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ABSTRACT

The dissertation presents a comprehensive investigation of the aerodynamic influence
of LeadingEdge Vortex Controllers (LEVCONSs) on a custom deitag fighter aircraft
configuratian. Using acombinationof computational fluid dynamics (CFD) and ldweynolds

water tunnel experiments, the study systematically examines how foretmayng
configurationsincluding LEVCON geometry andeflection anglesaffect vortex formation,
trajectory and breakdown, as well as their ultimate impact on aerodynamic performance.

Multiple static geometries with varying LEVCON deflections were modaledi fabricated
to characterize the resulting leadiedge vortices. The CFD results demonstrated clear trends
such asincreasing LEVCON deflection angles mod#i¢ghe apex vortex, altervortex
breakdown behavior, andffects interactions with strake vortices, leading to measurable

increases in lifor normalforce, as well agpitching moment.

Complementary water tunnel experiments confirmed that even at low Reynolds numbers,
LEVCONSs effectively manipulate the aerodynamic envel@oafirming their effectiveness

in enhancing posstall performance Quantitative comparisons with conventional LERX
and strake configurations highlighted tineproved performance of LEVCOB particularly

in terms of vortex breakdown control, increased maximum lift coefficiant$ pitching
moment augmentation. The study also inclugestprocessedvisualizations of vortex
structures, pressure and skiittion coefficient distributions, and aerodynamic coefficients

for multiple configurations, providing@mprehensivdatasetharacterizing thperformance

of the proposed LEVCON shape across a broad range of opaaatlegof attackonditions.

The results conclusively demonstrate that LEVCONS are a highly effective means of enhancing
aerodynamic forces and moments on delilag fighters. By controlling the strength, trajectory,
intensity, and breakdown location of leadiedge vortices, LEVCONprove to be a versatile

tool for optimizing highangle of attackaerodynamicsThe combination of CFD analysis

and water tunnel testing confirms both the robustness of the results and the practica
applicability of LEVCONSs for advanced fighter aircraftsom.

In summary, this dissertation provides a thorough and positive assessment of LEVCON
technology, showing that it significantly augments aerodynamic performance and offers
a comprehensive dataset to guide future design, optimization, and implementation of active

vortex control devices.
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l. INTRODUCTION

Throughout the years, there have been many innovations and iterations of aerodynami
solutions or mechanisms integrated into aircraft wja§ysThe main purposes of these solutions
are to control the boundary layer of air, modify the lift and drag forces generated by the wings,
control the spanwvise flow, or enhance the angle of attack capabilities of the aif@iafi.
Many of these mechanisms were either developed or improved thanks to advancements i
organizations connected with military aviation, which is a key segment of aviation,

due to the high focus on technological superipag/well asesearch and developmeR&D).

The introduction section of the dissertation thesis focuses on attempting to clarify
the concept of vortex management abdsic aerodynamics of vortex liftn the 1970s
and1980s, NASA Langley Research Center conductadyfoundational experimental studies
using simplified models to explore practical methods for vortex flow control. These efforts
aimed to reduce maneuvering drag, enhance control authority in pitch, yaw, and roll at high
angles of attack, and increase lift for operations such as -fshlort landings.

T h e tvertexnmaiiagementformulated during that time and ihvolves the deliberate
control and organization of concentrated, stable vortex struatiten generated by flow
separation over highigwept wings or slender fuselage sections at elevated angles of attack
The main purpose was improve aerodynamic efficiency and maneuverability in advanced

transonicandsupersonic aircraffesigng8].

Since then, ertex management has been a cornerstone of high angle of attack
aerodynamics, particularly in delta wing configurations where the generation and control
of leadingedge vortices can significantly influence lift, stall characteristics, and overall
maneuverability. As nexgeneration fighter aircraft continue to evolve, the ability to control
and manipulate vortical flow will remain critical, not only forildg in closerange
engagements, but also for improved takeoff, landing, and energy managemenhadiags

envelope.

The vortex management solutions that the dissertation thesis focuses on include vorte:
lift modulation with forebody extensions, also known as strakes, leading edge extensions (LEX)
or more commonly used term, leadiregige root extensions (LERX). The improvement that
the author aims to defend touches the topic of articulated vortex lift augmentation
via trending, but not yet thoroughly studied, device called leaglilyg vortex controller
(LEVCON).



1.1 LEADING -EDGE ROOT EXTENSION

Leadingedge extensions aré¢ried and tested aerodynamic solusoof vortex
management in fighter aircraffthey are essentiallg hghly swept delta shaped extensjon
which arean integrated prolongation addedeadingedge otrapezoidal wingsvith moderate
sweep andispect ratiqAR). One of the first usage of LEX can be found in NorthrepA:
which hadits first flight on 30 July 1959, though the device was vastly improved in the later
variant F5E, which hadts first flight on 11 August 1972Fig. 1.11 illustrates the f5E Tiger

Il variant with visible LEXs and vortices generated by them.

Fig. 1.11 Northrop F5E Tiger Il with visible leadingedge extensions and vortices generated by .them
Source]9]

However, as shown iRig. 1.11, the implementation of LEX on theF-was only partial.
Due to the positioning of the engine intake ducts, the LEX surfaces terminated at the inlets,
resulting in a significantly smaller surface area compared to those found egeaézation
fighter aircraft. During the 1970s, significant advancements were made in the development
of strake wings, which were subsequently integrated into many fighter aircraft,
such as the#6, F/A18, Su27, and MiG29, which are shown iRig. 1.1.2. In strake wings,
vortex generation | argely depends on the airc
increases at higher anglgi0]. LEX (often called sakeg or LERX are fixed aerodynamic
surfaces extending forward from the wing along the fuselage, designed to generate strong

vortices that energize the boundary layer and delay flow separation at high angles of attack.
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(b)

(d)

Fig. 1.12 Strake vortices ofa) F-16, (b) MiG-29, (c) F/A-18 and(d) Su-35s (Su27 variant) fighter aircraft
Source: [1114]

Their introduction into modern fighter aircraft design was a response to the need for
enhanced manoeuvrability, improved lift, and greater control authority duringUhfligiht
regimes. The concept of vortex lift had been known since early investigations into delta wings,
but it was in the 1970s and 1980s, particularly during development programs for aircraft such
as the F/A18 Hornet and the S2i7 Flanker, thalt EX andLERX were systematically adopted.

Vortex lift on strakes
more forward location of aerodynamic centre
lower trim drag

Vortex-induced lift
n basic wing panels

Sharp-edge
strake

Strake produces vortices \ 3 Vortex
farther outboard &N "")/ bursting

Less wing areas subject to separation
Better roll control
Reduced buffet

Fig. 1.13 Explanation of vortex lift created by leadieglge extensian
Source]15]
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As shown inFig. 1.13, these extensionsreate coherent, higénergy vortices that
run over t he wintrodudirgy vautipapflewand sncreasing tftevithout relying
on complex mechanical systems. Their passive nature and geometric simplicity make them
highly effective, particularly when paired with relaxed static stability and advanced
Fly-by-Wire (FBW) control systems. LERX were also featured on aircraft such as-iite F
and MiG-29, where they contributed to higmanoeuvrability controlled departure resistance,
and greater stability at high angles of attack. The g@adic efficiency ofLEX andLERX
is particularly valuable in clos@& combat scenarios, where pasall control and rapid attitude
changes are essential. Their continued use in foarnt fifth-generation fighter programs
underscores their value as a fundamental vortex managemengteshanabling improved

overall performance without significant increases in weight or complexity.

1.2 LEADING -EDGE VORTEX CONTROLLERS AND ITS PRECURSORS

Amid actuated devicesounted on the leadirgdge of the wing, suchs leadingedge
flaps or slats[16i 18], a new type of device has been trending in recent years. This device is
called theLeadingEdge Vortex Controller, and it is a continuation of an already existing
and widely usedfixed aerodynamic solution called thieeadingEdge Root Extension.
In comparison, LEVCON is designed to operate similarly to LERX, with its aim being
to generate liflaugmenting vortices, i.e., vortex lift, at high angles of attack. While LERX
is a fixed aerodynamic component of the aircraft, LEVCONs are actuated devices, which
improve their performance in areas beybigh angle of attackcenariog19].

The development of LEVCONsgas somewhanhfluenced by the concepts of vortex flaps
[20] and apex flapg21], which weredeveloped by Dr. Dhanvadd. Rao between 1978
and 1983. Rao proposed several vortex flap con€Esl.2 1), includingdesigns with hinges
and deflectable flaps mounted on the lower surface of the j@RJgas well as their tabbed
variations[23] or segmented varian{24]. The second concept involved tipounted flaps

(Fig. 1.2.2), which were integrated intie tip section of the delta winf§, 25].

The vortex flap concept was also extensively studied during 1980s by various researchers
and organizations, such as NASA Langley Research Ci@6ie28]. The topic of vortex flaps
was also closely related to highly swept delta wings, as these configurations gained
the most from thesedevices [29, 30] Depending on the direction of deflection
(upward or downward), vortex flaps could generate either positive or negative lift forces as well

as pitching moments.
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Vortex Flap variants:

) (O
WQ\ IS

Basic delta wing leading-edge

Inboard hinged Folding flap
variant variant
— ‘-;‘\-,
added Vortex Flap r@ m@
L N

Fig. 1.21 Vortex flaps concepts

They were also fully controllable independently of the angle of attack, which was crucial
for their effectivenesd/ortex flaps are mounted physically closer to conventional leastilog
flaps, specifically at the leading edge of the wing. They can be deflected symmetrically
or asymmetrically, depending on the configuration, with the ability to deflect either upwards
or downwards.

Vortices
Deflection angle controls

the leading-edge vortex
/ breakdown

Apex Flaps

Symmetrical upwards deflection

Fig. 1.22 Apex flaps concepts

On the other hand, apex flaps, another concept, can only operate symmetrically,
deflecting both upwards and downwardgex flapstypically compromise the apex portion
of the delta wing, where they are hinged. Depending on the deflection direction (up or down),
the apex flaps may produce positive or negative lift and pitching moment, and they are fully

controllable regardless of the angle of attigjk

LEVCONSs should not be confused with vortex flaps or apex flaps; their basic principles

of operation are very similar, but the application and placement are different.
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The former are physically closer in resemblance to a conventional leadigegflap,
but instead of matching the upwash, they force separation on their upper surface to introduce

a significant thrust component derived from vortex sudior22].

Rao also studied the concept of hinged strélkigs 1.2.3), whichare probably the closest
to be calledheprecursoiof modern Leadingedge Vortex Controllers, as they similarly aimed
to actively influence vorteformation and breakdow31].

Variable camber

(a
Pivoted

@\ P

Fuselage-hinged

J

(€)

Fig. 1.23 Articulated(a) variable cambel(b) pivoted,(c) fuselage hingetkadingedge extensions concepts
Source]8]

These more advanced variants of LEXs could, in theory, be made movable to actively
influence vortex formation and help sustain its stability at higher angles of atteckariations
shown inFig.1.23(ab) wer e c | a s seffectivecadrodgnamidally,dut eosld carry
potential structural and actuation shortcomiag8]. The variant presentediig. 1.2.3b called
pivotable LEXs is something that is very similar to todays ectmagpled canards,
which are essentially a pitch control surface used in the canard aerodynamic configuration
of many aircraft, but the pivotable LEX was meant to be flush with the LEX, at its original
incidence angle, whereas the vast majority of canardigured aircraft feature either a positive
or negative dihedral angle of the stabilator, due to aerodymramiirements, such as avoiding
disruption of the airflow around the main wing. This means that the canards are not located
in the same plane as the wing. Rao andfidan investigated the fuselaeged variants,

shown inFig. 1.2.3c, which could be rotated around transverse [@2k
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Rao foundthatthe vortex control capabilities offered by fuselageunted, articulated
LEXs provide a flexible means of enhancing maneuverability at high angles of attack, extending
into the posttall regime, while still ensuring sufficient pitclown authority for reovery.
However, this configuration produced lower maximum lift compared to a traditional fixed LEX
setup[31]. Not abl vy, Ra o a tosceptualy a rgiueirliingedsegmaént
could be incorporated into any wing planform having a higdWiept apex to enhance its high
angle of attaclcontrollabilityo, yet acknowledged that this concept had not leegaored[8].

The dissertatiorseekdo investigate and evaluate this identified gap in the existing research.

The concept ofLeadingEdge Vortex Controllers (LEVCONS)epresentsa unique
combination of vortex flaps, apex flaps, leadadpe root extension (LERXyariable camber
strakeor even pivotable strak@32]. In contrasto static strake$,EVCONSs provide additional
control overthe vortices through the deflection of the mechanism, thereby expanding

the operational rangs which vortex lift can be manipulated effectively.

A major difference between LEVCONSs and vortex or apex flaps is that they can also
be used for trimming and optimizing the {ifi-drag ratio in stable flight or for recovering
the aircraft in posstall scenarios. They can be deflected symmetrically and, similar to control
surfaces such as ailerons or canards, asymmetrically diictional control [33].
Clear and definitive conclusions about the aerodynamic performance of LEVCON systems are
still lacking in opersource literature. This may be due, in part, to the fact that such technologies
are more extensively explored in classified or restricted defense research. Currently, LEVCON:
are featured in only one actively deployed aircraft, the Russian Sukiti.@usecond, short
l' ived i mpl ementation was attempted in the
was discontinued during the progpe phas¢34]. Both shown irFig. 1.2.4.

(b)

Fig. 1.24 Different LEVCON designson (a) Su57 and(b) prototypenavy version of LCA Tejas
Source]35, 36]
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The main distinction between LEVCONs and vortex or apex flaps lies in their greater
range of deflection. LEVCONSs not only serve to generate increased vortex lift but also
influence the maneuverability of the aircraft. With symmetric deflection, they allow
for modification of the pitching moment, while asymmetric deflection can modify the rolling
moment, enabling functions similar to control surfaces such as ailerons or canards
as can be seen Fig. 1.2.5, wherethe right LEVCON along with right flaperon, ameflected
downwardswhich highlights the capabilities diifferentiallift betweenwings, aiding rolling
maneuversin theory, differential deflection is also possible, which can increase drag on one
wing and modify the yawing moment, although this depends on the specific design. LEVCONs
can also be used for aircraft trimming and regaining control after a stall. Tdrsatiity

in manipulating aerodynamic forces makes them a valuable asset of advanced aircraft designs.

Fig. 1.25 Asymmetrical deflection in flight right LEVCON and flaperordeflected downwards.
Source]37]

In addition to improving characteristics such as higher angle of attack flight and reduced
stall speed, LEVCONSs can also offer higher aerodynamic efficiency across a broader range
of angles of attac[33], higher sustained turn ratg®], and enhanced directional contf@3].

The potential applications of LEVCON technology are vast, offering promising advantages that
could significantly benefit the future fighter aircr@®9]. Recent research efforts have begun
to explore the integration of LEVCONSs into experimental aircraft mqdeisi2)].
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However, these investigations have so far focused primarily on simplified configurations,
typically limited to isolated wing geometries without incorporating engine inlets, fuselages
and stabilizers. Computational Fluid Dynamics (CFD) play a crucial role in such studies
due to its advantages, such as lower research costs, time efficiency, and simplification
of the prototype phase before wind tuntesting[43, 44] Todate, studies related to LEVCON
implementation are primarily conducted in research centers serving the military sector,
such as German Aerospace CernfeLR) [38i 46], The FrenchAerospace Lab@NERA)

[47, 48] Major interest in LEVCONS is also present witiiitbus Defense an8pacg49, 50]
andFuture Combat Air Syste(fRCAS) programm¢51].

Il. VORTEX FLOW AERODYNAMICS

2.1 LEADING -EDGE VORTICES AND FLOW SCALES

The phenomenon of leadireglge vorticetias always been tied predominately to aircraft
with highly swept wings. In practice, these types of wings are reserved almost inclusively
for aircraft, which are meant to reach high flight velocitiese separatioimduced vortices
are typically developed by these aircrafts to aid their diverse flight envebay.vortices,
through interactions with the modern blended whagly fuselages and airframes, affect
key aerodynamic derivatives related to overall flight performance, stability aspects, but also
aircraft control, which can be categorized into positive influence or negative influence
The broad term used to describe the collecthdbrphenomena arising from aerodynamics
of leadingedge vortices is usually referred to &gortex flow aerodynamics While
the foundation for understanding such flows has traditionally relied on experimental methods,
advancements in theoretical approaches @r® havesignificantly contributedo current
knowledge. Althougltommonly linked to highly maneuverable military aircraft, vortex flow

phenomena could also be relevant to a wider range of aerospace config(isafions

One accurate categorization of vortex flow scales, at which vortices responsible
for vortexdriven aerodynamic effects can arise, was shown by Luckdbg]
and its representationiltustrated inFig. 2.1.1. Thefigures top section depicts vortices formed
under conditions where inviscid flow assumptions dominate. These includestaigevortices
developing over entire aircraft configurations, such as those on a supersonic aircrafts wing
intermediate vorticessaociated with specific components, like a fighter jet's leaddyg root

extension, and localized vortices from subcomponents, such as strakes on an engine nacelle.
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This is the flow scale that the dissertation thesis delves deeper into. On the other hand,
the bottom section highlights vortices originating from viscous effects, particularly flow
separation at small scales. Vortex generators, which operate within timeldop layer
and initiate vortices near its outer edge, are exemplified here by their application on a fighter
jet wing. Microvortex generators, on the other hand, are tailored to function entirely within
the boundary layer, with one example shown @nléadingedge of a light General Aviation
aircraft. This scale is predominately dominated by boundary layer effects and is outside

of the scope of the dissertation thgSi2].

Inviscid flow scales

Configuration eg. v Component eg. v Subcomponent eg.

delta-wing aircraft nacelle strake

LEX, LERX, LEVCON

Viscous flow scales
direct impact on the boundary layer eg. (micro) vortex generators

Fig. 2.11 Vortex aerodynamics flow scal@sth highlighted research objective.

In each of the discussed cases, vortex formation results from flow separation along a sharp
or defined edge. Although such applications are now relatively standard and well understood,
they were largely unknown until 1930s. Particularly interesting, floendissertation thesis
standpoint, are the leadieglge vortices generated by flow separation, especially at the scale
of entire configurations or individual components. These configurations are typically optimized
for high-speed, supersonic flight, whideads to the use of slender, highly swept wings
and components. The wings often feature sharp or minimally rounded leading edges to promote
desired aerodynamic characteristics. Some examples will also involve vortices originating from
forebody shapes, such as leadetge extensions or strakes. The tdeation and exploitation

of LE vortices have their roots in the advancenddritigh-speed fighter aircraft desigh2].
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2.2 VORTEX FLOW AERODYNAMICS ORIGINS AND NOTABLE THEORIES

The first recorded connection between vorticity and lift generaiionwings
can be attributed to Frederick Lanchester, an English polymath who lived from 1868 to 1946.
Lanchester was the first to establish link between trailing vorticekrmedbehind the wing
and the spanwise variation of lift force from root to wingg3@). Lanchester was alghe first
to studylift generationon a finite-span wing. Heintroducedthe concept of vortex flow
as a result of the interaction and mergingwongtip vorticeswith trailing-edge vortices,
and demonstrated an understanding of the wiagmect ratiorole in determiningwing
efficiency [54]. Fig. 2.21 illustratess o me of t he Lanchesterds

connects with trailingedge vortices to form a coherent vortex wake behind the wing.

17 7 7
B 6 W= -
Dt (e cmm) e —— ———

—~—— [

(a) (b) (©)

Fig.221lLanc hest er 6 &) wngtpwrep (b)vortexfformationand(c) vortex interaction
Source]53]

However,Lanchester6s speculations did not
dominated flow or vorte’knduced lift. The first meaningful conclusions and mathematically
grounded correlations can only be traced back to the 1930s, when more systematic
investigations into the influence of vortex structures on lift and overall aerodynamic

performance began to emerge.

In the 1930s, jet propulsion advantages were acknowle@ggdbut highspeed wing
design progress was somewhat behind. In 1935, WiB&rconducted pioneering research
on the topic of sidedge vortex, which introduced fundamental properties of what
we now recognize as a separatinduced sideedge vorte52]. During the 1940s, scientists
conducted experiments on swept and unswept wingsasjilect raticAR = 1i 5. The results
revealed that maximum lift is relatively unaffecteddspect raticAR > 2 and that the angle
of attack, at which lift is achieved, remains almost constant. For srA&iethe angle at which
maximum lift occurs increases, reaupup to DA In cases witlAR < 2, studies indicate that

the lift coefficients are significantly larger than those predicted by linear wing theory.
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This increase in lift is attributed to strong interactions between tip vortices, causing
the center of the wake to be pustiEdvnward[57, 58] Wi nt er 6 s desc-edgepti on of
vortices served as one of the earliest introductions to many of the fundamental features of what
we now refer to as vortex lift (although his studies were mostly conducted on flat rectangular
plates). Nevertheless, tleesvere among the first investigations to extensively address
the phenomenon of leadireglge vortices.

Along the way, during the 1940s, some initial concepts of -ahghg aircraft had already
emerged. Among the most notable were the series of five aircraft desgnkippisch,
featuring configurations he referred to as deftags[59], one of which is shown iRig. 2.2.2.

These aircraft utilized relatively thick airfoils with rounded leading edges. While advanced
for their time, they were not equivalent to what we understand today as modern delta wings
Namely, they were not designed for supersonic flight. Rather, Lippisch's aircraft were intended
to achieve higher subsonic speeds than contemporary conventional wing configurations,
such as trapezoidal or elliptical wings. Interestingly, these concepts contributed

to the development of the famous roegetvered fighter, the Messerschmitt Me 163 Komet.

Another intriguing project was the PayenZaconceptFig. 2.2.2), developed in France
between 1935 and 1939. This aircraft featured two wings: a primary, elliptical front wing
and a thin delta rear wing with a sweep angle &f Bie experimental aircraft was confiscated
by the Germans, and its first flight took place in October 1942. Most likely, this was the first
deltawing aircraft to take flighf60]. However, no documentation exists indicating that vortex

lift was considered or understood in the context of this design.

(a) (b)
Fig.2.220ne of Li pp (apbelta® BFS40 (Y98A938BY ahdsrobably the first aircraft with delta

wing to take flight(b) Payen PA22
Source]59, 60]

20



Truth be told, he understanding of the advantages of wing sweep remained largely
unknown until theoretical analysis was conducteddyeq61, 62]during1945 1946 whose
work demonstrated the benefits of sweeping the wing behind the Mach cone for supersonic
flight, shedding light on the advantages of sweep for subsonic speeds #sowgltl the same
time period, an unconventional ftdtale delta wing configuration, known as BlMlhad been
uncoveredThe DM-1, shown inFig. 2.23,di f f ered from todayods ¢
as it featured thick airfoil sections and rounded leaduoged63i 65].

Fig. 2.23 DM-1 delta wing glider(a) with original blunt leadingedge (b) in NACA Full Scale Wind Tunnel
cjwithmodi fi ed Asedr po | eading
Source]65, 66]

During the experimental phase, a serious modification in the form of a sharp ledding
strip was incorporated into the DM Subsequent tests demonstrated substantial increases
in lift, compared to the clean configuration, owing to the formation of leaeliiyg vortices
over the wing. These lift increments have been attributed to the presence of thedelgéing
vortices, which showed resemblances with the-elge vortex flowsdocumented earlier
by Winter[56]. Theobtained results clearly established the link between high angle of attack
lift increments and leadingdge vortex flow$55, 63]
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The modified DM-1 marked the pioneering instance of an aircraft concept displaying
leadingedge vortex flows, which became subjects of experimental study in the development

of the new generation of slendemg aircraft.

Fig. 2.24 presents theesults of wind tunnel tests on the BEMmodel before and after
modi fication of the wingds | eading edge. The
in generated lift achieved by introducing a sharp strip at the wing's leading edge. Psitngo te
the full-scale model, experiments were also conducted on a steedller model. The adverse

effects of the blunt leading edge were not observed during these earliescataliests.
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Fig. 2.24 Wind tunnel test results by Wilson and Lovell on the 2Mlider and a visible increase in lift
coefficient after introducing sharp leadiedge strip
Source]65]

The breakthrough in the development and understanding of vortex lift concepts began
with the design revolution driven by the demand for supersonic military aircraft that emerged
after World War 11[52]. This was directly linked to the development of delta wings [19].
Until that time, the benefits of wing sweep were largely unknown, remaining unexplored until
Jonesd theoretileda6l,6a8lnal ysi s in 1945

Experimental studies on delta wings also initiated the simultaneous development
of mathematical models aimed at interpreting, understanding, and replicating the observed
results[67]. The initial foundation for this was the previously mentioned slendiey theory
by Jones in 194f%2].

22



Significant advancements in modeling leadedpe vortices occurred between 1966 and
1979, with substantial contributions from Polham({&8i 71].

Pol

hamus§®oé S uc!

provided the first accurate and general predictions of vortex lift for delta wings. However,

for delta wings with an aspect ratR = 2, there were certain discrepancies between

experimental results and the Polhamus model, likely caused by vortex breakdown effects.

The comparison of Jones slensdng theory and Polhamus leadiegge suction

analogy theoryvith experimental data shownin Fig. 2.25.Mor eov er ,

approximations are providedthin Egs.(2.21) T (2.25).
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Fig. 2.25 Comparison ofa) Jones (1946) ang) Polhamus (1966) theory with experimental data
Sourcei52]

Jonesbds theory

wings, the lift coefficient can be described by the following relation@#p

&
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and that the induced drag coefficient can be describes as:
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(2.21)

(2.22)

His theoretical work showed that the aerodynamics of slender wings could be effectively

represented using a twbmensional(2D) perspective, perpendicular to the flight direction.

Although thre-dimensiona(3D) influences were omitted, this provided a foundational method

for modelling vortex flows generated by leadiedge separation.
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Polhamug72] introduceda method to estimate delta wing forces and moments by linking
leadingedge suction in attached flow to vortex forces in separated flow. He proposed that when
a vortex forms near the leading edge and reattaches the flow, the suction force reorients
but remains effective. This analogy allowed vorigdtuced forces to be calculated using
existing attachedlow methods. Additionally, his approach incorporated ragigle of attack
effects and used vortex lattice methods to accounthi@edimensonal geometry, twist,

camber, and compressibility, enabling efficient computation of aerodynamic loads.

In 1971,Polhamug70] provided an overview and evaluation of the initial suction analogy
concept and its developmeiithe total lift comprising bothpotentiatflow lift and vortexift
componentsvere described as follows:

0 O 0 O J QEWE] O T "QE Aé (2.23)
In the case of fully developed leadiedge vortex flow, where leadirgfige suction

is entirely lost, on a wing lacking camber or twist, it can be demonstrated that the drag resulting

from lift behaves in a specific, predictable manner:

w 0 wWeE
- . (2.24)
0 (0]
which, by supplementing the lift coefficiembom Eqg (2.2.3), resultsin:
W 6 DdDAE U T QEIET O T O (2.25)

In the abovementioned equatioK® andKy represent constants derived from the vortex
lattice solution. Their values, which are plotted against the aspect ratio of the delta wing

at incompressible conditionare illustrated in th&ig. 2.2.6.

35y

3ol
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Fig. 2.26 Variation ofKe andKy with AR for delta wings aMa = 0.
Source]72]
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Fig. 2.27 comparegxperimental data and suction analogy predictions for lift coefficient
trends across different delta wing aspect ratios. The results show strong agreement, with sorr
deviation intheAR=2case] i kel y due to vortex breakdowr

to reliably and broadly predict vortex lift for delta wings.
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This was in fact not the end of theoretical modelling, asora advanced three
dimensional vortex sheet panelodeling methodscame afterPolhamus suction analogy.
In 1975, Brune and colleagugs, 74]developed a thredimensional freevortexsheet model
to analyze the aerodynamic behavior of wings with leaduige vortex flows. This model built
upon panel methods that solved the PraGdiuert equation and represented both the wing
surface and theorr t ex sheet wusing panel distributions.
model, the vortex was represented as a ftmee sheet terminating in a line vortex, allowing

for a more realistic thredimensional depiction of vortex structures.

The formulation required simultaneous solution of vortex strength, geometry, and wing
surface loadsa nonlinear problem tackled using a modified Newton iteration method.
Johnson and collaboratofs5] provided extended documentation of this approach in 1980,
and Gl oss & J[@d) corfiomed strong eogelation sith experimental data,
outperforming simpler conical flow models in capturing thdéeensional effects.

Minor discrepancies were traced to viscous phenomena such as secondary vortices, which the
inviscid mathematicamodel could not replicatéurther advancementgth free vortex sheet

models were done by Hoeijmaké¢rg] expanding the application of this modeling framework.

For instance, L {i78]kcluded gs@pplicatiantoccemplexgeométries
like the Hummel delta wing, showing strong agreement between predictions and experimental
measurements of surface pressures and aerodynamic loads. Deviations in pressure distribution

were again linked to sendary vortex activity.

Importantly, while the freortexsheet model proved effective in capturing inviscid
forces and pressures up to the point of vortex breakdown, it lacked the fidelity to describe
the internal viscous dynamics within the vortex core. The onset of vortex breakdown
in the nearfield typically caused abrupt changes in aerodynamic behavior, highlighting
two key predictive challenges: determining the angle of attack at which breakdown reaches

the wing and characterizing the aerodynamic response beyond that point.

These challenges mark the limitations of inviscid modeling and the need for more
advanced prediction tools fdrigh angle of attacKlight [52], especially for nofgeneric

and complicated doublgelta or tripledelta geometries.
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2.3 CONCEPT OF VORTEX LIFT

In the general summary, vortex lift results from the action of leaélttyge vortices
and is generated by highly sweptback sharp leading edges or highly swept-tzgingot
extensions added to wings with moderateap Fig. 2.3.1). Vorticesgenerated by the swept
wing |l eading edge are then captured under
surface. This results in a negative press
over the confined vortex is then pulledvehwards, generating lift. Vortex lift generally
increases with the angle of attack, but it also has its limits when the vortex bursts.
One significant drawback is the increase in the drag component, resulting from the loss

of suction behavior around the wing leadetge[15, 70]

C
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Fig. 2.31 Vortex lift of a slender delta wing.
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2.4 VORTEX EFFECT NUMERICAL MODELLING

One of the main challenges for delta wing aircraft was their poesjmed performance,
which was mainly caused by their low aspect ra#i®)( This meant that they needed much
higher speeds and angles of attack to take off or land safely. This issue was largely overcome
with the discovery of leadingdge vortex flows, which significantly improved lift
at high angles of attadl62, 62, 68] This breakthrough paved the way for the development
of the XF92A, the first jet powered aircraft with a delta wisgown inFig. 2.4.1.

ia

Fig. 2.4.1 The first jet powered aircraft with a delta wingKF-92A.
Source]79]

The leadingedge vortex flows observed on this platform significantly improved its ability
to operate at low speeds and maintain stable flight at high angles of attack. Pdihdmus
highlighted several main advantages of the leadulge vortex flows. Early aerodynamic
development relied heavily on experimental methods, which were essential in shaping
configurations and advancing the understanding of vortex flow behavior. However,
the theoretical models that had been developed at the time, were inadequate to provide
a satisfactory description of vortex behavior at high angles of attack foigeraric
configurations. In response, researchers began developing pbgsed models toeter
capture the behavior of leadhegige vortices near lifting wings. These modeling approaches
began with a number of simplistic assumptions, but incorporated progressively more complex
representations of the physics of vortex behavior. Eventuallypthetice of vortex flow
modeling progressed from analytical models to direct simulation of vortex flows with
computational fluid dynamid$2, 67}
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The experimental approach, as well as mathematical modeling, have played a crucial role
in providing an understanding of leadiegd ge extensi ons vortex f
analogy proved particularly useful in estimating aerodynamic forces and mdorevasious
aerodynamic configurations. Although force predictions provided satisfactory accuracy,
moment estimations lacked precision in some cases. However, there was a continuing demar
for more accurate predictions of surface pressure distributispecially for wings subject

to vortexinduced flow separatiof®7].

During the 1980s and 1990s, computational capabilities advanced rapidly, enabling
the inclusion of threelimensional solutions to the Navi&tokes equations. The development
of Euler equation solvers paved the way for solving tdieeensionalReynoldsAveraged
Navieii Stokes (RANS) equations. However, the main challenges remained the high
computational cost associated with resolving stsedile viscous effects and the necessity
for approximate turbulence modeling. Solution techniques focused onlayen
approximationsof the boundary layer in RANS equations as one approach to reduce
the requirements for viscous resolution, with improved mesh generation technology serving
as another key advancement. Enhanced algorithms (solvers) were also developed
while supercomputers progreds@ both speed and computational capacity. Together, these
trends made the numerical solution3®@ NavierStokes equations feasible within just a few
years following the breakthrough in Euleaised solution technologiéeeFig. 2.4.2) [67].
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Fig. 2.4.2 Computational Fluid Dynamics and Super Computing evolution throughout the years.
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Nowadays, ltere are multiple approaches to thenericalmodeling of turbulencand

vortex effects. iese methods are primardgfinedby the level of mesh resolution they require,

which directly influences the computational resources necessary to perform the sinfié(gtion

The available methods, listed from the most demanding to least demanding are as follow

30

. Direct Numerical Simulation (DNS) employs a highly refined mesh capable

of capturing the smallest spatial and temporal scales of turbulent flow, providing
a complete representation of turbulence structures. However, due to its extremely high
computational demands, DNS is typically restricted to sswle flows

at low Reynolds numbe({81].

. In the Large Eddy Simulation (LE@pproachthe smaller turbulent scales are filtered

out and modeled, while the larger, enedpminant eddies are resolved directly

by the computational mesh. This enables the use of a coarser mesh compared
to Direct Numerical Simulation (DNS), making LES a more versatile and broadly
applicable method for simulating a wide range of fluid flow problEB2s83]

. Detached Eddy Simulation (DE8pproachntegrate features of both RANS and LES

approachNear solid boundaries, where turbulence scales are smaller than the local grid
size, the DES framework applies a RANS model. Conversely, in regions away from
walls where larger turbulent structures dominate, it switches to an LES formulation.
This hybrid $rategy helps reduce computational demands, as it avoids the fine mesh
resolution required throughout in a full LES simulati®hat is way they are sometimes
also called Hybrid RANSES.

. ReynoldsAveraged NavidrStokes (RANS) remains significantly less computationally

intensive than LES or DNS methof0]. Its primary advantage lies in the ability

to compute the mean flow directly through Reynolds averaging, typically the main
quantity of interest in engineering applications, without resolving the full complexity
of the turbulent flow field. An additional benefit arises when the flow is statistically
homogeneous in one or more directions, enabling a reduction in equation
dimensionality. For these reasons, RANS remains the most widely used approach
in industrial CFD applications. However, the accuracyRAINS predictions heavily
depends on the chosen turbulence model and its suitability for the specific flow
conditions being analyzdé4].



A graphical comparison between DNS, LES and RANS metodblown inFig. 2.4.3

and asummary of given methodsssiown inTab.2.4.1.
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Fig. 2.4.3 Graphical representation of methods ability to solve the scale of eddies within a model.

Source]85]

Tab. 2.4.1 Overview of contemporary CFD methods for turbulent flow

Function DNS LES DES RANS
Application Simple flow, low Re  Simple flow, Separated or unstead_y Wide range
number low Renumber flow, moderate complexity
: Less than DNS, .
Computational Very high higher than Lower than LES, higher Least demand
power demand than RANS
RANS
More accurate :
Eddy accuracy Most accurate than RANS, se Baert;féé;];nmegl(Srénior n’:/lo%setlﬁé d
less than DNS P P 9
Cannot handle Handles more . Can handle
. complex systems du ; Handles moderate to higt
Complexity : complexity than . ; " complex
to computational complexity, gridsensitive
RANS systems
load
Resolves large  Resolves large scalesin ~ Models all
Resolves all scales c ;
Turbulence scales, models detached regions, model: scales of
turbulence
small scales nearwall turbulence turbulence
Flow with Industrial and
N Academic and significant Practical flows with large ;
Suitability . ! : practical
theoretical studies largescale scale separation o
applications
turbulence
Prohibitively h_|gh H|gh,_but MOT " Moderatei balance of cos'  Economical
Cost for most practical feasible than

applications DNS

and accuracy

and practical
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. DISSERTATION HYPOTHESIS AND GOALS

As mentioned in the introduction of this doctoral dissertation, the historical literature
has explored various implementations of vortlevices including vortex flaps,apex flaps
and even movable or deflectable strake surfaces. All of these concepts have been investigated
primarily using generic configurationsiost commonly flat plates or delta wings with defined
leadinged ge sweep angl e sand mordss,87] ahe re€uls Af these Stullies 7 5 A
demonstrated a varied impact of the modifications on the aerodynamic characteristics of delta

wings depending on the specific solution and its implementation method

Due to the significant contribution of draghich increases directly as a result of flow
separation and the generation of lead®dge vorticesdelta wings and vortex devices have
historically been used primarily on aircraft operating at high angles of attack and/or at high
speeds. This limited their application to a few categories, such as fighter aircraft, military jets,

and supersonic passengéncratft.

Historical research efforts and optimization approaches for these solutions focused
on several key aspects: maximizing lift, modifying the aerodynamic moments around
the longitudinal, lateral, and vertical axes (pitch, roll, yaw), and delaying the onset of vortex
breakdownln addition to the classical delta wing configuration, more complex varsuth
as doubladelta, cranked delta, ogival delta, and othevere also analyzed. Researchers
investigated how geometric modifications affect vortex trajgctthe onset of vortex

breakdown, and the resulting beneiit@augmentedift, drag, and aerodynamic moments.

Delta wings, due to the complex thrdenensional nature of their flow,
differ significantly in aerodynamic characteristics from rectangular, trapezoidal, orsimgpt
planforms. In the supersonic regime, they exhibit low wave drag, primarily due to their high
sweep angles and low aspect ratios. In the subsonic regimewdeiscan operate at much
higher angles of attack, as the pair of count¢ating leadingedge vortices supply higénergy
airflow over the upper surface of the wing, thereby enimanidit.

Modern fighter aircraft employing delta wings feature significantly modified shapes
compared to earliegeneration designs, which were typically dominated by trapezoidal
or sweptwing configurations combined with higgweep leadingdge extensions (LEX).

In the case dB'" generation fighter jets, where stealth technology was a key design driver, there

has been a noticeable return to the delta wing conakett in a modified form
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On the horizon, 6" generation fighter development prograes,
such as thd-uture Combat Air SysteifrCAS), Next Generation Air Dominand@GAD),
and the Global Combat Air Programmd&GCAP), are proposing even more advanced
configurationsWhile 5" generation fighter mostly utilizecclipped delta wing with a reverse
swept trailing edgethe &' generatiorfocuses ordouble or even tripledelta wing designs.
These geometries leverage vortgominated flows in a more complex manner, generating
a greater number of vortices that cover a larger portion of the wing surface.
However, every staticwing configuration has its limitations. Without appropriate
mechanization, it is not possible to fully harness the potential of such wing designs.
This has led to a renewed interest in vortex devices.

In his research, Raoentioredthat he did not investigate one potential solutramely,
movable leadinge d g e extensions (LEX) hi nged al
This gap in knowledge is the focus that the present doctoral dissertation aims to address
Although this approach is logical, it presents significant engineering challenges, both in terms
of control and actuation, as well as structural strength. This is because such surface:

can be subjected to very large aerodynamic forces, especiallyesissnic speeds.

At the time this doctoral research commenced, the only fighter ajre¢heft still
in the prototype phasethat employed this type of mechanization was the Russian
T-50 PAK FA. This aircraft entered service December of2020 as the Sukhoi S&7.

To date, this solution has not been implemented in any other operational aircraft.

In recent years, numerous publications have emerged from organizations such as NATO
ONERA, DLR, Airbus, and Boein@ften funded by public and military sourc#sat highlight
the growing interest in mechanization known as LEVCON (Lea#itge Vortex Contrddr).
However, in all of these research studies, this solution was analyzed exclusively on generic
configurations without fuselage, air intakes, or control surfaces. The researchers primarily
focused on assessing the generated aerodynamic forces, visualizing vortex flows and thei

breakdown, as well as evaluating the impact of LEVCON on aerodynamic moments.

As part of the authoros previ o®%gemmmatade mi
fighter aircraft featuring a doublgelta wing was developed. Building upon this foundation,
the primary objective of the dissertation is to design and implemehB8RX and LEVCON

variants and to evaluate their aerodynamic influence on the complete aircraft configuration

33



3.1 DISSERTATION HYPOTHESIS

The integration of leadingdge vortex contrtdrsinto the geometry of fighter aircraftith
delta wings ofmoderate sweep enables the augmentation of aerodynamic forces and pitching
moment through the modulation of the quantity, trajectory, intensity, or breakdown location

of the generated leadirgdge vortices.

3.2 DISSERTATION GOALS

1. Development of conceptual CAD geometries for a baseline configuration featuring
a basic leadingedge root extension (LERX), a shacpntemporarystrake with
increased sweep, and multiple deflection variants of the proposed lesdiyegvortex
controller (LEVCON)geometry

2. Pre-processing of the developed CAD models and their adaptation for import into

the opersource computational fluid dynamics (CF&dftwarei OpenFOAM.

3. Formulation of a numerical model capable of determining aerodynamic performance
parameters, including lift and drag coefficients, for the considered aircraft

configurations.

4. Identification and visualization of leadirgdge vortex trajectories, generated
by the proposed LERX and LEVCON geometries, based on numerical simulations

of the aircraft model.

5. Development of an experimental methodology for the stationary aerodynamic
characterization of the aircraft model in the water tunnel facibfythe Institute
of Aeronautical Technologlpcated at Aerospace Propulsion Research Laboratory

of Military University of Technology.

6. Comparisonof numerical results with experimental data, along with the identification

and interpretation of discrepancies arising from the two research methodologies.
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V. OBJECT OF STUDY

The core of th study is a custormade 3D model representing the shape of a fighter
aircraft platform which was developed through a comparative analysis of selected
4.5 and % generation fighter jetsarried out withirBScthesis[88]. As apart of that analysis,
the purposes of the aircraft, their dimensions, weights, and fi@jaimeters were compared.
The collected information contributed to the developmedesign assumptions for the custom
aircraft. One of the final outcomes of this work wasdteation of a 3D modeif an unmanned
fighter aircraff the Future Combat Aircraft(FCA) Phantom whose name paysomage
to the iconic McDonnell Douglas-# Phantom I1Key requirements for thdesignwerehigh

maneuverabilityandangle of attackapabilitieqd88].

The design drawsignificant inspiration from two weknown 3" generation aircraft
the LockheeeMartin 22 Raptor and the Sukhoi $S7. It alsotakes cues from advanced
programmes, such as tRature Combat Air Syste(RCAS)[51],theSUPERMANo eu v r a
studied at ONERA47, 48] and theDiabolo programme financed by German Federal Ministry
of Defence (BMVQ) within DLR45, 46]

Within the BSc thesis, the complete 3D model was created using Autodesk Inventor
software. Mul ti ple configurations were de
Preliminary CFD tests were previously carried outaapart of the MSc thesi§89],
albeit on a simplified geometf or t hose studies, the aircr
configuration,without any external stores, armament, MAWSIRST sensors. Furthermore,
to reduce the complexity of the computational mesh and to eliminate potential artefacts arising
from sharp intake edges or narrow gaps between the intakes and the fuselage, the mod
was simplified by removing the engine air inlets and sealing the afterburner nozzles.

This preliminary work habeen reviewed and published in Mechanics in Aviation 20aQp

4.1 FIGHTER AIRCRAFT 3D MODEL OVERVIEW

Throughout the dissertation, the 3D model of the aircraft has undergone several.changes
Themodifiedplatform was intended for studying vortex devices sagcstrakeandLEVCONS.
Conceptenderingsofth@ c | e an 0 c arenxshawg idrig. 4.1.1j wdite all relevant data
on the testing platform are provided Tab. 4.11. A description of the main elements
of the model is also presentedRig. 4.1.2. It is important to emphasize that the model used
in this research was conceived, designed, and developed entirelyauttibe While inspired

by the general characteristics of raadrld fighter aircraft, the model is an original creation
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Fig. 4.11 Orthographic renderingsf the FCA Phantom 3D model:
(a) front, (b) rear,(c) side,(d) top, and(e) bottom views
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All moving rudder

Stabilator

Blended wing body fuselage

- '—/
/ LERX Clipped delta wing

LEVCON

Fig. 4.12 General description of the model parts.

Tab. 4.11 Aerodynamic configuration of the fighter jet 3D madel

Label Quantity
Tailplane configuration Conventional
Wing airfoil NACA 64-206
Stabilizers airfolil NACA 16-006
Wing planform Clipped delta
Possible control surfaces Ailerons, flaperons
Possible higHift devices LE flaps, flaperons
Possible vortex devices LERX, LEVCONSs
Thrust vector control (TVC) Threedimensional
Horizontal stabilizer Stabilators
Vertical stabilizer All-moving rudders
Basic LERX LE sweep angle 64 A
Improved LERX LE sweep angl  Variable 658 2 A
LEVCON LE sweep angle 70A
Delta LE sweep angle 42 A
Delta wing sweep angle 30A
Delta TE crop angle 42 A
Delta TE sweep angle 17A
Delta wing twist angle -7 A
Wing anhedral angle -3 A
Wing incidence angle 1A
Wingspan 13.8m
Wing area 76.75m?
Wing aspect ratio 2.48
Mean aerodynamic chord (MAC 7.69m
Airplane length 20.28 m
Airplane height 292 m
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The aircraft was designed with a conventional tailplane configuration, chosen for its
lower radar crossection (RCS) compared to a canard layout. Given the strong emphasis on
stealth in5™ generation fighter aircraft, the preliminary design adhered to two core principles
across the entire structurptatform alignment for both the wing and tail, and continuous
curvatureof the entire body. The fuselage follows a lifting blenddxbdy concept, equipped

with stabilators and alinoving rudders.

The 3D model was developed to accommodate -hiigland vortexcontrol devices
to enhance aerodynamic performance. Basic LERXincorporated into the baseline airframe
prior to this study. While further gains could be achieved through devices such as-tsiging
flaps and trailingedge flaperonghe dissertatiofocuses exclusively on comparing the LERX

configuratiors with the same airframe equipped witBVCONS.

For both computational fluid dynamics (CFD) simulations and water tunnel experiments,
all external avionicgeometriessuch as infrared search and track (IRST) and missile approach
warning system (MAWS) sensrwere removed from the model. The air intakes
and afterburners were sealed in the first CFD simulation stage and later modeled-as flow
through in the second stage, as turbofan effects were beyond the scope of the external
aerodynamics analysis. Furthermore, all sharp edges were given smatbfidlessire full mesh
layer coverage over the entire model surface. The resulting aircraft silhouette, prepared during

thefirst pre-processing phase for the CFD simulations, is presenteig.id.1.3.
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Fig. 4.1.3 General dimensions and outline of the processed 3D model
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4.2 CFD MODEL PREPARATION

In order to outline the results stemming from the LEVCON additibe dissertation

focuses on five configurations of the nose section:

a) basicroundedeadingedge root extensiofit ERX) with 71e = 64Aleadingedge sweep,
b) sharpstrake (LEX)with variable e = 65 82Aleadingedge sweep,

c) LEVCONSs with 1e = 70Aleadingedge sweep, deflected downwardg at 1 0 A

d) LEVCONSs with 71e = 70Aleadingedge sweep, deflected downwardg at 2 0 A

e) LEVCONSs with 1e = 70Aleadingedge sweep, deflected downwardg at 3 0 A

As the designed aircraft features lgpged delta wing, the added vortgenerating
devices are schematically presented relative to the dimensioned viigg4n2.1 7 Fig. 4.2.3.
The aircraftodos del ta wi argaforsath nesults sfthesadditiandd e
vortexgenerating surface®erodynamic coefficients such & and Cp are defined using
a reference arefer, which for aircraft is the wing planform aréhis areamust be consistent
across configurations of the same body if the coefficients are to remain comparable. This choic

ensures that changes in coefficients reflect genuine aerodynamic diffef@tices

Forebody line e —

Basic LERX

S¢o

1.54 m
30
42

2.44m

Clipped Delta Wing

| ~

9.74 m
7.69 m
/
/

Wing aerodynamic center (AC) |

] ~.
| ~
E ean aerodynamic chord (MAC)

420
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Fig. 4.22 Dimensioned Leadingdge Vortex Controllers overlaid on the delta wing planform
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Fig. 4.23 Dimensionedrariable sweep stral@verlaid on the delta wing planform.



The choice ofthe rounded6 4 A LERX as the dissertat:
as the author aimed to confirm that sharper, more swept leading edges produce significantl’
stronger vortex lift. Historically, LERX of this type were employed faghter aircratft,
andMiG-29A sets as an examplhdth its 71 = 73ALERX, reflecting design priorities that did
not emphasize maximizing vortex lift. Perhaps this represented a deliberate compromise
favoring stability, intake flow quality, and predictable aerodynamics over aggressive vortex
augmentation. At theme, the MiG29 lacked a fulFly-By-Wire systembutlater derivatives,
including the MiG29M and MiG29K (MiG-35), featured LERX with reduced leadiedge
radius and sharpeedges, enhancing vortexgeneration(see Fig. 4.24 and Fig. 4.25).

This shift wadikely enabled by more advanced flight control systems, allowing stronger vortex
lift at higher Uand improved maneuverability.

Fig. 4.24 Blunt leadingedge LERXof the MiG-29A.
Source]92]

Fig. 4.25 Sharp leadinggdge LERX of thevliG-29M2 (MiG-35).
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Throughout this dissertation, three variants of the aircraft model were developed.
For clarity,Fig.4.261 Fig.4.2.8 compare the geometry of the first incompressible CFD model,
the second compressible CFD model, and the version adapted for water tunnel experiments.

The main changes between these models were:

1. The first variant represented a transitional mpgabwn inFig. 4.2.6(a,d), Fig. 4.27a
and Fig. 4.28a. Compared with the CFD studies conducted during the MSc thesis,
previously removed engine inlets were reinstated, while the engine ducts remained sealed.
Furthermore, the turbulence model was changed: the MSc research employed thie Spalart
Allmaras model, Wwereas the doctoral studies utilizéd k¥ SST model The purpose
of testing this transitional configuration was to evaluate local Mach number distributions

and determine whether stagnation occursibiaccompressible solvés required.

2. The second variant emerged from previous numerical research and valuable feedback from
aerodynamic sector reviewef80, 93, 94] which underscored the need #aljust
the 3D model, most notably through a redesign of the horizontal stabilasssown
in Fig. 4.27(a,b)andFig. 4.2.8(a,b) These modifications aimed not only to achieve a more
accurate representation of modern fighter aircraft but also to address structural concerns
arising from the limitations of 3D printing technology and the mechanical properties
of polylactic acid (PLA) material. Reviewers also highlighted the potential influence
of stagnation effects on vort@enerating devices caused by the blocked engine ducts
[90, 94] This issue was addressed in both the experimental study and the second,
compressible CFBtudy, as shown irfrig. 4.2.6(b,c) andFig. 4.2.8(b,c).

3. The third variant was a slight alteration of the second, primarily aimed at adapting the design
for additive manufacturing via 3D printing. The resulting water tunnel nbffets slightly
from the concurring CFD geometiihe redesigned stabilators were structurally reinforced
to withstand the demands of water tunnel experiments, as indicatéid.ir.26(e,f).
Othermodifications involvdr ei nf or ci ng cri ti cal sections, su
(Fig. 4.26(c,f) Fig. 4.28c), adding material around the vertical stabilators anchor points
(Fig. 4.27¢), and inserting additional material inside the engine ducts to accommodate
graphite rods, ashownin Fig. 4.26(c,f). These rods connect the nose section, wings,
and stabilators to the fuselage. The most significant difference is the reduction of the tail
boom and the introduction of an opening for a styjge gauge system, as can be seen
in Fig. 4.26f , Fig. 4.27c andFig. 4.2.8c.
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(b)

(d)

()

Fig. 4.26 Comparison of model changes through@)(d) incompressible CFOb)(e) compressible CFD
and(c)(f) the geometry used for the water tunnel &ad front and backviews.
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Fig. 4.27 Comparison of model changes through@){d) incompressible CFOb)(e) compressible CFD
and(c)(f) the geometry used for the water tunnel &ad rear section view.



(©

Fig. 4.28 Comparison of model changes through@){d) incompressible CFOb)(e) compressible CFD
and(c)(f) the geometry used for the water tunnel &ad bottom section view.
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4.3 PHYSICAL MODEL PREPARATION FOR 3D PRINTING

A critical aspect that required a thorough evaluation before constructing the physical
model of the fighter jet was the prediction and analysis of the aerodynamic forces that the model
could generate during water tunnel tests. This assessment was egsensate the protection
of the gauge system, which operates within specific force and moment limitations.
Exceeding these limits coul@sult in system failure or irreversible damage. The permissible

values of forces and moments atanmarized imab.4.3.1.

Tab. 4.31 Water tunnel gauge system limitations.

Water tunnel maximum loading

Quantity Label Value Unit SlValue Sl unit
Pitch plane moment PM 15 inkL 17 Nm
Yaw plane moment YM 4 i nL 0.45 Nm
Maximum normal force N 10 Ibs 445 N
Maximum side force S 4 Ibs 17.8 N
Standard water tunnel applications

Maximum normal force N 0.45 Ibs 2 N
Maximum side force S 0.25 Ibs 111 N

For this purpose, the results of the CFD stodythe first geometry varianwere utilized.
Although these results are not directigmparable due to the significantly higher Reynolds

of Re= 3 . Frheaduredférthe MAC, as well as the fact that the simulations were conducted
on a fulkscale 3D model, they served as a usedidrenceForce predictions were extrapolated

based on CFD studies performed in the range=s0i 4 0 A

This was not a significant issue, as only an approximate estimation was required.
Evenif the forces were ovepredicted, the primary concern was ensuring that they remained
within the safe operationdimits of the gauge system. This was achieved using the force
and moment coefficients obtained from the CFD studgstimate the corresponding forces
and moments for the scaled water tunnel model of the fight@hetextrapolated aerodynamic

forces and pitching moments were within allowable limitsshasan in Tab.4.3.2.

Tab. 4.3.2 Extrapolated maximum force and momentum values for the sdaled model.

Quantity Label Value Unit SlValue Sl unit
Lift force L 0471 Ibs 21 N
Drag force D 0.368 Ibs 1.64 N
Aerodynamid normalforce R/N 0574 Ibs 255 N
Axial force A 0.016 Ibs 0.07 N
Pitching moment PM 134 i nlk 015 Nm
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These results provided confidence that the gauge system would not be damaged whe
the maximum allowed sizef the fighter jet model was used for the water tunnel study.
The largest possible model scale was also desirablelbmsned one to maximize the Reynolds
number. This was particularly important since the experiments were desahedcarried

out at the highest available flow velocitywf 1 ft/s = 0.3048 m/s

Another crucial factor considered in the design process was the structural integrity
of the model, with particulamphasis on the mounting system. Special care was taken to ensure
a precise fit of the internal mounting bracksithin the fighter jet model, preventing
any structural flexing or oscillations, especially at high angles of attadkeaé conditions,
the turbulence induced by vortex shedding and flow separation could compromise both
the mountingbracket and the gauge systefo address thjsthe mounting was designed
as an integrated component of the fighterfietelage(as shownin Fig. 4.31), avoiding

the need for external metal brackets that would require adhesives, mechanical fastenin

or threadingsolutions that would introduce unnecessary complexity.

@ (b)

(©

Fig. 4.31 Presentation ofa) fuselage section with integrated mounts for carbon rods, screw connections,
and slots fowings and stabilizers attachmefit) removable M3 nut insert for gauge system mounting
and(c) crosssection vew showing screvibased attachment mechanism.
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The mountingbracket was incorporated directly into the 3D printed structure of the model
(Fig. 4.31a). The screw holes were designed withirterference fit and a dedicated cavity
was introduced to accommodate a -Binted insert housing M3 hex nutshown

in Fig. 4.31(b,c). This design provided not only sufficient strength and stiffness, but also
enhanced maintainability. In the event of a damagedor screw, the insert could be easily
replaced within seconds, ensuring the robustness of the model and facitjtatkgepairs.

The geometry of thdFCA Phantomwas fabricated using additive manufacturing
(3D printing) techniques, withpolylactic acid (PLA) serving as the base material.
Due to the complexity of the geometry, it was not feasiblabocate the model as a single
piece. Therefore, the complete geometry was subdivided into nine compdoesitsdy
inlets, fuselage, wings, horizontal stabilizers, and vertical stabilizers. The whole dissection
was planned forward forovide the easiest and most reliable way to connect the elements after

3D printing them.

As described inSection 4.2, five interchangeabldorebody sections were designed
and fabricated to enable differeaperimental configuratiorend these are shownhig. 4.3.2.
The forebody sections were specifically cetmded, and the results in the plots are presented

using the same scheme

a) basic leadingedge root extensioft ERX) 1 black,
b) sharpstrake (LEX)i yellow,

c) LEVCONSs deflected downwards pt=  1i @réen,
d) LEVCONSs deflected downwards pt=  2i Blde,
e) LEVCONSs deflected downwards pt=  3i 0ed.

Special attention was alsgiven to leadingedge sharpness during p@sbcessing.
As noted by Luckrind95, 96] blunt edges can shift the vortergin downstream and alter
the onset of vortex separation. While such effects are less pronounced at this scale
andthe Reynolds/Mach numbers typical of water tunnel testing, efforts were made to achieve

the sharpest edgmssiblewithin the limits of 3D printing.

To ensure modularity and structural integrity, the components were mechanically
connected using carbon rods of various diameters and lengths. The moaksbpesdesigned
with alignment holesand interlocking grooves to ensure precise positioning and enhance

the stability of the assembled structure
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(a) (b)

(c) (d)

(e)

Fig. 4.3.2 Studied model configurationga) 6 4 L& sweep LERX(b) variable65i 8 ZLE sweep strake,
(c)(d)(e)7 OLE sweep LEVCONSs deflectedpt=  ( 1 0 , vt (g) 8isbje Aauge system
and an attachment arm adapted fest@it mountingn the water tunnel facility.
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4.4 MODEL FABRICATION VIA 3D PRINTING AND POST-PROCESSING

The 3D printing was performed on a Prusa MK4 prifi@a using a 0.4 mm nozzle,
a layer thickness of 0.2 mm, and 100% infill to ensure adequate robustness and stiffness
of the model. PLA material was selected based on economic considerationsfanolréble

postprocessing characteristic® quick overview of all clean, temporarily assembled

3D-printed parts is presentenifig. 4.4.1.

() (b)

Fig. 4.4.1 Temporarily assemble8D printedaircraft model(a) top view andb) bottom view.

Following fabrication, each component was coated multiple times with an acrylic base
paint and subsequently sanded to minintiee characteristic ridges associated with the layer
by-layer deposition in PLA printing~g. 4.4.2).

After bonding the permanent components to the fuselage, the surface finishing process
for each part proceeded as folloW) surface degreasing?) application of a plastic primer,
(3) application of spray filler(4) sanding(5) surface degreasin{f) application of an acrylic
primer,(7) sanding of the acrylic prime8) surface degreasing, at®) application of the final
paint coat.Steps 8) i (5) were repeated as necessary until the desired surface smoothness
was achieved. The same procedure was applied to the finishing of the forebody sections.
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Fig. 4.4.2 Initial sanding of the 3Eprinted component&i ¢), surface preparation before and during primer
application(di e), and sandingeforeacrylic coating(f).

The fuselage, wings, and stabilators weeemanently assembleging four 31T 6 5 mm
carbon rods, twoll 30 mm car bon rods, f @dhesivei bondiegr | o
to form a single rigid structur@he exploded view of the model is presented inRige4.4.3.
Theforebodysections remained detachakia a removable joint comprisingthre8 T 3 0  mm
carbon rods, M5 1 3 5andib DINI98Y n@t p@&masently embedded
in the nose section, and DIN 25vasher. Thenodelcould beconnected to thgauge system
by a removable joint consisting BfM3 DIN 934 nutsan@ M3 T 12 mm DI N 912
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(@) (b)

Fig. 4.4.3 Exploded view ofa) model componentand(b) some of the tools used during model preparation

The final assembled structure, including the joints between the fuselage, wings,
and stabilizers, was again treateith additional layers of acryliprimerand sanding to achieve
a smoothsurface finishasshownin Fig. 4.4.4.

To prepare for potentifiture Particle Image Velocimetry (PIV) studies, all models were
coated in matte black paint, as shownHig. 4.45. This specificcolor and finish were
intentionally selected due to their noeflective properties, which help minimize optical
interference during PIV experimentReflective surfaces could otherwise scatter laser light
and cause overexposure on camera sensors, significantly reducing the visibility of tracer
particles.Although PIV studies were beyond the scope efdissertationthey offer a valid
and more advanced alternative to dy@v visualizations for capturing vortex evolution
andbreakdownThis preparation ensures that the models can be reused for such measurements
in the future

The finalmodelsareshownin Fig. 4.46,wi t h t he mai den #Aflighto i
presentedn Fig. 4.4.7. Nose sections were precisely aligned with the fuselage and secured
using an integrated scréwut fastening system. To minimize discontinuities at the joints,
connection gaps were sealed with a thin,-fmefile adhesive film.
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Fig. 4.44 Last iteration of sanding process(aj forebody sectionand(b) the final assembled fuselagection

=

(@ (b)

Fig. 4.4.5 Fully assembled fighter aircraft modsfterpostprocessing and painting:
(a) top view, and(b) bottom view.
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(@) (b)

Fig. 4.4.6 Configuratiors used in the studga) andduplicate model¢b), whichenabled rapid interchange

Fig. 4.47 The assembled model mounted in the water tunnel test section.

All stages of thgpostprocessig were carried out manually. In total, 24 components were
3D-printed, which, after assembling the fuselage sections, resulted in two complete model sets
Eachsetconsised of a full fuselage and five interchangeable nose sections. The preparation
of the models required approximately 500 rhanrs.
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V. NUMERICAL METHODOLOGY

Any aerodynamic bodwill experience flow separation under certain conditiovigther
talking aboutan airfoil, wing, fuselage, oevencomplete aircraftThe airflows dynamic
behavior along the aircrafts components significantly influences aerodynamic characteristics,
such as lift, drag, pitching momemind critical angle of attack.These characteristics
can be investigated using experimental methods, including wind or water tunnel, testing
as well agn-flight experiments on prototypeAdditionally, improvements in compational
fluid dynamicsand greater computing power have made it possible to analyze numerical
approximations of the Navi€dtokes equations. These equations offer a theoretical framework
for describing flowbehavior{67].

Since thediscovery of vortex flow aerodynamicdifferent aspects of flow separation
have been explore@Researchers have developed several phsissed mathematical modgels
such as vortex sheet representatiotts better understand these complex phenomena.
Experimental studies revealed that surface flow patterns, particularly wall streapnbuieke
valuable insight into hovairflow detacles from aircraft surfaces. These observations were
traditionally obtained through dye visualization in water tunmel®y using tufts in wind
tunnels andn-flight experimentsThe method in CFowever,proves to be more effective.

In this contextflow separation seen in the computnarioscan be analyzebly various

visualizations and explanations linked to the underlying physics can be sug¢@sied

A common approach in CFD for identifying flow separation is to visualize streamlines
around the emerging vortical structures. However, interpreting these visualizations can often
be challenging, especially in complex thibé me nsi on al f | oswsethod T h a
is typically better suited to RANS simulations, which provide tameraged results that help
reveal key features such as multiple separation lines or the formation of several vortices.
These characteristics highlight the inherent difficultybioth computing and interpreting
turbulent boundarjayer separation. Moreover, the exact nature of the separated flow can vary

significantly depending on the specific type of vehicle orasrgetric configuratiof67].

Given that the primary objective ofdldissertation is tovisualize separatiemduced
leadingedge vorticeand to compare the measured aerodynamic coefficients with experimental
data obtained from water tunnel testing, both of which are presented aavenaged
quantities, it was determined that the Reyndldsraged NaviefStokes approach would

be the most suitable numerical modeling method
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5.1 FINITE VOLUME METHOD

A key advantage of the finite volume method (FVM) in computational fluid dynamics
lies in its core principlethelocal conservation. To numerically solve the governing equations
using the finite volume method, the computational domain is divided into discrete control
volumes, orcells whi ch together form the numeri cal
theorem to each control volume, partial derivatives representing conservation lavisije.g
can beconverted into algebraic terms. Consequently, the governing equabiogisially
expressed as partial differential equations, are transformed within each computational cell into
a system of linear algebraic equati¢®8].

These equations are typically solved numerically through iterative procedures.

A drawback of the domain discretization process is the introduction of numerical error into
the solution. It is therefore essential to monitor and evaluate this error once a solution
IS obtained. As the cell size approaches zero, the numerical error diminishes accordingly,
indicating that refinement of the mesh generally reduces numerical inaccuracies.
However, increasing the number of cells also raises the computationasassignificantly

extends the time required for convergence. In this context, one of the key responsibilities
of a CFD engineer is to find an efficient and sufficiently accurate numerical strategy that

balances solution fidelity with computational expefe&].

5.2 UTILIzZED CFD SOFTWARE

For the dissertation theses purpoggsenFOAM was selected for its adaptability, strong
support for external aerodynamics simulations, and efficient parallel processing capabilities

making it weltsuited for detailed analysis in a research environment.

OpenFOAM (Open Field Operation and Manipulation) is an egmemce CFD software
package widely used for simulating fluid dynamics, heat transfer, turbulence, and multiphysics
problems. Developed in C++ with an objectented approach, it allows for higlexXibility

in customizing solvers and utilities to meet specific research fi@efds

Originally created by Henry Weller, OpenFOAM is maintained and developed by both
the OpenFOAM Foundation and commercial contributors. Its capabilities include a wide range
of turbulence models (RANS, LES, DES), support for complex geometries, and efficient
parallelization, making it suitable for both industrial and academic [i20].

Active developmenénsurs long-term support and communigrivenimprovement$101].
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5.3 VECTOR CALCULUS PRELIMINARIES

This subsection introduces the foundational concepts and mathematical tools from
continuum mechanics that are essential for deriving the conservation equations. It also define

key notations and methods that will be consistently applied in later sections.

Z

Fig. 5.31 The components @ vectoru in a3D Cartesiarcoordinate system

In fluid dynamics, the velocity vector, denotedupyis among the most commonly used
guantities. Within this work, it will represent the fluid velocity fieléctor In a three
dimensional Cartesian coordinate system, its components will be referasdixtou, and u

respectively geeFig. 5.3.1). In this coordinate system,is expressed g402]:

(5.31)

wherei, ] andk represent thenit vectorgpointingin the x y and z directiosg, respectively.

Vectors are typically written in column form, while their transposes, indicated
by the superscripf, are expressed in row form. For example

0
o 0O h ¢ 0O O o (5.32)
0
Multiplying a vectoru by a scalasyields a new vectosu, defined as:
(]
[0 i i o io (5.33)
e
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When two vectors, say: anduy, are involved in a multiplication, there are generally two types
of operations that can be perform@the first is the dot product (or scalar product), written as
(uz Luz), which results in a scalar. The second is the cross product (or vector product), written

as[ui uz], which results in a new vector that is perpendicular to bpgmduz [102].

One of the fundamental operators in vector calculus, widely used in fluid mechanics,

is the nabla or del operator, symbolizeck as

(5.34)

U L wm L 5.35
e (5.35)

The gradient describes how the scalar quantity varies spatially. It is a vector field that points
in the direction of the greatest rate of increase of the scalar and whose magnitude reflects

the rate of that change.
Applying the dot product of the nabla operator to a vector figkkults in the divergence:

T 10 1606
e ) o T o T u (5.36)

This scalar quantity measures the net rate of outflow (or inflow) of a vector field from

an infinitesimal volume. Essentially, it quantifies sources or sinks in the field.

The Laplacian operator arises when the divergence is applied to the gradient of a scalar field

, A N S
3
D i [ o To 10 (5.37)

This operation results in a scalar and is commonly found in heat conduction, diffusion,

and potential flow equationBor a vector field, the Laplacian is defined componemise:

(5.38)

This vector form is particularly important in viscous flow modeling, where the Laplacian

of the velocity field appears in the momentum equations.
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5.4 CONSERVATION OF MASS

Computational fluid dynamiceelies on solving fundamental physical laws governing
fluid behavior, including conservation of mass, momentum, energy, and species transport
Due to their nonlinear and strongly coupled nature, finding exact analytical solutions is rarely
feasible. Instead, numerical approaches are employed to approximate solutions across a bro

spectrum of flow regimes and boundary conditif9&].

The continuity equation forms one of the fundamental building blocks in the analysis
of transport phenomena. i especially meaningful in systems where a conserved quantity,

such as mass, energy, electric charge, or momentum, can be described in terms of a flux.

Fig. 5.4.1 Flux densitiesj] of a quantityg pass through open surfacé. (

To define flux, | etqgdéhatiscapableofthiaingwihing coattola r
volume.Let} representhe volume density df, i.e. the amount o per unit volume at a given
point in space. The flux of this quantity, denoted,as a vector field that describes the rate
and direction in whicly is being transported through spdseeFig. 5.4.1). In many practical
cases, the transport@fs governed by an underlying velocity field, which describes the motion
of the medium carrying the quantity. If the entire conterg af any point is assumed to move

with the local velocityu, then the flux is simply the product of the density and the velocity:

(5.41)

For instance, in the context of fluid mechanics, ifrepresents the local fluid density
andu the velocity field of the fluid, thepis the mass flux (also known as the mass discharge

or material flux), indicating the rate at which mass is transported across a surface.
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In its general differential form, derived using the divergence theorem, the conservation

law for a quantityq is written as

(5.4.2)

wheren isdivergencey is the densityj is the flux t is time and 0 represents the source

or sink term, indicating production or depletionggder unit volume per unit time.

In fluid dynamics, where represents mass, the continuity equation ensures that the rate
at which mass enters a control volume equals the rate at which it exits, plus any accumulation
within the volume[103]. This means that ifj is a conserved quantity that cannot be created
or destroyed( = 0) andif flux isj = ju, whereu is the vector field describing the movement
of the quantityg, the equation becors¢98, 102, 104]

? o

— D79 T (5.4.3)
T o

The time derivative quantifies the local rate of change of mass within the control volume,
while the divergence term accounts for net mass flux across the control stitfecenass
conservation principle is foundational in deriving more complex governing equations,

such as the NavieBtokes equations.
5.5 CONSERVATION OF MOMENTUM
Another important equation is the Navi&tokes momentum equation, which in its most

generalconvective form is given bl 05]:

" 'OO ” T<> OO 0 \ 3/\[ ,,I (551)
00 o 1 >

WhereD/dt is the material derivative (defined @O # u 1), p is thermodynamigressure,

Uis the visous stress tens@nd g represents body accelerations acting on the continuum

(for example gravity, inertial accelerations and sp on
For a Newtonian fluid, theiscous stress tensgis given by[102]:

w0 0 G (5.52)

wheref is the dynamic viscositygis thesecondviscosity,nu is the velocity gradient tensor,

(nu)Tis its transpose, u is the divergence of the velocity fiedshd| is the identity tensor
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p T T
m p T (5.5.3)
0
I t 6s C Ommo n Yisoousrswesdensdr ¢o isblate the trace (volumetric part)
and deviatoric (shear) parts:

W ‘0 o p k 2 p k (5.54)

The first big bracket is the deviatoric (traceless) part of the viscous stress tensor responsibl

for shear, the second term is the isotropic bulk viscosity term scal@@®ly

_ S (5.55)
(0}

The Stokes hypothesis is a simplifying assumption used in fluid dyn@b@i¢k particularly

in the formulation of the NavieBtokes equations for compressible flows. It sets the bulk
viscosity tozeros = 0 by assuminghat the second viscosity coefficieat= T 2/3¢ [108],
wheree is thedynamicviscosity. This effectively removes thermn L & (L u) from the
momentum equation, leaving only the deviatoric (shear) part of the viscous stress tensor
While the hypothesis holds approximately true for some ideal gases, it may not be valid for rea
fluids where bulk viscosity plays a significant role, particularly in liquids or polyatomic gases

undergoing compression or expansion.

By substituting Eq(5.54) into Eq.(5.5.1), the finalconservative form of the momentum
equation for Newtonian fluids given by

"TT—bo:)o Roo o o 2 Lk o-m |
| MOAAAT AOABBIAIOOOQAE OAOCAT ABDI E Al sl 0AAo (559
T @BEA  COAAEAl BERE OAT OG OAT OEEA®I EO
£l BBOOEAT AEI OAA 060BKIOOT OOAOGI o611 61 A

In the full compressible Naviestokes equations, a body force term such as grévgy

is often included. However, in this work, the gravity term was omitted because the study focuses
on steadystate external aerodynamic flows, where inertial, pressure, and viscous forces
dominate, and gravitational effects are negligible. This assumptaongstent with standard
practice in aerodynamic modeling and has no significant influence on the predicted flow

behavior in this context.
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5.6 CONSERVATION OF ENERGY

According to the first law of thermodynamics, energy within a system cannot
be generated or eliminatedt can only be transformed from one form to another,
such as mechanical, kinetic, or chemical. As a result, the total energy in a closed or isolated

system remains unchanged throughout any prqdé€2%

The total energy of a material element changes at a rate equal to the combined mechanical
and thermal energy supplied by external fluxes and internal sources. This relationship holds

true in the limiting case where the material element is consideredesfmally smal[109]:

”'O'Q ”’OD
00 0o
AET AGEA ER KD O Oi 1 61 AOGOEME AT EAITADED

AOi
Aocdi Aocu EAAOD x| OE AT AU
EAT CAEA] CA &1 OOFEA®=0 WS s 5A0A & OAA

oA i 0, "]

& (5.6.1)
T

)>z )>oO’

whereeis the specific internal energy,is the specific kinetic energy, term is the heat source
(in whichr is any specific heat souncandq is the heat flux vectagiven by:
A I Y &b Y (5.6.2)

wherea is thermal conductivitywhich can be described by thermal diffusivatydensity} and
specific heaCp) andn T is the temperatergradient Lastly, 0 is the mechanical stress tensor,

which may be decomposed into:

., W nk (5.63)

whereUis the viscous stress tensor explaibgdEq. (5.5.4), p is the thermodynamic pressure

andl is the identity tensqishown inEqg. (5.5.3).

By expanding the materiderivatives in Eq(5.6.1) andby decomposing the stress tensom
Eq.(5.6.3), we may receive thinal form of energy equatiofi09]:

— 0" -— o"o Lk Op a4 i oWy 'l (69
However, some CFD solver solve for enthalpy (ather than internal energs) (110]:

H‘Q ”l‘) b
2 500 T2 ool TT—Z

, A i owy j»  (56Y)
T o T o

Themodification ofthis equation is used wne of the solvers mentioned$®ction5.8.
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5.7 EQUATION OF STATE

The behavior of a fluid iIrBD space is governed by a set of five partial differential
equations: one representing the conservation of mass, three for momentum

in the x, y, and z directions, and one for energy conservitidj.

Within this system, four thermodynamic properiieiensity} , pressur, internal energy
e, and temperatur€ i are treated as unknowns. These variables are interrelated based on the

assumption of thermodynamic equilibrium.

In thermodynamic equilibrium, the complete state of a fluid can be defined using just
two independent variables. The remaining thermodynamic quantities can then be determine
using equations of staf@11]. For instance, by choosinggand T as the primary variables,
one can express pressprand specific internal energthrough the following welkstablished

equations of state

Specific heaat constanvolume o} 0 Y (5.71)

Specific heat at constant pressut o} o Y (5.7.2)

Ideal gas law n Yo%~ Y'Y (5.7.3)

Specific internal energy Q 0"Y (5.7.4)
. ”, €, r‘] e 14

Specific enthalpy Q Q = 07Y (5.7.5)

Assuming thermodynamic equilibrium reduces the number of required thermodynamic
variables to just two. In compressible fluid flow, the equations of state serve as a critical bridge
connecting the energy equation with the equations governing mass and omament
This connection exists because changes in pressure and temperature can lead to variatio

in density throughout the flow field 11].

In contrast, when liquids and gases move at relatively low velocities, they typically
behave as incompressible fluids. Under these conditions, density remains nearly constan
effectively decoupling the energy equation from the mass and momentum cooservati
equations. As a result, the flow can often be accurately analyzed using only the mass
and momentum equations. The energy equation becomes necessary only when thermal effec

such as heat transfer, play a significant role in the profé&di
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5.8 TURBULENCE MODELING AND REYNOLDS AVERAGING

The selection of a turbulence model is fundamentally a-w&deetween desired simulation
accuracy and the computational resources at hand. In practical engineering applications,
this balance becomes especially important, as-tigity models often demand computational
power that may not be readily available or economically feasible. Once this balance
IS established, an appropriate turbulence modeling approach can be selected to suit both

the performance goals and resource constrairtteea$§imulaion (seeFig. 5.8.1) [98].

Increased

Physics computational
(characteristic flow features of cost and level -
particular flow) of resolution Direct Numerical Simulation No turbulence
# model
A =
. . Only subgrid
Simulation accurency Large-Eddy Simulation J turbulence modelling
(flow features to capture vs.
complexity of turbulence model) Reynolds stress model Second-moment
closure
4 Two-equation models ™
R Sheer stress transport k — w
esources Standard k —w
(computational power Realizable k — &
available/affordable) RANS-based RNG k —¢ One-point
‘ models < Standard k — & > statistical
. modelling
One-equation models ” e
Turbulence model SpaL:rl-AHmaras First-moment
(choice of turbulence model and closures
near-wall treatment) Zero-equation (algebraic) models
Prandl's mixing-length model
‘ - Uniform turbulent viscosity
J
Simulation Level of

approximation

Fig. 5.8.1 Characterization of modelling process amdoverview of RANS turbulence models

Although the use of LES in industrial settings is anticipated to grow in the coming years,
its current computational demands, similar to those of DNS, make it impractical for routine
applications. As a resulhoth industry and academia often rely on even more simplified
turbulence models to meet practical constrgB$ RANS turbulence models can be generally
divided into two classes, the Reynolds Stress Models (R&M Eddy Viscosity Models
(EVM). Eddy viscosity models are a class of turbulence models that are used to calculate
(model) the Reynolds stresddq112].

Reynolds Stress Models (RSM) avoid the e#lthgosity assumption by directly solving
transport equations for the individual components of the Reynolds stress@&reong with
an equation for the dissipation raleHowever, the method introduces additionaknowns
that require complex closure models, and the computational cost is significantly higher,
typically involving seven extra partial differential equations. As a result, RSM is often referred
to as a fequation model. Despite its accuracy, ute is limited by numerical instability

and high resource deman@s].
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Reynoldsdecompositionand stress tensor

In 1895, Reynoldg113] introduced the concept of decomposing instantaneous flow

variables into a mean partkt) and a fluctuating pakt'(x,t):

%O %ot  %exfo (5.81)

wheret denotes the instantaneous value of any flasiable (u,p,e,h,T,}) at a given time
t and positiorx. The mean componentis obtained using one of the three Reynolds averaging
methods (time, spatial, or ensemble), with time being the most comayoplied[102].

This approach, known as Reynolds decomposition, separates the mean flow from
turbulent fluctuations through time averaging. The resulting equations, dadgdolds
averaged NaviéStokes equation$RANS), statistically describe the flow. For unsteady
simulations, averaging is done over intervals long relative to turbulence scales but short

compared to changes in tireean flow[98].

Since RANS averages over all turbulence timescales, only the dynamics of the mean flow
are captured. In statistically steady flows, no unsteady behavior is resolved, though turbulenc
effects on transport phenomena are included. As illustratéid.if.82, DNS LES, and RANS
differ in the range of resolved scales: DNS captures all, LES resolves large scales, and RAN:

resolves none, modeling smaller scatestead98].

U4

DNS

.....

RANS

Fig. 5.82 Flow resolved by DNS, LES, and RANS
Source]98]

In RANS, we do not calculate the fluctuating velocity componeahts (Ux\juyNju)j

instead we model them by relating them to the mean flow varislsds w, w,) [112].
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Let 0s consider t he Eg 54pB)r emerentumlEq. Ge@ nt i nui ty
andenthalpyEqg. (5.6.5). If we neglect thé&ody forces term§ g or} g L.u), internal heat source

(4 and kinetic energy terms, the following form of these equations are achieved:

r o

— 10 RN TT (5.82)
T T o
' 0 T o
T 07oQ X oW (5.84)

The Reynolds Averaged variamhtroducemean flow variables

— . J27¢ T (5.85)
'o T 0
"y 000 Ar oW W (5.86)
T "Q .
T 270 Oa A WO (5.87)

which are pretty much identical, except the termsRef/nolds stress tenstk andturbulent
heat fluxgR appearThis introduces six new unknowns, which are the components of the tensor

T} waxg andthree new unknown turbulent heat fluxes to the energy eqat@h

O@xdadxxo@BE

W "00 Ro@deOBRO @@ (5.88)
O@axxoxd@xxO0@E
o Pfe
A 76 6 & (5.89)
O Pte

The incompressiblevariant of H. (5.86) was first derived by Reynoldg113] in 1895

and is very similar to the original Navi&tokes equations apart from the t@rpwds

The RANS equations are inherently incomplete because the Reynolds stress components

are unknown, making additional closure equations essential. These stresses, arising from
nonlinear convection in both momentum and energy transport, link the mean and fluctuating
velocity fields and refl ect t Deriingtheandieetlfj s st r onog
from the conservation equations leads to higitder correlations, creating a recursive chain

of new unknowns. Turbulence modeling resolves thigkyessing fluctuating stress terms

solely in terms of mean flow quantities, which is the central aim of RANS appi@®&ch02]
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Boussinesdhypothesisand eddy viscosity

The formulation of Reynolds stress tensor models frequently draws upon the Boussinesc
hypothesis[114], which was first introduced by Boussinesq in 18[AZ45]. In a manner
comparable to the treatment of viscous stresses in Newtonian fluid tloats[108],
this approach presumes that the Reynolds stresses can be expressed as a linear relationship v
the gradients of the mean velocity field:

" 00 (5.8.10)

W "00 ¢ 0 0 s 30

aln
QlnN

New components show up in the equatiwhgree: is the constandf proportionalitycalled
the eddy turbulent viscositgnd k is the turbulent kinetic energ¥ddy turbulent viscosity
€t Is anatrtificial term andit controls the strength of diffusiofrurther modelling is needed
to calculateet and it is done by thehosereddy viscosityturbulence moddiL12].

The turbulent kinetic enerdyis defined as

ko) §<>:1> (5.811)
Turbulentheatf | uxes are obtained by anal ogy with

A "6 04 Y &6 Y (5.812)

whereg; represents the turbulent therntainductivityand a; is turbulent thermadliffusivity,

which value is derived from the formulation of the selected eddy viscosity turbulence model.

Under these assumptions, determining Reynolds stress components becomes a matt
of computing the turbulent kinetic energythe turbulent viscositg:, andthe turbulent thermal

conductivitya (in the compressible flows onl{98, 102, 112]

Eddy viscosityturbulence models

Many approaches for calculating the Reynolds stress tensor rely on simplifying
assumptions based on the Boussinesq hypothesis, which introduces the concept of edc
viscosity. Therefore, a key part of turbulence modeling is to determine this turbulesityisco
In the context of RANSased turbulence models using the eddgosity framework,

the model essentially consists of the equations required to compute this vig@&jsity
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Turbulence models are categorized by how many extra partial differential equations
(PDEs) they solve alongside the RANS and continuity equations. Instead of detailing every
RANS turbulence model and their governing equations, a concise overview of taitaapes

and disadvantages providedin Tab.5.8.1.

Tab. 5.81 RANS turbulenceno d eolesvidw[98].

Turbulence model

Advantages

Limitations

Zero-equation models
mixing-length model

These models are highly economic
in terms of computational resourc
and are suitable for simulating a sm
range of flow types.

These models do not capture the transj
of turbulence scales effectively, ar
estimating parameters like the mixir
length is challenging. Thus, they are r
versatile for general turbulence modelir

Oneequation models
k-algebraic model,
SpalartAllmaras model

They offer a balance betwee
simplicity and effectiveness, makin
them efficient for certain limited flow
scenarios.

Using a single algebraic relation for tt
turbulence length scale can be t
limiting. The transport mechanisms
this length scale are often ignore
reducing the model
capture turbulence behavior.

Two-equation models
standardki U

RNG ki U

realizable kU
standardi ¥

kiv SST

These models are comprehensive,
they predict both the velocity field an
the turbulence length scales throu
transport equations. They a
straightforward costefficientandare
widely used in engineering due
their reliable performance, especial
for analyzing trends.

These rely on the eddyiscosity
assumption and consider turbulen
viscosity to be isotropic, which limit
accuracy. Important physical process
such as convection and diffusion of she

" stresses are typically neglected.

Reynolds stress models

(RSM)

Designed for complex turbulent flow
where simpler models struggle, the
models consider anisotropi
turbulence effects. They provid
enhanced accuracy for challengil
flow cases such as swirling flows

These are computationally intensiv
involving up to 11 additional transpo
equations. The complexity of the closu
terms can lead to inaccuracies in cert
flow situations, and the models dema
significant computational resources.

The most popular eddy viscosity modelsed by researcheme SpalartAllmaras
1-equation mode(1994)[116, 117]and 2 equation models, such asunder & Spalding
ki 0(1974)[118], Wilcox ki ¥ (1998)[81, 119]a n d
(199%) [120, 121] which utilizes the original k¥ model in the inner region of the boundary

M ekinyt skear&tsess transpo8T)

layer and switches to the standafdJkodel in the outer regidi108, 111]

In the context of external aerodynamic floleemmonly employed turbulence models
include the SpalarAllmarasand the tweequation k¥ Shear Stress Transport (SST) model
developed by Menteare the predominant choices for aerodynamic flow simulatidr22].

Among these, theiky SST model is considered the most versatile, with studies indicating
it generally provides enhanced accuracy when predicting boundary layers subjected to both zero
and adverse pressure gradients, as well as free sheafXiblyd 23]
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Therefore, he turbulence model chosen for the study Wias SST, which is widely
accepted ashe industry standard. This turbulenceodel offers better predictions of flow
separation compared to most RANS models and demonstrates satisfactory behavior in adver:
pressuregradient scenario$l24, 125] Moreover, it provides more accurate predictions
of the creation, trajectory, and breakdown of edgagmented vortices[126],
making it the preferred choicéor external aerodynamics simulations where separation
is importanf121].

TheMe nt ki &STare given g Eq. (5.813) and Eq. (5.814) [127, 128] along with
turbulent eddy viscosity biq. (5.8.15) andturbulent thermal diffusivity by E(5.8.16):

% 2"0"Q 20 — QU0 1717 (5.813)
T "—| ” ‘ ‘ r 5 » " ” 7
‘ @ Q 5.81
& & o) FYO (5819
W el (5.816)

wherek is turbulent kinetic energyg is specific dissipation rate turbulent eddy kinematic
viscosity(3: = €/} ), Pxis the production rate of turbulent kinetic energys the blended model

constantF,, F2 are blending functionandSis the magnitude of strain rate tensor

The model constants are providediab.5.8.2, while the nested equatioase given by:

0 ¢ oY xEAOK VD] AT A g o0 (5.817
rg p O (5.818)
0 6 ERGI QO @@ anaawﬁﬁfﬁ;T”ﬁ T 2 (5.819)

adw”, L2 oifpn

O 0@ & wa h—— (5.820)

wheres is the kinematic viscosity andis the distance to the closest wall (m) in each cell.
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Tab. 5.8.2 Constants of thki ¥ SST model

Constant Value Description

Te 0.09 Decay coefficient for turbulent kinetic energy

1 0.075 ¥ destruction coefficient near the wallk¢kmodel)

f 0.0828 v destruction coefficient away from wall-{model)
0.85 Turbulent Prandtl number for k diffusion near the wal
1.0 Turbulent Prandtl number for k diffusion in free strea
0.5 Turbulent Prandtl number far diffusion near the wall

" 0.856 Turbulent Prandtl number far diffusion in free stream

r 5/ 9.555 Production coefficient near the wall-})

r 0.44 Production coefficient away from the wall-{k

@ 0.31 Coefficient used in turbulent viscosity definition

01 0.7-0.9 Turbulent Prandtl numbearovided to CFD codby user

5.9 SOLVER-SPECIFIC FORMULATIONS OF THE NAVIER | STOKES EQUATIONS

As previously mentioned, since the primary objective of this study is to capture time
averaged flow phenomensuch as separatianduced leadingedge vorticegand to compare
aerodynamic coefficients with experimentally averaged data, a sstatey{129] RANS

approach is adopted as the appropriate modeling strategy.

For this reason, steadyate RANS simulations were conducted usibgenFOAMs
built-in solversbased oisemilmplicit Method for Pressure Linkd@IMPLE) algorithm[130],
such assimpleFoami which is an incompressible, steaskate pressurebasedsolver used
at the beginning of the study tgsass the local Mach numbers reached by the vortex flow,
and rhoSimpleFoami which is a ompressible, steaestate densitybased solver used
afterwards in order to accurately captuogtex structures and account for compressibility

For steadystate compressible flows, as implemented irtiosSimpleFoansolver[131],
the temporal derivatives are set to z¢@O t= 0) and body forcesterms (3g or jg L u)
are explicitly neglectedThe energy equation iglso reduced byinternal heat source 1)
and kinetic energy is handled implicitly in momentum equafldms leads tohefinal form of:

Continuity oY n (5.91)

Momentum "0 0 n o9° ¢ 0 S ot - D (5.92)
o

Energy 270Q OA IV (5.93)

Turbulent _ ‘ o _

kinetic 270Q 2/ — M0 11 7Q (5.94)

energy "

Dissipation i . [ o~ .

rate ARy 3 — 1 —0 17 ¢cp O— O (5.95)
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For incompressible steadgyjate flows, represented by tkanpleFoamsolver [132],
further simplifications are made. The density is assumed conasaatyesult, the continuity
and the momentum equationare further reducel by dividing them by density}.

The new continuity equation also reducestthee (volumetric part)f viscous stress tensbir

Continuity S | (5.96)
I : n o,

Momentum 0D ¢ = 0] 0 0 = o (5.97)

Turbulent . ’ D ~

kinetic 2070 2' — Q — 1797 (5.98)

energy "

Dissipation , ’ [0 w7 ~

rate 991 0 — 1 % 11 ¢p 0= @] (39

wherethe only new component ithe kinematic viscosityg = €/} and sincesimpleFoam

is a pressurbase solver it solves for kinematic pressyke=(p/} ) [133].

In reality, an ideal incompressible flow does not exist. When modeling problems where the
fluid velocity is substantially lower than the speed of sqitnd common practice to neglect
compressibility effects and density variations caused by pressure waves for the sake
of computational simplicity. From an engineering standpoint, this approach is valid
for Ma 00.3[134] (seeFig. 5.9.1) or density changes below F#35].

1 -

aded zone is where the value o
p[ p,is greater than 0.95

0.9+

0.8

0.7

0.6

Density ratio, g/ p,

0.5

For Mach numbers less than 0.3 then
the flow is essentially incompressible

0.4 T T I" T T T

0 0.2 0.4 0.6 0.8 1
Mach number, Ma

Fig. 5.9.1 Density ratio change as a function of Mach Number

Density changes induced by pressure drops and temperature variations are accounted for by t

equation of state, whidmks the relationship between density, temperature and pre€djre
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5.10BOUNDARY CONDITIONS

The threedimensional NaviéiStokes equations involve dependent variables such
as the velociticomponentslk, uy, U; and thepressurep. Depending on the flow conditions,
boundary condition€BCs)can be specified in various wagsdare as crucial as the differential
equations that define the overall system. The simulation results depend not only on the

differential equations themselves but also significantly on the boundary conditions §fjlied

Each BC carries physical significance, which is mathematically expressed through
an equation that, within the context of numerical methods, must be translated into an algebraic
relation. For instance, the inlet boundary condition characterizes a known flow behavior where
velocity and pressure satisfy specific physical constraints represented by appropriate
mathematical expressions. These include Dirichlet and Neumann conditions, which must
be defined to I|Iink the mathemati cal mo d e | W i
The implementation of these conditions affects the correspgpnaiathematical operator
or term involved (e.g., divergence, Laplacian, gradient). Consequently, the fundamental types
of BCs are Dirichlet {ixedvalue), Neumann ZeroGradientor fixedGradien), and Robin
conditions, the latter representing a combination of the first two &%

A boundary condition specifying a known value of the variabig corresponds
to a Dirichlet BC {ixedValug, which can be defined as folloys36]:

%0 %o (5.101)

A boundary condition specifying the gradient (increment) of the vartafleorresponds
to a NeumanBC (fixedGradien}, which can be defined as folloys36]:

% %o YN %o
T %o (5.102)

n 10 —
T €

Meanwhile, Robin BC can be expressed using the following formulfitR6j:
%0 0 %o p U %o Y %o (5.103)

wheret ¢ is the value of the variable at the cell face (face valug),is the specified (known)
value of the variable!. is the value of the variable at the cell center (cell value),
Nt IS the specified (known) gradient of the variablejs the weighting factor or value

fraction, pis the distance between the cell center and the cell facet@famdl distance).
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When defining thé&Csof a computational domain, the complete set of flow parameters
is rarely known|f the flow velocity or pressure is known at the inlet or outlet, a Dirid(&t
is applied. In external flowshe inlet velocity is often specified, while the outlet velocity
remains unknown, in which case a Neumd is used.Derivative forms of these two
boundary typesgclassified as RobiBCs)include thenletOutletandfreestreanformulations.
These operate by switching between Diriclel@dition(freestreamValuer inletValug when

the flow enters the domaand Neumannondition(zeroGradieny, if the flow exitsthe domain.

An inlet BC can be formulated as a Dirichlet condition when the velocity is specified
(ur = urer) or when the mass flow rate at the inlet is knd@n= 0 ef). The inlet state may be
defined either as the mean flow normal to the boundary surface or in terms of velocity
components. The chosen formulation can influence the final simulation results to some extent
As an alternative to prescribing inlet velocity, a pres@&Cemay be applied when the inlet
pressure is knownimplemented as a Dirichlet conditiofpr = pref), While the velocity
is unknown, in which case a Neumann condition is (&atD r+ 0) [98].

For the outlet, the standaBIC for the velocity variableu is most often a Neumann
condition(n = 0, Qu/Cn = 0), which implies that the value at the boundary remains unchanged
relative to adjacent mesh cells. Pressure outlet conditions are frequently used
to define static pressure at exits and can improve convergence in cases where backflow occu
during iterations. Such pressure outlet conditions when neither inlet velocity nor inlet pressure

details are fully known prior to solving the flow fi€l@8].

A wall BC may be defined as eithslip or noSip. ThenoSip condition, a form of the
Dirichlet BC, assumes zero relative velocity between the wall and the fluid, functioning
identically tofixedValue For highReynoldsnumber turbulent flows, this condition remains
valid. However, mesh resolution near the wall is often insufficient to resolve it directly, in which

case wall functions are employed to model nealt velocity and shed©8].

Thesymmetryor symmetry planeBC is used when the geometry or the physical problem
exhibits symmetry. Applying symmetry can simplify computations and significantly reduce
simulation time Mirror symmetry can halve the computational domain, cutting computational
costs However, symmetryBCs do not guarantee a symmetric solution, and reducing
a 3D simulation to 2D can yield misleading results if the symmetry is incorrectly defined

or physically inappropriate for the problem at h§ol.
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In high Reynolds number flows, the use of wall functions is often necessary,
as the numerical mesh requirements for fully resolving the-wekrregion become
increasingly demanding and can make simulations computationally prohibitive. At such flow
conditions, the boundary layer is extremely thin, and the outer flow can be apatedi
as inviscid, with viscous effects confined to a narrow region adjacent to the wall. In these cases,
wall functions can be used to approximate the velocity profile withs iearwall region,

enabling efficient simulations without the need to fully resolve the entire boundary layer.
In this studyfour OpenFOAMswall-function formulations are employ¢ti37, 138]

1 thenutkWallFunction BC [139], which provides a wall constraint on the turbulent
kinematic viscosityrfut), based on the turbulent kinetic energy for both low and high
Reynolds number turbulence models. This condition inherits the traits
of thenutWallFunction which in turn behaves adigedValueboundary condition.

1 the nutUSpaldingWallFunction BC [140], which also inherits traits from
the nutWallFunctionbutus es t he Spaldingdés | aw to model
the boundary layer. It is preferred in highcases, where the first cell may not lie
in they™ > 30region, because it covers the entire Agall region.

1 thekgRWallFunctionBC [141], which implements a wrapper around treroGradient
condition, applicable to the turbulent kinetic energ)y for the cases of high Reynolds
number flow using wall functions. ThHeRWallFunctiorcondition inherits the traits
of thezeroGradienBC.

1 theomegaWallFunctionBC [142], which proviges a wall constraint on the specific
dissipation rateX) and on the turbulent kinetic energy production te@) {or both low
and highReynolds number turbulence models. This condition inherits the traits
of afixedValueBC.

These modern, automatic wdlinction formulations [143] are y* insensitive
and incorporate blending functions that adapt to the local -nadir flow regime.
Unlike traditional wall functions, which assume that the first cell lies within the logarithmic
layer of the boundary layéy* > 30), these formulations can automatically transition between
viscous sublayer treatment anddagv behavior depending on the logalvalue.Consequently,
they remain applicable even when the first cell lies within the viscous sulfidyer 1),
providing a reasonable approxation of neawall turbulence without requiring manual

parameter adjustments.
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5.11 DIMENSIONLESS PARAMETERS

Addressing reaWorld problems requires careful attention to numerous factors and how
they interactAltering one parameter may produce different effects than changing another.
Describing the behavior of air or other fluids is particularly challenging because they deform
as they move, especially around objeetkich isa core focus of fluid dynamics. These fluids
exert forces and moments on objecte flow patterns and their impact on a body
are influenced by the boeétpthasflowAud preperteesisdchi t s
as velocity, density, viscosity, temperature, pressure, and speed of sound play a critical rols

in determining these forc¢$35].

One way to approach such fluid dynamics problems is to use the fundamental equations
that govern fluid motion, known as the Navi&okes equations. These nonlinP&Esform
the foundation of CFDAN alternative approach is experimental, such as measuring the forces
on a body in a wind or water tunnel to empirically determine how fluid properties affect it.
In principle, either computational or experimental methoda combination of bt can reveal
the mutual influences of fluids and bodies. Nevedsgl systematically varying each parameter
to understand cause and effect can be extremelyammsumingThis is where dimensionles

parameterare essential for understanding and predicting aerodynamic be[i8bqr

Dynamic similarity dilemma

Dynamic similarity is the central idea that a sdale experiment (or simulation)
can reproduce fulcale physics when the relevant stimensional parameters are matched.
It builds hierarchically on two prerequisitds35]:

1 geometric similarityy model and fullscale share the same shape, related by a scalg factor

1 kinematic similarityi the motion/velocity fields scale appropriately

When these hold, dynamic similarity requires equality of the ratios of all forces and moments
that matter (inertial, viscous, pressure, elastic, gravitational, surface, etc.). In practice,
this is enforced by matching the governing similarity parameters obtained via dimensional
analysis (Buckinghairi). For aerodynamic problems, the dominant oneRay@olds number

(R, which is the balance of inertia vs. viscosity, governing boundiaygr state, separation,

and transition as well adviach number(Ma), which sets compressibility, shock/expansion

behavior, and pressufield propagatiorj135].
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If the relevant groups are identical in two flows, then

1 streamline patterns are geometrically similar,
1 nondimensional field quantitiesollapse versus nedimensional length,

9 force/moment coefficients (e.G., Cp, Cm) match.

Wind tunneland watertunnel models are smaller (smal®r which reducesReynolds
numberunlessflow velocity u and/ordensity or viscosity} /€) are increasedncreasing flow
velocity in orderto recoverReynolds numbesften pushe#lach numbetoo high.

In the case of theCFA Phantomfighter aircraft model with mean aerodynamic chord
of 7.69 m and flow velocity of 66.6 m/s, the Reynolds numbBeis 3 . 5 and the Mabh
number isMa = 0.2 (essentially incompressible flow).

By scaling the model to 1/46 scale dndkeeping the flow velocity at 66.6 m/s, the Reynolds
number becomeRe = 7 2 (6v® orders dfGnagnitude lower), even though the Mac
number remains matched. Recovering Reynolds number by speed alone would therefore require
roughly 46 times the velocity (3066 mMa a 9), which breaks the intended compressibility
regime. This is the archetypal coupldtd Ma constraint that prevents full similarity

in conventional tunnels.

There are, of course, workarounds to this problem, such as increasing density and/or reducing
viscosity. Options include pressurized air, cryogenic air, refrigerant gases, or water.

Waterds kinematic viscosity -tusnel modelsuanhnodest/ 1 5
speeds can reach high Reynolds numbers. However, Mach similarity is impossible for air

vehicles, as the speed of sound in water is roughly four times higher irhaiir,

so compressibility cannot be matcH&a5].

Cryogenic/pressurized tunnels (e.g. European Transonic Wind Tunnel (BE#¥)145) use

lower temperatures and/or raised pressure, which boosts Reynolds number dramatically
at controlled Mach number, enabling clog& Ma matching with moderate model sizes,
though at significant operational cost and complexity. Realistically, this is the only way to
match fullscale flow characteristics, but it remains outside the financial scope for most
individual scientists. Because tiis, perfect similarity is rarely achievable, which is why

engineers and scientists often pursue partial similgr&9].
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Reynolds number

The Reynolds numbequantifies the relative influence of inertial forces compared
to viscous forces in a flowt allows flows to be classified as laminar or turbulent, predicts
boundary layer behavior, and shows how viscosity affects aerodynamic performance.
By considering Reynolds number, one can also scale experimental results from wind tunnel
to reatworld conditions [135]. When classifying flow regimes, the Reynolds number
is commonly employed as a dimensionless parameter, defined as:

e " < JA e )
YQ — — (5.111)

where} is reference fluid densityc is characteristic lengthy flow velocity, € is dynamic

viscosityands is kinematic viscosity.
Based on the Reynolds number, flows are typically categorized into three regimes:

1 laminar flowi dominated by viscous forces, exhibiting smooth and orderly fluid motion,
1 transitional flowi exhibiting instabilities leading to turbulence onset,

1 turbulent flowi dominated by inertial forces, characterized by chaotic motion.

Fig. 5.111 illustratesthe characteristic transition from laminar to turbulent flow.

u
—> | Laminar boundary Transition Turbulent boundary
— layer region layer
—l
R u
— S
— u P -
— = = ~N |y < /A Turbulent
—h /‘ N layer
— == ooe (m el ‘) 7N o Overlap L
— S ::1 : J\u = ,\‘\;1\//’/\ = 7 : BZ?fref‘l)ayagl‘er
_>0 ~ ™~ D

5 Viscous sublayer
Boundary layer thickness

Fig. 5.111 Characteristics of the lamingo-turbulent flow transition

Mach number
The Mach number provides a measure of how compressibility affects a flow
by comparing the flow velocity to the local speed of sound. This makes it a key parameter

for distinguishing between subsonic, transonic, supersonic, and hypersonic regimes,

as well asinderstanding phenomena such as shock wanv@sompressibility effec{d35].
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The Mach number is defined as the ratio of the flow velocity at a given point to the local speed
of sound in the same fluid under the same conditions. Mathematically, it is expressed as:

Q o
® W IYJY

(5.112)

whereu is theflow velocity, V is the speed of sound,is the adiabatic index (1.4 for dry air),

Ris the specifiqgas constant anflis the absolutéemperature.
Based on th&lachnumber for slender bodieBows are typically categorizeas[91]:

1 subsonic(Ma < 0.8)1 flow is slower than the speed of sound, compressibility effects
are generally small,

f transonic(0.8OMa O1.2)i this range is where some parts of the flow may locally reach
supersonic speeds while other parts remain subsdtie. flow is highly sensitive
to compressibility effects; shock waves may appear.

1 supersonidMa > 1.2)i flow is entirely above the speed of sound. Strong shock waves and
expansion fans are present.

1 hypersonic (Ma O 5) i occurs at very high speedsvhere aerodynamic heating,

strong shock waves, and regds effects become dominant.

Fig. 5.112 shows the different Mach number ranges, including subsonic, transonic,

and supersonic flow, along with a distinct boundary between incompressible and compressible

flow.
Sound barrier
Ma =03 Ma =1
Incompressible flow : Compressible flow
L] s ] Ll wEn ] >
E Subsonic ' E E Mach number
:‘_ ''''''''''''''' » ' '
' Transonic - Supersonic : )
Ma=0 : ' H Hypersonic
Ma=08 (€T - ——- —

Ma=12 Ma>5

Fig. 5.112 Classification of different regimes in compressible flow.
Source[146]

Unfortunately, full dynamic similarity between the CFD and water tunnel studies was not
achievedandonly partial similarity was obtained. Nevertheless, the results remain comparable,

and the underlying reasons for this are discussed in detail inthessiorchapter
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Aerodynamic coefficients

Non-dimensionalization allows forces and moments to be scaled relative to the flow
velocity, fluid density, and reference area or length, making results comparable across

experiments and simulations.

To enable meaningful comparison between different test cases, flow conditions,
and geometries, the data presented in this dissertation are expressedimemsional form

as aerodynamic coefficients

Y 0 0 0 ©O o} 0 o] o] (5.113)

. ]
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. 0

6 5 (5.115)
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° 5o (5.118)

0 i 5.119
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n

iy e (5.1111)

where R denotesthe aerodynamic force and, A, L and D represent thenormal, axial,

lift and drag forces respectively with dimensionless coefficient€n, Ca, C. and Cp.

The pitching moment islenoted asPM with coefficient Cu. The wng referencearea

is Aref and c is the characteristic length, which in this stuttyrresponds tavingd snean
aerodynamic chordlhe skin friction coefficienCs is defined from the local wall shear stress

Zw normalized by the dynamic pressy€ which in turn is determined from the reference
density} and the squared velocity magnitudél he last parameter, the pressure coefficignt

is defined as the difference between the local static pressure and the freestream static pressu

normalized by the freestream dynamic pressure.
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VI. NUMERICAL MODEL IMPLEMENTATION

6.1 SIMULATION SETUP

The typical case in OpenFOAM consists of thiéowing folder structurg147]:

fvSchemes
fvSolution

- i constant

t ... Properties

|_j| polyMesh

points
faces
owner
neighbour
boundary

L |__:| time directories

E controlDict

Fig. 6.11 OpenFOAM standard case directory structure.

The constantdirectory stores casadependent input, including the computational mesh
(polyMesh and physical model definitions (e.gahysicalPropertiesmomentumTransport
Within polyMesh the boundaryfile enumerates all mesh patches, giving their name, type,
number of faces, and first face index. These geometric boundaries are later referenced

in theO/ folder to prescribe solvespecific boundary conditions.

The systemdirectory defines the numerical setup. It normally contaiostrolDict
(run parameters such as start/end time, time step, and data oulygbithemes
(spatial and temporal discretization methods), #&flolution (linear solvers, tolerances,
relaxation factors, and algorithmic controls). Together, these files determine how the equations

are advanced in time and space.

The time directorieshold field data at discrete simulation times. The initial folder
0/ contains usedefined values and boundary conditions for all primary variables
(e.g.,0/Ufor velocity,O0/pfor pressure). Subsequent directories are written automatically during
the run to record results. Even for steatigte problems, all fields must be initialized

in 0/, since OpenFOAM requires a consistent starting state.
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6.2 SIMPLE ALGORITHM

The SIMPLEalgorithm is widely employed for computing steeastgte solutions in CFD.
It is particularly suited for flows that asymptotically reach a steady condition, where all flow
variables become timi@variant. In addition,jt can be applied to mildly unsteady cases,
providing approximate results at significantly lower computational cost compared to fully

transient approach¢$29]. The sequence for each iterationrSIMPLE algorithmfollows:

Advance to the next iteratidre t + 1.

Initialise u; + 1andp; + 1 using latest available valueswandp.
Construct thenomentum equations

Underrelax themomentum matrix

Solve the momentum equations to obtain a prediction;férl.
Construct thegressure equation

Solve the pressure equation fpr 1.

Correct the flufort; + 1.

© © N o g s~ w P

Underrelaxpi + 1.
10.Correct the velocityor u; + 1.

11.1f not converged, go back to step 2

START i =0 ——1WHILE i < igyq
=141

Energy Ve(ul') - V(aVT)=r
under-relax, solve for T’

Momentum

- A+su-b Egq.(5.21)
under-relax matrix eqn

Momentum

Au—-b=-Vp

predictor
| solve for u

Pressure 1 H(u)
equation W Zvﬁ =" [ A ]
solve for p
Flux _ ! H(u) (|Sr| l ¢t
corrector L Sf; ( A )r_ 7)[Vnpf
under-relax p

Momentum _ Hu) lV u
corrector =g avP

ENDWHILE

Solution: p,u,¢s, T

Fig. 6.21 SIMPLE algorithm diagram.
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6.3 DIMENSIONLESS WALL DISTANCE (Y+)

Turbulent flows are a very common phenomenoc@ib and are significantly influenced
by the presence of walls. Accurate representation of thewedhlayer is crucial for successful
prediction of turbulent flows confined by walls. To handle theseslregion, two approaches

are commonly used

The first approach is watksolved turbulence modeling, which modifies turbulence
models to resolve the entire negall region, including the viscous sublayer. In this case,
the first cell center must be located within the viscous sublayer (idegfl{4a), which requires
a highly refined mesh with a very large number of cells. Solving such meshes therefore requires

significant computational resources

The second approach is to use wall functions, which model thewadlaregion.
Wall functions are empirical equations derived from experimental data and are used to simulate
physical phenomena near the wall. When using wall functions, the first cell layer must
be located in the logarithmic region to ensure accurate results. Wall functions serve to bridge
the area between the wall and the fully turbulent region. Using wall functions eliminates
the need to resolve the boundary layer directly, signifigantducing the size
of the computational mesh and doma80 €y* < 300 [148].

One of the most important parameters for assessing the applicability of wall functions
is the dimensionless wall distangé[108]:
. QWD
[ — (6.31)
where ug is the friction velocity of the fluid,y is the thickness of the first cell layer

ands is thekinematic viscosity of the fluid.

The dimensionless wall distangé can be interpreted as a local Reynolds number.
Its magnitude indicates the relative importance of viscous and turbulent processes.
Different turbulence models, and the corresponding wall functions, require diffénaalties.
However, if the logarithmic region is resolved geometrically by the mesh, wall functions
are not needed. The obvious drawback of this approach is that, depending on the simulation,
very lowy"* values can be difficult to achieve during the initial mesh generation and may even

be unesirable, since part of the mesh might lie outside the logarithmic region
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Three main neawall regions can be distinguished, which determine how the velocity

profile is calculated:

{1 viscous sublayenf < 5), whereflow is dominated by viscosity. In this layer, Reynolds

shear stresses are negligible, so:

6 O (6.32)

buffer layer 6 <y* < 30), which is atransitioral region between the viscous sublayer and
the logarithmic region. Viscous and turbulent stresses are of comparable magnitude, and th

velocity profile is not weHldefined. Wall functions avoid placing the first cell in this layer

logarithmic region 30 <y* < 300, where the flow velocity profile changes slowly

according to a logarithmic function along y. This region is described by:

6 —a& b (6.33)

here y" is the dimensionlessall distance,/\k = 0.41is theKarman constarandB = 5.2is the

log-law additive constant.
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""""""" Logarithmic
layer
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|
|
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Fig. 6.31 Nearwall layers and the logarithmic wall law curve
Source]135]
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Depending on whether the problem is solved using wall functi®dds<fy/* < 300 or fully
resolving the viscous sublayer' (< 5), an appropriatg* value can be selected. This allows
the thickness of the first neamall cell, y, to be calculated before mesh generation,

using arearrangement dgq. (6.3.1) [149]:

(6.34)

where ug is the friction velocity, y is the first layer thickness) is the fluid density,

¢ is thedynamic viscosityands is thekinematic viscosity.

The friction velocity is defined as

0 T— (6.35)
wherely is the wall shear stress, given by:
b5 o2 (6.36)

C

Here,C: is the skin friction coefficientwhich can be chosen based on the flewor. flows with
Re<1®, Schlichtingo4d108ior mul a can be used

6 quéYQ mpou " (6.37)

Substituting these relations gives the final expression for the first layer thigkness
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6.4 NUMERICAL MODEL VALIDATION

In order to develop a reliable mathematical model, validatieas necessary.
For this purpose, a verification of the NACA 0012 airfoil was conducted. The NACA 0012
is a symmetrical airfoil with a maximum thickness of 12% of the chord length, located at 30%
of the chord. The crossection of this airfoil isllustrated inFig. 6.4.1, andthe formulation

describing thiggeometry is provided by E{6.4.1):

© iy iy w @i Tip cip Tio L @@ T Y WO TP T @ (6.41)

Fig. 6.4.1 Crosssection of NACA 0012 airfoil.

Specific information about the validation case can be found on the NASA]
andOpenFOAM[151] websites. The computational model, prepared according tptbeided
guidelines, should yield results very close to the experimental data. Theaadifycation made
to this validation was changing the turbulence model from SpAlartaras to k¥ SST.
To minimize mesh dependency in the results, a converR@diLY Il (2-D) 897 x 257 NASA
mesh was us€ld52]. A graphical representation of the gcan beseen inFig. 6.4.2.

Validation cases simulated external wicaround the twalimensional (2D) airfoil
geometry in steady state. The data on flow characteristics can be folaal @4.1.

Tab. 6.4.1 Flow characteristics of NACA 0012 validation case study.

Label Quantity
Type External 2D steadgtate aerodynamics
Fluid Newtonian, singleohase, incompressibl
Material AiratT= 20AC
Reynolds number Re= 6°8L 10
Farfield Mach number Ma=0.15
Speed of sound V =343.21 m/s
Streamwise fafield flow speed u=>51.4815 m/s
Characteristic length (airfoil chord c=1m
Kinematic viscosity of fluid 3= 8. 59%m%Yd 10

To implement th&i ¥ SSTmodel, two approaches can be utilized. The Rsturbulence
model (no wall functions) is appropriate for meshes with a dimensionlessdisahce
of y* & 1, while the highRe model (wall functions) is mostly suitable for meshitk y* > 30.

In OpenFOAM, certain wall functions are compatible with bgthegions.
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(a) (b)

(©) (d)

Fig. 6.4.2 Mesh for NACA 0012 numerical model validation stu@®} computational domair(p) mesh
around airfoil,(c) leadingedge treatmen(d) trailing-edge treatment.

The NASA grid is reported to hawe < 1, indicating that boundary conditions (BC)
for the lowrRemodel should be implemented. However, both approaches will stiirnpared.
For the inlet and outlet, the freestream ®&srecommendedThe BGs for the NACA 0012
validation can be found ihab.6.4.2 andTab.6.4.3.

Tab. 6.4.2 Boundary conditions for velocitgndkinematicpressuréen NACA 0012 validation case.

BC (field) u, m/s p, m?/s?
freestream freestreamPressurt
inlet/outlet u = (uy, uy) (inflow); np = 0 (inflow);
nu = 0 (outflow) p = 0 (outflow)
left/right empty
. noSlip zeroGradient
airfoil
u=0 np=0
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