. The present
study as well found the variations at the 28° angle, which motivates studies to examine the
physics behind such variations critically. Moreover, the effect of the length and height of

the URB on the pressure drag is discussed by some existing st[Rli&§ [317].
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Accordingly, an increased; and reduced Hhelp reduce the pressure drag. Furthermore,
the reduction in wake width is a strong indication of base pressure re¢d8¥6fyFor the

TAR, the W does not change and implies it does not contribute to drag reduction.

4.2.1.2Pressurecoefficient

The pressure coefficientf) over the Ahmed body is shownkiigure4.14, according
to Eqn (3.25). The change in the slant angle does not affect the nedatiseea for the
FRB. However, theC, of SSB was reduced with a slant angle. The formation of the C
vortices can also be seen, dhd increase in slant angle leads to pressure recovery in the
C-vortices, as shown ifigure4.14. However, to further investigate the changes in the
pr essur e i nsi daeticas@ is pldidrl inSigurahll(a) &t the five different
locations indicated ifrigure 4.14(a), whereCp; is a point insidéFRB (as defined in the
caption forFigure4.14). Also, Cp2 & Cpz within SSB Cps shows the point at the vertical
base, andCys indicates the &ortices (Sedigure4.14(a)).
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Cp3

Cp4

Redued Cp5

Figure4.14: The distribution of pressure coefficient over the Ahmed body where (a) 25° (b) 26° (c) 27°(d)
28° (e) 29° and (f) 30°. Where Cpl is taken at(X28,Y=0, Z=1.17, Cp2 at %8.40, Y=0, Z=1.03, Cp3 at
X=0, Y=0, Z=0.86, Cp4 at X=0, Y=0, Z=0.3 and Cp5 at X=0.48,Y=0.65,2=1.05

Figure4.15(a) shows thaCp: increases with the slant angle up to 27° and deeseat
28° before rising again at 29Fhe difference in th€p: values is not significanwith the
slant angle Similar trends are exhibited @2, Cps, and Cps. In all these cases, a slight
pressure recovery is demonstrated at 28°, which is not consistent with the results of existing
studies that show a consistent rise in drag coefficient with the slant angle. Consequently,
the C, at the rear end is expectedatiso decrease with a slant angle. The low pressure at
the Cp1 is due to the flow separation at the fremid, followed by th&SB where theCp2
slightly increases compared to the fremtd. However, compared to ti&: and Cy2, a
considerable pressure me@ry is displayed &ps andCpas. Inside the SB, theCp2 =-0.6,
and just after theSB, it increased t€p2--0.2. Figure4.15(b) shows the percentagkange
between th&€, values inside RB and SSB. The %@1.2indicates th&C, recovery between
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a point inside FRB and SSB, as shownFigure 4.15(b). The flow shows a pressure

recovery betweef@,1to Cy2 and is highest at a 30° angle with a 16% recovery.
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Figure4.15: (a) Variation in tle pressure coefficient with slant angle at symmetry plane (Y=0). (b) % Change
between Cpl & Cp2 denoted as %EHICp2 & Cp3 denoted as %CG32For location of Cp pointgefer
Figure 4.14.

On the other hand, %€z highlights the comparative pressure neny between a point
inside SSB and just outside. At 2&5,=-0.58 andCy3=-0.17provided a recovery of around
70%. Neverthelessat 30°, theC, recovery drops to around 50% between the points at
Cp2=-0.63 andCy3=-0.31. Furthermore, the inside of thev@rticesCys shows consistent
recovery with the slant angle. At 25°, t8g around the &ortices has an approximate
value ofCps=-0.94, and at 30Cps=-0.66. It shows &ps recovery of almost 30% at 30°
comparedo 25°. The impact oCys is emphasized in the next section. Similarly, from
Figure4.15(a), the change in th&, can be seen for any particular slangle as well. At a
25° angle, th&, shows continuous pressure recovery fil@gto Cpsa. All the other angles

follow this trend, and a significant pressure recovery is found @ftdor all the angles.

All these RRs can also be observedrigure4.16, which shows the iseurface of the
pressure at an isealue of G=-2 to display the necessary RRs anddttices. Along with
the existence of lowpressure separation bubbles (FRB & SSByo@tices coming out of
the side edges are also captured for all the slant angles. Especially the size of the SSB
appears to increase with the slant angle except at the 28° angle. Another critical piece of
information is the increased size of thev@ticeswith slant angles. As the-@rtices grow

in size, it merges with the SSB. ThevGrtices constrain the flow at the slant surface to
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spread spanwise. Consequently, the increasedrtites at a 30° angle merged with the
SSB and reduced the SBW. This expglaon is supported byfable 4.2, where SBW
decreases with the slant and is further discussed in the next section.

(a) (b)

SSB

C-Vortices pair

(c) (d)

(e) ()

Merged C-vortices
with the bubble

Figure4.16: Iso-surface of the pressure at an-lsdue of-2, where (a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and
(f) 30° slant angles
4.2.1.3C-vortices

The discussion in the previous sections highlighted the effect of the slant angle on the
geometr c parameters of the RROS. However, the
which is supposed to occur at a critical angle of 30°, needs further invest{gafidi27].
In the current study, the slant angle is reported to increase the SBh, athihe 30° angle
extends to almost 95% of the slant length. This increase has a corresponding increase in
SBH but a reduction in SBW with the slant angB]. The proceeding information helps
to provide some insight into the effect of the slant anglehe Gvortices.Figure4.17,
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Figure4.18 andFigure4.19 show the timeaveraged normalized streamwise velocity in the

crosssection planes X#6.35, X=0 and X=0.28.

C-vortices

0.8

3 02 04 06 06 04 02 $ 02 04 06

06 04 02

Figure4.17: Normalized timeaveraged streamwis@hcity contours at the slant surface separation located
at X=0.35. The solidlashedsellow line shows theerovelocity contour line to capture the RR) 25° (b)
26° (c) 27°(d) 287e) 29° and (f) 30° slant angles.

The separating contour line at the core shows the zero streamwise velocity indicating
the SSB over the slant surface. The existence of therfites pair is found, and SBH and
SBW are the parameters of SSB, as showsigare4.17(a). At first, a consistent reduction
in the SBW value with increasing slant angle can be observed, with the lowest SBW value
at 30°. Additionally, SBH increases with the slamgle, reaching a maximum of 30°.
These two images iRigure4.17 agree withFigure4.13(c) & (f). At 25°, however, the €
vortices show the highest streamwise velocity, but this value continuously reduces with the
slant angle. For example, from the slant angles of 25° to 30°, the streamwise velocity

decreased from 0.9 to 0.1, an 89% reduction.

Although the Gvortices lose energy with increasing slant angles, they grow in size with
downstream distancerigure 4.18(a) displays the timaveraged streamwise velocity
contour at the slant rear end X= 0 for all the slant angles. The paivafiCes are shown
with C-V1 in Figure 4.18(a). Along with GV1, there are small negative-vOrtices
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indicated as €/2 in Figure4.18(a). Additionally, at X= 0, a positive streamwise velocity

rear bubble can be seen, which exists outsid& 8t As the slant angle increasesVC

grows in size and becomes weaker. At 30*Yymerges with the positive streamwise
velocity rear bubble ifrigure4.18(f). Along with GV1, C-V2 also grows in size with a

slant angle. However,-82 is dominated by negative streamwise velocities. Furthermore,
the Gvortices restrict the flow on the slant from spreading in the spanwise direction. This
is one of the reasons found in the present analysis for reducing SBW as the slant angle

increases.
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Figure4.18: Normalized timeaveraged streamwise velocity contours at the slant rear end located € )X=0
25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30° slant angles.
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Figure4.19: Normalized timeaveraged streamwise velocity contours at X= 0(@B25° (b) 26° (c) 27°(d)
28° (e) 29° and (f) 30° slant angles

In Figure4.19, time-averaged streamwise velocity contours are shown just after the end
of the slant surface inside the wake recirculation. At this location, thartices can still
be seen up to a slamgle of 28°, after which they merge with the shear layer from the top.
Nonetheless, the change in slant angle does not affect the wake width (SBW), which
remains consistent for all the slant angles and implies that it has no contribution to the
pressure grg. Furthermore, accordingTable4.2, the percentage change in SBL and SBH
is relatively small, and except for 28°, all of them are similar. Itcatgis that the shift in
SBL, SBH, and SBW also depends on the slant height.

4.2.1.4Vortex identification

Instantaneous vortices can help better understand the unsteady 3D wake structure
aroundthe Ahmed body. A variety of methods can be used, including thet€ion based
on the complex eigenvalues of the velocity gradient tetYsoriterion which is theecond
invariant of the velocity gradient tensor, the swirling stremdgtand theé criterion[147].
In this study, both the Q anld criteria are used to analyze the vortical structures around
the Ahmed body.
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(a) Q-criterion

Figure 4.20, Figure 4.21, and Figure 4.22 show the isesurface of the riterion
colored by the normalized tireveraged streamwise velocity for all the slant angles.
Figure4.20shows the thredimensional isometric vievisigure4.21 displays the top view,
andFigure4.22 exhibits the underbody vortical structures. For all the figures, aveise

of -15 is chosen to extract the salient flow features from the data.

(b)

(d)

4 ¢ 04 02 12

Figure 4.20: Threedimensional Isesurface of the riterion colored by the normalized tinsveraged
streamwise velocity at an ls@lue of 15(a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30° slant angles
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(c) (d)

£4 0 04 02 12

Figure4.21: Thetop view of the Ahmed body Issurface of the Qcriterion colored by the normalized time
averaged streamwise velocity at an-\&due of-15. (a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30° slant
angles

(b)

Vortices due to cylindrical wheel base Wake RR

(c) (d)

D4 0 04 08 12

Figure4.22: The underbody of the Ahmed body isorface of the €riterion colored by the normalized
time-averaged streamwise velocity at an-isdue of-15. (a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30°
slant angles
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In Figure 4.20, due to the separated shear layer, the vortices at the front end are
dominated by the KelviHelmholtz (KH) instability which can be seen at all the slant
angles (indicated ifrigure4.20(a)) [147]. As the flow reattached to the roof, hairtike
vortices Figure4.20(a) - Omega vortex) emerge due to boundary layer development with
the corner vortices along the side edges. Similarly, the emergence of vortical structures can
also be seen surrounding the side surface of bibdy. Especially the prominent
distinguishing feature, th@SBat the slant and a pair of countetating Gvortices, is also
evident in all the cases. It can be seen that compared to the 25°:vibitic€s are
dominated by less energetic vortices; as the slant angle incrdasesgle and, at 30°,
merge with theSSB The underbody vortical structures that begin at the front end travel
the body length to merge with the shear layer coming from the top to create interesting

structures of the vortices in the wake of the body

Similarly, inFigure4.21, the top view illustrates the hairplike vortices over the roof.
The existence d¥RB (visualized with negative velocity) can be seen due to flow separation
at thefront end at all angles. These vortices are joined by two small vortices (shown with
a black circle irFigure4.21(a)) coming from the side edges bétfront end in all the cases.
The hairpin vortices look almost symmetric to the Y=0 plane over the roof with slant
angles. Afterward, the flow separates at the slant surface to forl8SBewhere the
negative velocities exist at all the angles showrrigure 4.21(a)). Finally, the shear

vortices in the wake are symmetrically distributed in the downstream direction.

Figure4.22 captures the underbody vortical structures with slant angles. The vortices
due to the cylindrical wheels can be seen at the front and then in the middle of the
underbody. Th vortices around the first pair of cylindrical stilts have more negative
vortices compared to the second pair downstream. These vortical structures move towards
the rear end but bifurcate into two underbody corner vortices (UCV), shown as @6y
UCV-2 (Figure4.22(a)). The UCV1 flows inwardly towards the rear wake structure as
indicated by black arrows and merges. Consequently, the-2J@vhains arner vortices
coming out of the underbody along with the side corners. However, it should be noted that
the UC\:1 has negative vortices compared to the UL Which has positive ones. Such a

development displays a V shape flow (shown with arrows) unéebdaldy caused by the
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presence of the cylindrical wheels. The vortices at the wake RR can be seen for all the slant

angles and are symmetric around the symmetry plane.

(b)  criterion

The general flow structures captured by both the (Q aruiteria are the samehich
is also mentioned bigang et al[147]. However, thd criterion provides a more accurate
vortical structure Figure4.23(a) highlighted with a circle at the freend) of the KH
instability at the front part, which is not fully captured by ther@erion. All the slant
angles show this trend of the matured effettthe frontend separaticneattachment
phenomena. This effect is also visible on the side faces of the models, which show complex
vortical structures associated with the frend separationHgure4.23 andFigure4.24).
Furthermore, although the-@iterion can show the existence of thev@tices Figure
4.20) for all the slant angles, tle criterion provides the more complex development of
the Gvortices over the slant surface highlighted with a circleFigyre4.23(a)). On the
other land, the Qriterion indicates vortical structures some distance downstream of the
slant surface whilé criterion displays starting with the upper slant edge. It can be seen
in both the isemetric Figure4.23 highlighted with a circle at the rear end) and top view
(Figure4.24 highlighted with a aicle) of thel criterion. Finally, at the underbodkigure
4.25),1 criterion captures the vortical structures due to cylinders along with the UCV
and UC\t2, similar to the riterion.

99



() (b)

(c)

(e)

Figure4.23: Threedimensional Isesurface of the. -criterion coloured by the normalized tirageraged )

streamwise velocity at an ls@lue of-1500( a) 25A (b) 26A (c) 27A(d) 28A
Thus, the comparison between theci@erion and} criterion shows a general

behavior in a similar manner. However,criterion is more precise in extracting the front

end separation, floweparation at the upper slant edge, and complex system of-the C

vortices development at all angles.
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Figure4.24: The Top view of the Ahmed body Isurface of the_ -criterion coloured by the normalized
time-averaged streamwise velocity at anlsdue 0f-150Q (a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30°
slant angles

(a) (b)

(c) (d)

Figure4.25: The underbody of the Ahmed body isorface of the_ -criterion colored by the normalized
time-averaged streamwise velocity at anlsdue of-150Q (a) 25° (b) 26° (c) 27°(d) 28° (e) 29° and (f) 30°
slant angles
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4.2.2 Numerical Results @ the Elliptical Ahm ed Body (EAB)

This section discusses the numerical analysis of the elliptical Ahmed Body (EAB) at
the low and moderate Reynoldembersof 0.43 x 16 and1.90 x 10 respectivelyat a
25° slant angle. It shows the similarity and comparison between thanidwnoderate
Reynolds number flow features and the associated drag reduction achieved. It uses data
analysis tools, including frequency analysis and vortex identification method, to quantify

the unsteady coherent structures.

4.2.2.1Mean velocity

The contours othe streamwise mean velocity superimposed with streamlines are
shown inFigure4.26. The contours are shown in the symmetry plane (&x@) near the
side edge (Y=0.55). The models are identifigdheinlet velocity, such that a test model
of the SAB with an inletvelocity of 9 m/s isrecognizd asthe SAB_9, and that with40
m/s is also identified agthe SAB_40. Similarly, the EAB is deted as EAB_9 and
EAB_40, respectively. Thewmre afew observationthatcan be made

(&) SAB_9 and SAB_40

First,Figure4.26in the Y=0 planeshows that the flow separates at the slant upper edge
and reattaches over the slant surface, forming the reverse flow region (SSB) responsible
for increased pressure dfdg]. This SSB is found in both the SAB_9 and SAB_RBig(re
4.26(a) & (c)). Nonetheless, the effect of the Reynolds number on the magnittides of
parameters is already highlighted in the existing stu@@g [83], [127], [146]and is
documented iMable 4.3. Thus, the slant bubble lemg{SBL) is 78% and 84% for the
SAB_9 and SAB_40, respectively, which is expected.
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Figure4.26: Contours of streamwise velocity at Y=0 (symmetry) and Y=0.04 (near side edge) superimposed
by _the velocity streamlines. The solid blue line indicates the U=0 velocity to demarcate the reverse flow
region

These SBL values are slightly higher than tifos@d in the experimental SAB_9 Exp.
but fall within the values reported in thierature[72], [77], [85], [170] It should be noted
that there are several low Reynolds numistuslieq83], [107], [127], [299] that did not
report the occurrence of@l5SB, including the high Reynolds numbecof p ta study
by Rao et al[25] However, other studies such[84], [79], [73] at high Reynolds numbers
and[98] and[318] at low Reynolds numbers did report it. The present simulation also

suppors the existence of SSB both at low and high Reynolds numbers.

Secondly, beyond the SSB, the flow undergoes a secondary separation at the slant
surface rear edge and creates ubper recirculation bubbldJRB), lower recirculation
bubble LRB) and wake recirculation region, as indicatedrigure4.26(a). Considering
the wake recirculation lengths (Lreported inTable 4.3, both the SAB_9 (76%) and
SAB_40 (73%) are close to those reported in some previous si86ljel 48] but are less
than those in other previous studié2], [76], [318]. At the same time, the heights of wake

recirculation are less than the experimental vatdi¢lse SAB_9 Exp.(Section 4.1)
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Table4.3: Dimensions of SBL, Lr, Hand location of URB and LRBenters. All the values are in
terms of percentage slant length. Note, Exp. is experiment and Num. is Simulation

Re (16) 8 8 8 8 8

SAB_9 SAB_40 EAB_9 EAB_40  Experimental (Section 4.1)
SAB_9 Exp. EAB_9 Exp.

%lengths in terms of slant surface length

SBL 78 84 93 95 62 Not exist
Lr 76 73 60 60 85 77
H; 32 31 66 65 46 88

Dimensions are nondimensionalized by model height

Center of X=0.15, X=0.11 X=0.02 X=0.05 X=0.25 X=0.25

URB Z2=0.48 Z=0.43 Z=0.80 Z=0.76 Z=0.57 Z=0.96
Center of X=0.24 X=0.25 Not exist Not exist X=0.3 Not exist
LRB Z2=0.22 Z=0.23 Z=0.3

In addition to that, near the side edges of the model at Y=0.55, both the SAB_9 and
SAB_40 display similar flow features, as showrkrigure4.26(e) & (f). Although they do
not show the URB, the existence of LRB is found. The center point location of URB and
LRB at the symmetry plane is close in both cases, as documentedlagd.3. This is
consistent with the volumetric PIV study of the 25° Ahmed bod$é&Nappan et a[77]
at the same Y=0.55 location. Thirdly, a more thotodgscription of the flow features is
shown using the crossection planes () over the slant surface and in the wake displayed
in Figure4.27andFigure4.28, respectively. The crossection planes over the slant surface
(Figured.27) clearly reveal the existence of countetating Gvortices from the side edges
and the side edge vortices (SEV) at the bottom for th@!$SAB_9 and SAB_40. The-C
vortices become more pronounced, moving towards the rear edge along with the SSB.

These features are consistent with those reported elsef8@bgre
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Figure4.27: Contours of the streamwise velocity in the cresstion plane (YZ) at X=-0.41, X=0.27, and
X=-0.13over the slant surface superimposed by the velocity streamlines

(a) SAB_9 (b) EAB_9 (c) SAB_40 (d) EAB_40
2y, o\ o
- A >I£
!
: Y
N
?
>I|<
<
q
>II<

0.5 1

Figure4.28: Contours of the streamvés/elocity in the crossection plane (¥Z) at X=0, X=0.2, and X=@
in the wake superimposed by the veloaitseamlines
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The existence of the-@ortices, along with the URB, can be seen in the esestion
planes of the wake (X=0.2 and X=0.4) Figure 4.28. However, the URB and the-C
vortices begin to merge in the far stream in the wake, and the beginning is found at X=0.4,
which is also clearlgocumented in some previous stud23, [77], [146]. These features
exist both at the low (SAB_9) and high (SAB_40) Reynolds numbers, which stress the

capability of low Reynolds numbers to reproduce the general flow features of the SAB.

(b) EAB_9 and EAB_40

The elliptical curvature has a significant effect on the overall flow features of the SAB.
In fact, it creates a whole nedynamicof flow features that are seemingly disconnected
from the SAB. The general flow features of the EAB are discussed as foloiirst, the
flow separates and reattaches over the slant surface accordiigute 4.26 in the
symmetry plane. The elliptical curvatyevided an extended SBL of about 93% and 95%
of the slant length at low (EAB_9) and high (EAB_40) Reynolds numbers, respectively, as
documented imable4.3. It means that the aftélow separation at the slant upper edge,
the flow reattachment points over the slant surface, which was around 78% andtBd% in
SAB_9 and SAB_40, respectively, increased to almost the length of the slant due to
curvatureSuch an extended SBL is found Guilmineau[85] but at a significantly higher
slant angle of 328AB. It is due to the fact that in the IDDES simulatminGuilmineau
[85] afully detached flow was not achieved until 3&hich was alsdound inFigure4.12
andFigure4.13. Thestudieg85], [319] also showed that the SBL increases with the slant
angle, and once SBL surpasses the slant length, the flow transition from TDS to the QAS
provides significant drageduction. Thus, such an extended SBL in the current analysis as
well suggests that the flow is close to transitioning from the TDS to the fully detached flow
low-drag regime due to the elliptical curvaturéhe experimental investigation
(EAB_9 Exp) revaaled a fully detached flow at the 25° angle. However, due to obvious
differences between the experimental and numerical methods, the IDDES method does not
show a fully detached flow at a 25° angNonethelessit provides a clear indication of
transitionwith anincreasedlant angle. Howeves trivial reverse flow is found near the
side edge of the EABwvhich significantly differs from the SAB.
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Secondly, the flow undergoes a secondary separation at the slant rear end. Nonetheless,
the EAB provides a substantial restructuring of the wake flow. The wake recirculation
region in botthe EAB_9 and EAB_40, as documentedTiable4.3, is around 60% of the
slant length. This is less than the SAB_9 and SAB_40., along with the SAB_9 Exp, which
has 77%. It means the recirculation length is reduced doertature but unaffected by
the Reynolds number. However, a dramatic increase in the height of the wake recirculation
of around 52% is found in bothe EAB_9 and EAB_40 compared to the SAB. Also, this
is even more in the EAB_9 Exp, which is 64% highantthe SAB_9 and 25% thame
EAB_9. It should be noted that such a restructuring by modifying the dimensions of the
wake recirculation region, several studies have established drag red@attgi{317],

[320]. Moreover, another peculiar characteristithe EAB wake flow is the relocation of
URB in the wallnormal direction and reduction in shape compared to the SAB. The URB
in the EAB_9 and EAB_40 is not exactly similar to the EAB_9 Exp, but the underlying
phenomena that connect the URB with the stamface flow are the same, which is also
found using an active control mechanism for drag redu2®n The center point location

of the URB and LRB at the symmetry plane is close in both cases, as documéiaiele in

4.3. Additionally, a rather distinct and interesting result is the absence of the LRB in both
the EAB_9 and EAB_40, similar to the EAB_9 Exp. The absence of the LRB provides a
potential advantage in mitigating the problem of soiling at the rear window afl@ghin

this sensethe EAB offers a promising vehicle design that is potentially capable of

providing both drag and soiling reduction.

Thirdly, surveying the crossection plane flow featuresgure4.27 provides a rather
surprising result in which the courteatating Gvortices are not found at both the low
(EAB_9) and high (EAB_40) Reynolds numbers. This can be more clearly seen at plane
X=0.2 and X=0.4 inFigure4.28. This is true over the slant surface and is transparent in the
wake where the existence of shifted URB is noticed but notfie The development of
C-vortices from the side edges and its eventual merger with the URB has been documented
and discussed by many studjé8], [77], [79] In fact, the entrainment of the\@rtices
can lead to the formation of S$B2] and can affect the stability of vehicles. AlImost 50%
pressure drag is added to the SAB due-eo@ices compared to the square back Ahmed
body [272]. Therefore, the elimination of the-wrtices has fundamental practical
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implications. The indication dE-vortices weakening was highlighted in the experimental
investigation[318]. The current simulation conclusively characterized the fundamental
flow features of the EAB and established the absencewvafrfizes. These unique features
are not found32], [34], [170] by rounding the upper and side edges of the slant surface.
Although drag reduction was achieved, both theo@ices and LRB are still present at a
25° angle. Consequently, the rounded curvature at the upper and side edges might not
improvefurther with the slant angle because thedttices and LRB may exist. However,

in the case othe EAB, an increase in angle will provide a fully detached flow, and the
benefits gained by the absence of theottices and LRB would likely increase further.
Therefore, the EAB provides a reattached flow that is prone to transition along with the
elimination of the Gvortices and LRB. It also shifts the URB parallel to the slant surface.
It should also be noted that Reyn@ldumber does not significantly aftehe flow features

of theEAB.

4.2.2.2Reynoldsstresses
The contours of the Reynolds shear stress are displayed in the streamwise and cross
sectional planes ifigure 4.29 and Figure 4.30, respectively. There are a few important

observations as follows.

(@) SAB_9 and SAB_40

At first, the development of shear stress over the SAB has a similar mechanism at both
low and high Reynolds numbers, as indicateigure4.29a) & (c). The shear layer, due
to flow separation, provides negative peak UW values over the slant surface, which are
almost the same ithe SAB_9 and SAB_40. Another positive peak is associated with the
underbody shear layer UW=0.04 & 0.06tlee SAB_9 and SAB40, respectively. In
addition positive and negative UW valuesaelated to the LRB and URB, shown as the
solid red circle. The negative UW values are associated with the URB due to downwash
that has positive streamwise and negative -watmal velocites. At the same time, the
positive UW in the LRB corresponds to the upwash since it has positive streamwise and
wall-normal velocities. It should be noted that, due to the differences in the center points
of the URB and LRB, differences exist in the UWuesd betweetheSAB_9 and SAB_40.
These values, however, are not dissimilar to values reported preVib24]y[318]at the
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25° slant angle Ahmed body. Secondly, the caesgional plane ifrigure4.30 captures

the shear stress associated with the countating Gvortices and the slant surface flow.
Near the slant upper edge (X41), weak VW Gvortices begin to form, having opposite

VW values at side edges. The values of VW are also not much loétseten the low and

high Reynolds numbers. As the flow trended towards the slant rear end, the contribution

by the Gvortices also increased since it grasvwell.

(a) SAB_9 (b) EAB_9 (c) SAB_40 (d) EAB_40
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Figure4.29: Reynolds shear stress (UWh) the streamwise plane at Y=0
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Figure4.30: Reynolds shear stress (VW) in the crgsstional plane at X8.41, X=0.27, and X=0.13

However, it is accompanied by the emergence of secondaoytices (SE), which
is clearly discernible in X=0.13 and has the range of VW= 00067 withintheSAB_9
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and SAB_40. Such a development is also supported in other studies p&Jvétlis due

to the entrainment of the-@rtices over the slant surface. As the flow moves into the
wake, it becomes more dominant. At the very rear end (X=Bjgare4.31(a) & (c), the
SCV, along with the @ortices, grows in size. The values of VW are almost the same
between the SAB_9 and SAB_40 in all the crssstional planes in the wake. It is clear
that the development of the shear stress dwerstant surface and in the wake mostly
follows the general trend reported in the literatitewever,there are trivial differences

in the magnitude of shear stress due to the Reynolds numibére shape and size of the
shear layers do not deviate muuethich is consistent with the existing studi2g], [127],
[318].
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Figure4.31: Reynolds shear stress (VW) in the crgsstional plane at X=0, X=0.2, and X=0.4.

(b) EAB_9 and EAB_40
At first, due to the significantly different flow features of the EAB, the development of
the shear stress is also unique. In the symmetry plane shéwgune4.29(b) & (d), there
is a peak in the UW value over the slant surface, which is 10\86.4 withintheEAB_9
and EAB_40. The shear stress is rather extended in a streamwise direction and is also larger
in size than in the SAB. This can be cortethwith the comparatively larger SSB in the
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EAB that is near transition. Such an upper shear layer is also seen in {tietpvegime

SAB [79] but the UW value inthe EAB is higher. Furthermore, the underbody shear layer
shows the UW=0.08.5 in the EAB_9 and EAB_40, which is close to the SAB_9 and
SAB_40. However, due to the absence of LRB and relocation of the URB near the slant
surface, the UW at the center of this shifted URB has a positive peak value otlie7 in
EAB_9. This value differs from theAB_40 that shows a negative UV-006, which is
according to the trend found in the EAB_9 Exp. However, a direct comparison between
the IDDES and experimental valuegiotd EAB cannot be made since the experiment found

a fully detached flowhowever since the UW irthe EAB follows the SAB with the SSB.

Secondly, the crossectional plane above the slant surface showmgare4.30(b) &
(d) captires the two opposite VW=+0.006 at the side edges. It also displays an opposite
shear layer (OSL) within the middle of the slant surface. The OSL has VW=0.011 and
VW=-0.013 inthe EAB_9 and VW=0.006 and VW#8.016 in the EAB_40. Thus, there is
not much diférence due to the Reynolds number. However, as the flow moves towards the
rear edge of the slant surface, the small side shear layer seerDatIXmerged with the
OSL. It is evident starting from plane X313 because, before that, SSB exist. As noted
before in Sectiort.2.2 the EAB shifts the URB near the slant surface and slowly merges
with the slant surface flow. Due to this phenomenon, the OSL aligned with the URB and
grew in size and is clearly discernible in planes X=0, 0.2, and 0.4. The devetayriten
shear layer from the slant surface is also accompanied by the gradual enlargement of
underbody side edge shear laydfgy(re 4.31). Althoughthere is not much difference
between the VW values tdieEAB_9 andEAB_40, the shear layerstineEAB_40 appear
less organized downstream of the wake. The discussion reveals that the shear stress is
increased in the EAB due to the shifted URB, whichndidative of the effect of
upwasi124].

4.2.2.3Pressurecontours

The physical interest in vehicle aerodynamics is generally constrained to the drag and
lift that significantly depends on the pressure distribution over the rear end. Similarly,
vortexinduced drag and lift due to the celilee structure at the back of sensars and the

implication of soiling associated with particles of dirt and water all depend on the rear end.
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These all can be well described with thaeeraged surface patterig3]. It is established

from the earlier discussions that tHew structue is significantly influenced by the
elliptical curvature. Therefore, a more thorough understanding of the flow mechanism over
the rear end is required to investigate further and deepen our understanding of the physical
mechanismFigure 4.32 shows pressure contours over tiear of the SAB and EAB

superimposed by the velocity streamlines showing the surface patterns.

(&) SAB_9 and SAB_40

At first, the flow separates at the slant upper edge (SUE), and the imprints a positive
bifurcation line (PBL1) followed by a negative bifurcation line (NBL1) showFigure
4.32(a) and (c). Here, the NBL and PBL indicate the trajectories of the surface patterns as
to where the bifurcation lines are diverging or converging. Subsequently, a PBL is
associated with the flow attachment, while the separasofinked to NBL [321].
Accordingly, after separation at SUE, the flow reattached at the PBL1 and then separated
again at the NBL1. Furthermore, after the NBL1, the flow evolves towards the slant surface
downstream to again reattach at PBL2, whichhis tlassical SSB (For clarity, it is
highlighted with the dashed line Figure4.32(a). The flow inside the SSB is reversed in
the upstream directigras is visible from the surface streamlines. A recent studirdny
et al. (2022)found this SSB using the subgrid global luminescenfilail (SGLOF)
technique to study the skinction topology, butSalazar et al. (2022)sing the same
method doesiot find the SSB at several Reynolds humbers. Moreover, from the NBL1,
the flow stretch in the spanwise direction, which is comparatively larger than the size of
SSB. The consequence of such divergence in the spanwise is seen in the existence of a
stable bcus point (F) created due to the interaction of NBL1 and PBL2. It means that the
stable focus point emerges due to the interface between the longitudiodld@s and the
SSB, which is also reported in thé3], [116], [143] Towards the slant side edge (SSE),
the streamlines are diverging from the PBL2 showing the existence of longitudinal C
vortices and secondary vortex related to NBL2 and PBL3 as highlighféd]ir{143]. It
should be noted at first that, due to the Byatrical nature of the flow over the slant surface,
these features exist at either side of the slant surface. Secondly, there is no significant

change in the surface flow patterns between the SAB_9 and SAB_40.
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Figure4.32: Pressure contours and the surface pattern. (a) SAB EA®)9 (c) SAB_40and (d) EAB_40

Second, with reference tbe SAB_9, it can be seen at the Y=0 line, between the SUE
and PBL1, th&C,=-0.65, which is maintained after the NBL1 at some distance but begins
to decrease even within the SSB and just before the PBL2 re@sh®®26. Alsothe Cp=-

0.18 value can be shown, and these values are close to those rep&utagitip et al[32]

Due to the pressure difference at the reattachment point (at PBL2), the flow begins to
migrate in the upstream direction within the §SB9]. Furthermore, the existence of the
C-vortices shows a significantly high€=-0.95 near the intersection of Eldnd SSEAS

the C-vortices come towards the slant rear edge (SRE), an incrégs€d76 is found and

close tg32], [117], [319] As it grows, the&C, increases, and the velocity decreases. In fact,
this is exactly the dynamics of thev@rtices that onstrain the flow on the slant surface
from spreading in the spanwise direction. This modifies the dimensions of the SSB, as
highlighted in the literaturgr 2], [85], [319] Therefore, the @ortices not only contribute

to the pressure drag independebily also contributes to modifying the entire slant surface
flow pattern. Since after the SSB and/@tices merge near the SRE, they coalesce into
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the URB and influence the wake as well. In addition to tth@SAB_40 also provides

similar C, values withtrivial differences in magnitude due to the Reynolds number.

Thirdly, the isesurface of the Q criterignvhich is based on the complex eigenvalues
of the velocity gradientsolored by mean pressuie shown inFigure4.33. The existence
of the SSB shows the pressure recovery moving towards the SRE and engaging with the
wake pressure vortices. Further dowrthe wake, vortices associated with the positive
pressure can be seen to exist and blend with each other. It also reveals-pineskre
longitudinal Gvortices at either side of SSE in both the SAB_9 and SAB_40. The C
vortices are matured and more pronced in the SAB_40. They also can be seen merging

with the URB in the neawake.

LT

Figure 4.33: Iso-surface of the Q criterion colored by the mean pressure are (a) SAB_9, (b) EAB_9, (¢)
SAB_40 and (d) EAB_40rhe isevalue of Q=22 for (a) & (b) while Q=900 for (c) & (d)

(b) EAB_9 and EAB_40

Given the nature of the elliptical curvature, the flow surface patterns significantly
differed from the SAB, as shown Figure4.32(b) & (d). The flav separated at the SUE,
and the existence of PBL1 is found nearby. From the PBL1, the flow converges towards
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the SUE and diverges downstream until it reaches the NBL1, which is linked to separation.
However, these surface patterns are close to those 8ABebut their size is not the same.
However, after the NBL1, the flow moves in the downstream direction towards the SRE
until it reattaches at PBL2, forming the SSB. It can be clearly seen that the length of the
SSB has increased, as documente@ahle4.3. Here, the surface pattern reveals that the
spanwise size of the SSB is similar to the SABs. However, the existence of PBL3 and
NBL2 is not found m the EABs. It means that the longitudinalv@tices do not exist.
Consequently, the entrainment of the slant surface flow that is usually caused by the C
vortices no more persists. This absence led to the dominance of the SSB over the slant
surface thahow covered almost the entire slant area. Since 50% of the pressure drag is
contributed by the longitudinal-Gortices, the EAB should reduce the drag force as well
[272]. Such a mechanism is possible due to the elliptical curvature, which alters yhe bod
near the SUE and stops the creation-afo@tices. WhethetheEAB_9 or EAB_40, similar
surface flow patterns are found in each case, this development over the elliptical slant
surface is distinguished from the elliptical slant surface of the cylindeiest byZigunov

et al. [94]. They have reported the existence of a small SSB near the SUE with the

longitudinal vortex along the SSE at a 45° slant angle.

Secondly, the distribution of the pressure coefficiénshows a general trend &%
increase towards the SRE. At SUE;=-0.47 is found, which is ~27% pressure recovery.
This is true for the most part of SSB except near the reattachmenCpoi@ii26, which is
similar to that of the SAB. At the SRE,=-0.20 is found, which is close to that of the
SAB. The pressure differenagain pushes the flow moving in the upstream slant direction.
This is accompanied by a gradual increase i¥0.6 toCy=-0.21 along the elliptical
curvature shown for the right SSE. Su@values indicate ~37% pressure recovery at the
SSE top cornemwhere the Grortices begin to emerge in the SAB. The pressure recovery
is associated with drag reduction. It should be noted again that there is no significant
difference between the EAB_9 and EAB_40 in the pressure distribution.

Thirdly, the isesurfa@ in Figure 4.33 manifests the existence of recovered SSB
compared to the SABs. In addition to that, the absence of the longitudirati€es is
evident as well. The vortices from the SSE coalesce with the SSB very early on, which
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dominates the development downstream, catalyzing a sizable SSB. A more pronounced
version of the iseurface is apparent in the SAB_40. It is also ostensible that pressure i
recovered not only over the slant surface but also in the wake in both the EABs and the
SABs.

4.2.2.4Frequencyspectra

Here the unsteady effects developed in the flow along the slanted rear surface and in
the near wake of the body are characterizgdpectral analysis of velocity fluctuations.
The power spectral density is calculated based on the streamwise velocityifinstuEtie
Strouhal numbers, along with the locatadrextraction are listed imrable4. Four different
locations are selected to extract the&ues, namely, point#1 at the slant surface, point#2
near the URB, point#3 near LRB, and point#4 around the saddle point.

Table4: Strouhal number ¢Bof the streamwise velocity

Point No. Location Strouhalnumber (S) Experiment

SAB 9 EAB 9 SAB 40 EAB 40 SAB 9 EAB 9

Exp Exp.
S X=0.31 0.20 0.39 0.25 0.42 0.16 0.88
Z=1.05
S 0.29 0.42 0.78 0.21 0.61 0.23
X=0.11
Z=0.50
Ss St3 0.23 0.22 0.85 0.78 0.55 0.90
X=0.25
Z=0.24
4 St4 0.35 0.24 0.67 0.72 0.56 0.48
X=0.6
Z=0.3
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(&) SAB_9 and SAB_40

At first, above the slant surface (point#1), the SAB_9 provides=h2® whilethe
SAB_40 has a value ofi=8.25. These values are comparable with thealbie found in
the experimental analyscf the SAB_9_Exp which was $-0.16. Similarly, the range of
S reported in the literature is found frore=8.11-0.35, as listed ifable4. Thus, the flow
dynamics at the slant surface has both minimum and maximum associated Strouhal
number. The lowerS0.11is ascribed to the threimensional (3D) flapping of the SSB,
while $=0.20 byZhang et al[72] has found a small SSB near the slant upper edge while
S=0.18 is also found at the slant surf§t@3]. In the present simulation, the existence of
the SSB is found at both the SAB_9 and SAB_40. Thus, the same phenomena of SSB

flapping are ascribed todtStrouhal numbers.

Secondly, at point #2, point#3, and point#4, the SAB_9 at the low Reynolds number
shows the §0.29, 0.23, and 0.35, respectively, which is lower than the SAB_9 blakp
lies within the values found in the literaturee&360.53. Howeer, a more pronounced
Strouhal number is achieved at the high Reynolds number SAB_40 at point#2 and point#3
as $=0.78 & S=0.87, respectively. At a high Reynolds number, the values are on the level
of the SAB_9 Exp but are still higher than the valuesuhd in the literature ranging
between §=0.36-0.53[98], [100], [103] Zhang et al[72] associated such Strouhal number
with the quasiperiodic events occurring in the wakéhefSAB. It should be noted that
[34] and[98] used simulation studiewhile [72] and[308] used experimental studies. The
effect of the Reynolds number on thdsSalso investigatetly Zhang et al[72] and they
found that the Sncreases with the Reynolds number, which is also found in the present
simulation. Nonetheless, in the wake, the SAB_9 has a range@280.35 that aligns
with the literature, but as the Reynolds number increases, the SAB_40 shows a slightly
higher range of $0.67-0.85 than that of the SAB_9 Exp. Therefore, the values are
scatteredand the effect of the Reynolds number on this 8lso apparent in the present

study.

(b) EAB_9 and EAB_40
The elliptical curvature has a significant effect on the flow structure, as discussed
before. At first, over the slant surface atmicg#l, the §0.39 and 0.42 is found fdhe
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EAB_9 and EAB_40, imable4, respectively. Compared to the EAB_9 EXxp, these values
are less. In the experimental investigati@AB 9 Exp) a fully detached flow was
achieved]eading to increase8 values. However, in the present simulation, the flow is
not fully detached. Thus, ¢hexistence of the SSB over the slant surface, similar to the
SAB, constrained the; Salues to slightly higher values than those of the SAB, which is

expected.

Secondly, in the wake region represented by points #2, #3, and #4, the EAB_9Q hasa S
range 0fS=0.220.42 while the EAB_40 values vary frone=8.21-0.78. This range in the
wake of the EAB lies within the experimental values recovered in the experiment of the
EAB_9 Exp at a low Reynolds number. However, it is predicted that the Strouhal number
will rise due to the elliptical curvature. A similarly slanted afterbody studiggangnann
et al. [323] reported Strouhal numbers up to 1.73. The same bluff body was also
investigated byigunov[291] who reported an even higher Strouhal number of ar@uhd
apparently generating more intense turbulent kinetic energy fluctuations. In addition to
that, as highlighted beforR®oshko[306] discovered that a decrease in the drag coefficient
frequently coincides with a rise in the Strouhal number. Thergfaseexpected that even
with the SSB, the EAB is promising to provide drag reduction, which will be discussed in

subsequent sections.

4.2.2.5Vortex identification

The instantaneous vortices can help to better understand the unsteady 3D wake
structure around the Ahmed body and have been explored in the lit¢i&frkeA variety
of methods can be used, including them@erion based on the complex eigenvaluethef
velocity gradient tenso¥-2 criterion, which is the second invariant of the velocity gradient
tensor, the swirling strength and thel criterion. Here, rotational flow structures are
visualized using issurfaces calculated based on ther@erion[296]. The isometric, top,
and bottom view of the Q criterion of all the models is showFignire4.34, Figure4.35,
and Figure 4.36, respectively. ltis colored by the kinetic energy to understand the

distribution of important components.

At first, the SSB at the slant and pair of cousntaating Gvortices is evident ithe
SAB_9 and SAB_40. The energy associated with theoi@ces is high and beginto
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reduce as it evolves towards the wakgure4.34(a) & (c). It is clearerin the top view of
Figure4.35a) & (c), where fully developed-&ortices merge into the wake with reduced
kinetic energyNeverthelesswithin the SSB, the vortices are found to have reduced kinetic
energy than the @ortices. The occurrence of higher and lower energetic vortex groups is
identified over the slant surface and in the wake. However, since the flow becomes more
refined with the Reynolds number and more fine vortices are seen over the slant surface
and in the vake of the SAB_40. The SABs also show the corner vortices coming out of the
bottom side edges. Furthermore, at the bottom vieligare4.36(a) & (c), the vortices
emanated from the cylindrical wheel that has considerably less kinetic energy than the slant

surface area and upper side of the wake.

On the other hand, a clear demarcation of sizable SSB can be séguré#.34(b) &
(d). Around the SSE, a small portion of energetic vortices is found, which immediately
merge with the flow at the slant surface. In fact, along the elliptical eddre &AB, the
kinetic energy is reduced, and this also affects the energy associated with the SSB. Since it
can be visualized that the density of high and low vortices over the slant surface and in the
wake is dissimilar to those of the SAB, these developsnaam also be seenhilgure4.35
(b) & (d). In contrast, the merged vortices stress the surface flow patterns discussed before.
Moreover, because die elliptical rear end, the wake flow structure is mostly concentrated
at the center, contrary to those of the SAB, due to the presence e/titBd€s moving in
the downstream direction. Finallizigure 4.36(b) & (d) produced mostly less energetic
vortices in the near wake, which are also influenced by the vortices from the cylindrical

support.
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Figure4.34: Isometric view: Q criterion colored by the kinetic energy where (a) SAE) EAB_9, (¢)
SAB_40 and (d) EAB_40. The is@lue of Q=15 for (a) & (b) while Q=700 for (c) & (d)
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Figure4.35: Top view: Isasurface of the Q criterion colored by the kinetic energy where (a) SAB_9, (b)
EAB_9, (c) SAB_40 and (d) EAB_40. The igalue of Q=15 for (a) & (b) while Q=700 for (c) & (d)
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Figure4.36: Bottom view: Isesurface of the Q criterion colored by the kinetic energy where (a) SAB 9 (
EAB_9 (c) SAB_4Q and (d) EAB_40. The iswalue of Q=45 for (a) & (b) while Q=1800 for (c) & (d)
4.2.2.6Mean velocity in the X-Y plane

The understanding of the flow features in th& Xlanes is shown ifigure4.37 for
planes at Z=0.27, z=0.62, and Z=0.97. Near the ground in theSABiich is represented
by plane Z=0.27, the flow separates from the side surfaces and creates a recirculation region
that has a width of ~142% of the slant length. The flow then diverges in the downstream
direction at both ends. A similar phenomenon liexed at the high Reynolds number in
the EAB_40, having a closer recirculation width of ~150% to the SAB_9. Furthermore, the
slightly higher wallnormal distance at Z=0.62, both the SAB_9 and SAB_40, shows the
two corner bubbles at each side end. Thisexactly similar to the experimental
investigation at the same plane in the SAB_9 .HEXp8]. Thus, the existence of a large
recirculation region found at Z=0.27 no longer exists. In addition to that, the flow at low
and high Reynolds numbers tends taMlmward in the downstream direction instead of
parallel to the flow recovered at Z=0.27. Finally, further in the-watimal direction, there

are no more corner bubbles or the recirculation region at both the SAB_9 and SAB_40,
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which is expected. After sapation from the side surfaces, the flow moves inwardly,
similar to that at Z=0.62.

On the other hand, in both the EAB_9 and EAB_40 at Z=0.27, the flow separated at
the side surfaces and created the elliptical shape recirculation region. The width of the
recirculation region is almost equal to the model width, which is ~175% of the slant length
in theEAB_9 but reduced in thEAB_40 to ~150%. Thus, the recirculation region formed
at the low Reynolds number is larger than the high Reynolds nuidbeetheles, the
streamlines show that the flow moves slightly outwardly in the downstream direction.
Similarly, at the Z=0.62 plane, the existence of symmetric wake bubbles (SWB) is found
ostensibly in th&eAB_9. In contrast, a more pronounced version of the SWB is found in
the experimental investigation in the EAB_9 Exp. At the same plane, the experiment
shows a large recirculation region with two concentric symmetric bubbles covering the
area of the entire ae wake. The present simulation captures similar bubbles, but they are
smaller in size. Finally, towards plane Z=0.97, the flow separates from the side surfaces
and moves downstream in tBAB_9. It also creates a small recirculation region in the
wake. Inthe EAB_40, the flow moves parallel to the downstream flow after leaving the
side surfaces. It also creates a comparatively larger recirculation region in the wake, similar
to that in the Z=0.27 plane.

Figure4.37: Contours of the streamwise velocity superimposed with the streamlines irYth#aXes.
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