


 

 



ABSTRACT 

The dissertation presents a comprehensive investigation of the aerodynamic influence  

of Leading-Edge Vortex Controllers (LEVCONs) on a custom delta wing fighter aircraft 

configuration. Using a combination of computational fluid dynamics (CFD) and low-Reynolds 

water tunnel experiments, the study systematically examines how forebody-to-wing 

configurations, including LEVCON geometry and deflection angles, affect vortex formation, 

trajectory, and breakdown, as well as their ultimate impact on aerodynamic performance. 

Multiple static geometries with varying LEVCON deflections were modeled and fabricated  

to characterize the resulting leading-edge vortices. The CFD results demonstrated clear trends,  

such as increasing LEVCON deflection angles modifies the apex vortex, alters vortex 

breakdown behavior, and affects interactions with strake vortices, leading to measurable 

increases in lift or normal force, as well as pitching moment.  

Complementary water tunnel experiments confirmed that even at low Reynolds numbers, 

LEVCONs effectively manipulate the aerodynamic envelope, confirming their effectiveness  

in enhancing post-stall performance. Quantitative comparisons with conventional LERX  

and strake configurations highlighted the improved performance of LEVCONs, particularly  

in terms of vortex breakdown control, increased maximum lift coefficients and pitching 

moment augmentation. The study also includes post-processed visualizations of vortex 

structures, pressure and skin-friction coefficient distributions, and aerodynamic coefficients  

for multiple configurations, providing a comprehensive dataset characterizing the performance 

of the proposed LEVCON shape across a broad range of operating angle of attack conditions. 

The results conclusively demonstrate that LEVCONs are a highly effective means of enhancing 

aerodynamic forces and moments on delta-wing fighters. By controlling the strength, trajectory, 

intensity, and breakdown location of leading-edge vortices, LEVCONs prove to be a versatile 

tool for optimizing high angle of attack aerodynamics. The combination of CFD analysis  

and water tunnel testing confirms both the robustness of the results and the practical 

applicability of LEVCONs for advanced fighter aircraft design.   

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. 



 

 

STRESZCZENIE  

Praca doktorska przedstawia badania wpğywu kontroler·w wir·w krawňdziowych (LEVCON) 

na aerodynamiczne wğaŜciwoŜci autorskiego modelu samolotu myŜliwskiego ze skrzydğem 

delta. Poprzez kombinacjň obliczeniowej mechaniki pğyn·w (CFD) oraz eksperyment·w  

w tunelu wodnym, dokonano systematycznej analizy, w jaki spos·b konfiguracje sekcji 

dziobowych oraz skrzydğa delta, w tym geometria LEVCON i kŃty jej wychylenia, wpğywajŃ 

na powstawanie, trajektoriň oraz zjawisko rozpadu wir·w oraz osiŃgi aerodynamiczne. 

Zaprojektowano i wykonano wiele statycznych geometrii z r·Ũnymi wychyleniami LEVCON, 

aby scharakteryzowaĺ powstajŃce wiry krawňdziowe. Wyniki CFD wykazağy wyraŦne 

zaleŨnoŜci, takie jak zwiňkszanie kŃta wychylenia LEVCON modyfikuje wiry krawňdziowe, 

zmienia zachowanie rozpadu wir·w oraz wpğywa na interakcje tych wir·w ze sobŃ, co prowadzi  

do mierzalnego wzrostu siğy noŜnej lub siğy normalnej, a takŨe momentu pochylajŃcego. 

Komplementarne eksperymenty w tunelu wodnym potwierdziğy, Ũe nawet przy niskich liczbach 

Reynoldsa LEVCON skutecznie wpğywa na wğaŜciwoŜci aerodynamiczne, potwierdzajŃc  

ich efektywnoŜĺ w poprawie przed i zakrytycznych kŃt·w natarcia. IloŜciowe por·wnanie 

wynik·w z konwencjonalnymi konfiguracjami skrzydğa pasmowego wykazağy lepsze osiŃgi 

skrzydeğ wyposaŨonych w LEVCON, w szczeg·lnoŜci w zakresie kontroli rozpadu wir·w, 

zwiňkszenia maksymalnych wsp·ğczynnik·w siğy noŜnej oraz modyfikacji momentu 

pochylajŃcego. Badanie obejmuje r·wnieŨ wizualizacje struktur wirowych, rozkğady ciŜnienia 

i wsp·ğczynnik·w tarcia powierzchniowego oraz graficzne przedstawienie wsp·ğczynnik·w 

aerodynamicznych dla wielu konfiguracji, dostarczajŃc kompleksowego zestawu danych. 

Wyniki jednoznacznie wykazujŃ, Ũe LEVCON jest skutecznym narzňdziem zwiňkszajŃcym siğy 

i momenty aerodynamiczne w myŜliwcach ze skrzydğem delta. Poprzez kontrolowanie 

trajektorii, intensywnoŜci oraz miejsca rozpadu wir·w krawňdziowych, LEVCON  

jest wszechstronnym narzňdziem do optymalizacji aerodynamiki przy duŨych kŃtach natarcia. 

PoğŃczenie analizy CFD z testami w tunelu wodnym potwierdza zar·wno solidnoŜĺ wynik·w, 

jak i praktycznŃ przydatnoŜĺ LEVCON w projektowaniu nowoczesnych myŜliwc·w. 

PodsumowujŃc, praca doktorska przedstawia rzetelnŃ i pozytywnŃ ocenň technologii 

LEVCON, wykazujŃc, Ũe znaczŃco zwiňksza ona osiŃgi aerodynamiczne oraz dostarcza 

kompleksowego zestawu danych, kt·ry moŨe posğuŨyĺ do przyszğego projektowania, 

optymalizacji i wdraŨania aktywnych system·w kontroli wir·w. 
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I. INTRODUCTION  

Throughout the years, there have been many innovations and iterations of aerodynamic 

solutions or mechanisms integrated into aircraft wings [1]. The 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 span-wise flow, or enhance the angle of attack capabilities of the aircraft [2ï7]. 

Many of these mechanisms were either developed or improved thanks to advancements in 

organizations connected with military aviation, which is a key segment of aviation,  

due to the high focus on technological superiority, as well as research and development (R&D). 

The introduction section of the dissertation thesis focuses on attempting to clarify  

the concept of vortex management and basic aerodynamics of vortex lift. In the 1970s  

and 1980s, NASA Langley Research Center conducted many foundational 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 short-field landings.  

The term ñvortex managementò formulated during that time and it involves the deliberate 

control and organization of concentrated, stable vortex structure, often generated by flow 

separation over highly-swept wings or slender fuselage sections at elevated angles of attack. 

The main purpose was to improve aerodynamic efficiency and maneuverability in advanced 

transonic and supersonic aircraft designs [8]. 

Since then, vortex management has been a cornerstone of high angle of attack 

aerodynamics, particularly in delta wing configurations where the generation and control  

of leading-edge vortices can significantly influence lift, stall characteristics, and overall 

maneuverability. As next-generation fighter aircraft continue to evolve, the ability to control 

and manipulate vortical flow will remain critical, not only for agility in close-range 

engagements, but also for improved takeoff, landing, and energy management across the flight 

envelope. 

The vortex management solutions that the dissertation thesis focuses on include vortex 

lift modulation with forebody extensions, also known as strakes, leading edge extensions (LEX) 

or more commonly used term, leading-edge root extensions (LERX). The improvement that  

the author aims to defend touches on the topic of articulated vortex lift augmentation  

via trending, but not yet thoroughly studied, device called leading-edge vortex controller 

(LEVCON). 
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1.1 LEADING -EDGE ROOT EXTENSION  

Leading-edge extensions are tried and tested aerodynamic solutions of vortex 

management in fighter aircraft. They are essentially a highly swept delta shaped extension, 

which are an integrated prolongation added to leading-edge of trapezoidal wings with moderate 

sweep and aspect ratio (AR). One of the first usage of LEX can be found in Northrop F-5A, 

which had its first flight on 30 July 1959, though the device was vastly improved in the later 

variant F-5E, which had its first flight on 11 August 1972.  Fig. 1.1.1 illustrates the F-5E Tiger 

II variant with visible LEXs and vortices generated by them. 

 

Fig. 1.1.1 Northrop F-5E Tiger II with visible leading-edge extensions and vortices generated by them. 

Source: [9] 

However, as shown in Fig. 1.1.1, the implementation of LEX on the F-5 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 on later-generation 

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 F-16, F/A-18, Su-27, and MiG-29, which are shown in Fig. 1.1.2. In strake wings, 

vortex generation largely depends on the aircraftôs angle of attack, and their effectiveness 

increases at higher angles [10]. LEX (often called strakes) 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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(a)  

 

(b)  

 

(c)  

 

(d)  

Fig. 1.1.2 Strake vortices of (a) F-16, (b) MiG-29, (c) F/A-18 and (d) Su-35s (Su-27 variant) fighter aircraft. 

Source: [11-14] [11] [12] [13] [14] 

Their introduction into modern fighter aircraft design was a response to the need for 

enhanced manoeuvrability, improved lift, and greater control authority during high-Ŭ flight 

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/A-18 Hornet and the Su-27 Flanker, that LEX and LERX were systematically adopted. 

 

Fig. 1.1.3 Explanation of vortex lift created by leading-edge extension. 

Source: [15] 
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As shown in Fig. 1.1.3, these extensions create coherent, high-energy vortices that  

run over the wingôs upper surface, introducing vortical flow and increasing lift without 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 the F-16  

and MiG-29, where they contributed to high manoeuvrability, controlled departure resistance,  

and greater stability at high angles of attack. The aerodynamic efficiency of LEX and LERX  

is particularly valuable in close-in combat scenarios, where post-stall control and rapid attitude 

changes are essential. Their continued use in fourth- and fifth-generation fighter programs 

underscores their value as a fundamental vortex management technique, enabling improved 

overall performance without significant increases in weight or complexity. 

1.2 LEADING -EDGE VORTEX CONTROLLERS  AND ITS PRECURSORS 

Amid actuated devices mounted on the leading-edge of the wing, such as leading-edge 

flaps or slats [16ï18], a new type of device has been trending in recent years. This device is 

called the Leading-Edge Vortex Controller, and it is a continuation of an already existing  

and widely used fixed aerodynamic solution called the Leading-Edge Root Extension.   

In comparison, LEVCON is designed to operate similarly to LERX, with its aim being  

to generate lift-augmenting 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 beyond high angle of attack scenarios [19]. 

The development of LEVCONs was somewhat influenced by the concepts of vortex flaps 

[20] and apex flaps [21], which were developed by Dr. Dhanvada M. Rao between 1978  

and 1983. Rao proposed several vortex flap concepts (Fig. 1.2.1), including designs with hinges 

and deflectable flaps mounted on the lower surface of the wing [22], as well as their tabbed 

variations [23] or segmented variants [24]. The second concept involved tip-mounted flaps  

(Fig. 1.2.2), which were integrated into the tip section of the delta wing [8, 25]. 

The vortex flap concept was also extensively studied during 1980s by various researchers 

and organizations, such as NASA Langley Research Center [26ï28]. The topic of vortex flaps 

was also closely related to highly swept delta wings, as these configurations gained  

the most from these devices [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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Fig. 1.2.1 Vortex flaps concepts. 

They were also fully controllable independently of the angle of attack, which was crucial 

for their effectiveness. Vortex flaps are mounted physically closer to conventional leading-edge 

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. 

 

Fig. 1.2.2 Apex flaps concepts. 

On the other hand, apex flaps, another concept, can only operate symmetrically, 

deflecting both upwards and downwards. Apex flaps typically 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 attack [8]. 

LEVCONs 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 leading-edge flap,  

but instead of matching the upwash, they force separation on their upper surface to introduce  

a significant thrust component derived from vortex suction [8, 22].  

Rao also studied the concept of hinged strakes (Fig. 1.2.3), which are probably the closest 

to be called the precursor of modern Leading-Edge Vortex Controllers, as they similarly aimed 

to actively influence vortex formation and breakdown [31]. 

 
(a) 

  
(b) 

 
(c)  

Fig. 1.2.3 Articulated (a) variable camber, (b) pivoted, (c) fuselage hinged leading-edge 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 attack. The variations 

shown in Fig. 1.2.3(a,b) were classified by Rao as ñeffective aerodynamically, but could carry 

potential structural and actuation shortcomingsò [8]. The variant presented in Fig. 1.2.3b called 

pivotable LEXs is something that is very similar to todays close-coupled 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 canard-configured aircraft feature either a positive 

or negative dihedral angle of the stabilator, due to aerodynamic requirements, 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 and Huffman investigated the fuselage-hinged variants, 

shown in Fig. 1.2.3c, which could be rotated around transverse axis [32]. 
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Rao found that the vortex control capabilities offered by fuselage-mounted, articulated 

LEXs provide a flexible means of enhancing maneuverability at high angles of attack, extending 

into the post-stall regime, while still ensuring sufficient pitch-down authority for recovery. 

However, this configuration produced lower maximum lift compared to a traditional fixed LEX 

setup [31]. Notably, Rao also observed that ñconceptually, a longitudinally-hinged segment 

could be incorporated into any wing planform having a highly-swept apex to enhance its high 

angle of attack controllabilityò, yet acknowledged that this concept had not been explored [8].  

The dissertation seeks to investigate and evaluate this identified gap in the existing research. 

The concept of Leading-Edge Vortex Controllers (LEVCONs) represents a unique 

combination of vortex flaps, apex flaps, leading-edge root extension (LERX), variable camber 

strakes or even pivotable strakes [32]. In contrast to static strakes, LEVCONs provide additional 

control over the vortices through the deflection of the mechanism, thereby expanding  

the operational range at which vortex lift can be manipulated effectively.  

A major difference between LEVCONs and vortex or apex flaps is that they can also  

be used for trimming and optimizing the lift-to-drag ratio in stable flight or for recovering  

the aircraft in post-stall scenarios. They can be deflected symmetrically and, similar to control 

surfaces such as ailerons or canards, asymmetrically for directional control [33].  

Clear and definitive conclusions about the aerodynamic performance of LEVCON systems are 

still lacking in open-source literature. This may be due, in part, to the fact that such technologies  

are more extensively explored in classified or restricted defense research. Currently, LEVCONs 

are featured in only one actively deployed aircraft, the Russian Sukhoi Su-57. A second, short-

lived implementation was attempted in the naval variant of Indiaôs LCA Tejas, a program which 

was discontinued during the prototype phase [34]. Both shown in Fig. 1.2.4. 

 

(a) 

 

(b) 

Fig. 1.2.4 Different LEVCON designs on (a) Su-57 and (b) prototype navy 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. LEVCONs 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 in Fig. 1.2.5, where the right LEVCON, along with right flaperon, are deflected 

downwards, which highlights the capabilities of differential lift  between wings, aiding rolling 

maneuvers. In 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. Their versatility  

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

 

Fig. 1.2.5 Asymmetrical deflection in flight - right LEVCON and flaperon deflected downwards. 

Source: [37] 

In addition to improving characteristics such as higher angle of attack flight and reduced 

stall speed, LEVCONs can also offer higher aerodynamic efficiency across a broader range  

of angles of attack [33], higher sustained turn rates [19], and enhanced directional control [38]. 

The potential applications of LEVCON technology are vast, offering promising advantages that 

could significantly benefit the future fighter aircraft [39]. Recent research efforts have begun  

to explore the integration of LEVCONs into experimental aircraft models [40ï42].  
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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 tunnel testing [43, 44]. To date, studies related to LEVCON 

implementation are primarily conducted in research centers serving the military sector,  

such as German Aerospace Center (DLR) [38ï46], The French Aerospace Lab (ONERA)  

[47, 48]. Major interest in LEVCONs is also present within Airbus Defense and Space [49, 50] 

and Future Combat Air System (FCAS) programme [51].  

II.  VORTEX  FLOW  AERODYNAMICS  

2.1 LEADING -EDGE VORTICES AND FLOW SCALES  

The phenomenon of leading-edge vortices has 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 velocities. The separation-induced vortices  

are typically developed by these aircrafts to aid their diverse flight envelope. Said vortices, 

through interactions with the modern blended wing-body 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 collection of phenomena arising from aerodynamics  

of leading-edge vortices is usually referred to as ñvortex flow aerodynamicsò. While  

the foundation for understanding such flows has traditionally relied on experimental methods, 

advancements in theoretical approaches and CFD have significantly contributed to current 

knowledge. Although commonly linked to highly maneuverable military aircraft, vortex flow 

phenomena could also be relevant to a wider range of aerospace configurations [52]. 

One accurate categorization of vortex flow scales, at which vortices responsible  

for vortex-driven aerodynamic effects can arise, was shown by Luckring [52]  

and its representation is illustrated in Fig. 2.1.1. The figures top section depicts vortices formed 

under conditions where inviscid flow assumptions dominate. These include large-scale vortices 

developing over entire aircraft configurations, such as those on a supersonic aircrafts wing, 

intermediate vortices associated with specific components, like a fighter jet's leading-edge 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 the boundary layer  

and initiate vortices near its outer edge, are exemplified here by their application on a fighter 

jet wing. Micro-vortex generators, on the other hand, are tailored to function entirely within  

the boundary layer, with one example shown on the leading-edge of a light General Aviation 

aircraft. This scale is predominately dominated by boundary layer effects and is outside  

of the scope of the dissertation thesis [52]. 

 

Fig. 2.1.1 Vortex aerodynamics flow scales with 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, from the dissertation thesis 

standpoint, are the leading-edge 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, which leads 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 leading-edge extensions or strakes. The identification and exploitation 

of LE vortices have their roots in the advancement of high-speed fighter aircraft design [52]. 
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2.2 VORTEX FLOW AERODYNAMICS  ORIGINS AND NOTABLE  THEORIES 

The first recorded connection between vorticity and lift generation in wings  

can be attributed to Frederick Lanchester, an English polymath who lived from 1868 to 1946. 

Lanchester was the first to establish the link between trailing vortices formed behind the wing 

and the spanwise variation of lift force from root to wings tip [53]. Lanchester was also the first 

to study lift  generation on a finite-span wing. He introduced the concept of vortex flow  

as a result of the interaction and merging of wingtip vortices with trailing-edge vortices,  

and demonstrated an understanding of the wings aspect ratio role in determining wing 

efficiency  [54]. Fig. 2.2.1 illustrates some of the Lanchesterôs concepts of wingtip vortex 

connects with trailing-edge vortices to form a coherent vortex wake behind the wing. 

   

(a) (b) (c) 

Fig. 2.2.1 Lanchesterôs concepts of a (a) wingtip vortex, (b) vortex formation and (c) vortex interaction. 

Source: [53] 

However, Lanchesterôs speculations did not provide a full understanding of vortex-

dominated flow or vortex-induced 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 acknowledged [55], but high-speed wing 

design progress was somewhat behind. In 1935, Winter [56] conducted pioneering research  

on the topic of side-edge vortex, which introduced fundamental properties of what  

we now recognize as a separation-induced side-edge vortex [52]. During the 1940s, scientists 

conducted experiments on swept and unswept wings with aspect ratio AR = 1ï5. The results 

revealed that maximum lift is relatively unaffected by aspect ratio AR > 2 and that the angle  

of attack, at which lift is achieved, remains almost constant. For smaller ARs, the angle at which 

maximum lift occurs increases, reaching up to 30Á. In cases with AR < 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 pushed downward [57, 58]. Winterôs description of leading-edge 

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, these were among the first investigations to extensively address  

the phenomenon of leading-edge vortices. 

Along the way, during the 1940s, some initial concepts of delta-wing aircraft had already 

emerged. Among the most notable were the series of five aircraft designed by Lippisch, 

featuring configurations he referred to as delta wings [59], one of which is shown in Fig. 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 rocket-powered fighter, the Messerschmitt Me 163 Komet. 

Another intriguing project was the Payen Pa-22 concept (Fig. 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 of 67Á. The experimental aircraft was confiscated 

by the Germans, and its first flight took place in October 1942. Most likely, this was the first 

delta-wing aircraft to take flight [60]. However, no documentation exists indicating that vortex 

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

 

(a) 

 

(b) 

Fig. 2.2.2 One of Lippischôs aircrafts (a) Delta V DFS40 (1937-1938) and probably the first aircraft with delta 

wing to take flight (b) Payen PA-22 

Source: [59, 60]  
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Truth be told, the understanding of the advantages of wing sweep remained largely 

unknown until theoretical analysis was conducted by Jones [61, 62] during 1945ï1946, 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 as well. Around the same 

time period, an unconventional full-scale delta wing configuration, known as DM-1, had been 

uncovered. The DM-1, shown in Fig. 2.2.3, differed from todayôs conventional delta wings  

as it featured thick airfoil sections and rounded leading edges [63ï65].  

 

(a) 

 

(b) 

 

(c) 

Fig. 2.2.3 DM-1 delta wing glider (a) with original blunt leading-edge, (b) in NACA Full Scale Wind Tunnel,  

c) with modified Ăsharpò leading-edge. 

Source: [65, 66]  

During the experimental phase, a serious modification in the form of a sharp leading-edge 

strip was incorporated into the DM-1. Subsequent tests demonstrated substantial increases  

in lift, compared to the clean configuration, owing to the formation of leading-edge vortices 

over the wing. These lift increments have been attributed to the presence of the leading-edge 

vortices, which showed resemblances with the side-edge vortex flows documented earlier  

by Winter [56]. The obtained results clearly established the link between high angle of attack 

lift increments and leading-edge vortex flows [55, 63].  
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The modified DM-1 marked the pioneering instance of an aircraft concept displaying 

leading-edge vortex flows, which became subjects of experimental study in the development  

of the new generation of slender-wing aircraft. 

Fig. 2.2.4 presents the results of wind tunnel tests on the DM-1 model before and after 

modification of the wingôs leading edge. The lift coefficient plots show a significant increase 

in generated lift achieved by introducing a sharp strip at the wing's leading edge. Prior to testing 

the full-scale model, experiments were also conducted on a smaller-scale model. The adverse 

effects of the blunt leading edge were not observed during these earlier small-scale tests. 

  

Fig. 2.2.4 Wind tunnel test results by Wilson and Lovell on the DM-1 glider and a visible increase in lift 

coefficient after introducing sharp leading-edge 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 II [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 

Jonesô theoretical analysis in 1945ï1946 [61, 62]. 

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 slender-wing theory 

by Jones in 1946 [62]. 
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 Significant advancements in modeling leading-edge vortices occurred between 1966 and 

1979, with substantial contributions from Polhamus [68ï71]. Polhamusô suction analogy 

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

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

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

The comparison of Jones slender-wing theory and Polhamus leading-edge suction 

analogy theory with experimental data is shown in Fig. 2.2.5. Moreover, Jones and Polhamusô 

approximations are provided within Eqs. (2.2.1) ï (2.2.5). 

 

(a) 

 

(b) 

Fig. 2.2.5 Comparison of (a) Jones (1946) and (b) Polhamus (1966) theory with experimental data. 

Source: [52] 

Jonesôs theory showed that lift increases with the wingôs aspect ratio, and that for slender 

wings, the lift coefficient can be described by the following relationship [62]: 

ὅ 
“ϽὃὙϽ‌

ς
 (2.2.1) 

and that the induced drag coefficient can be describes as: 

ὅ  
ὅ

“ϽὃὙ
 (2.2.2) 

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

represented using a two-dimensional (2D) perspective, perpendicular to the flight direction. 

Although three-dimensional (3D) influences were omitted, this provided a foundational method  

for modelling vortex flows generated by leading-edge separation. 
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Polhamus [72] introduced a method to estimate delta wing forces and moments by linking 

leading-edge 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 vortex-induced forces to be calculated using 

existing attached-flow methods. Additionally, his approach incorporated high angle of attack 

effects and used vortex lattice methods to account for three-dimensional geometry, twist, 

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

In 1971, Polhamus [70] provided an overview and evaluation of the initial suction analogy 

concept and its development. The total lift, comprising both potential-flow lift  and vortex lift  

components were described as follows: 

ὅ ὅ ὅ ὑ ϽίὭὲ‌Ͻὧέί‌ ὑ ϽίὭὲ‌Ͻὧέί‌ (2.2.3) 

In the case of fully developed leading-edge vortex flow, where leading-edge 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: 

ῳὅ

ὅ

ὸὥὲ‌

ὅ
 (2.2.4) 

which, by supplementing the lift coefficient from Eq. (2.2.3), results in: 

ῳὅ ὅϽὸὥὲ‌ ὑ ϽίὭὲ‌Ͻὧέί‌ ὑ ϽίὭὲ‌ (2.2.5) 

In the abovementioned equations, KP and KV represent constants derived from the vortex 

lattice solution. Their values, which are plotted against the aspect ratio of the delta wing  

at incompressible conditions, are illustrated in the Fig. 2.2.6. 

 

Fig. 2.2.6 Variation of KP and KV with AR for delta wings at Ma = 0. 

Source: [72] 
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Fig. 2.2.7 compares experimental data and suction analogy predictions for lift coefficient 

trends across different delta wing aspect ratios. The results show strong agreement, with some 

deviation in the AR = 2 case, likely due to vortex breakdown. Polhamusôs model was the first 

to reliably and broadly predict vortex lift for delta wings. 

 

Fig. 2.2.7 Comparison of Polhamus (1966) theory with experimental data for delta wings with different AR. 

Source: [69] 
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This was, in fact, not the end of theoretical modelling, as more advanced three-

dimensional vortex sheet panel modeling methods came after Polhamus suction analogy.  

In 1975, Brune and colleagues [73, 74] developed a three-dimensional free-vortex-sheet model 

to analyze the aerodynamic behavior of wings with leading-edge vortex flows. This model built 

upon panel methods that solved the Prandtl-Glauert equation and represented both the wing 

surface and the vortex sheet using panel distributions. Inspired by Smithôs earlier conical flow 

model, the vortex was represented as a force-free sheet terminating in a line vortex, allowing 

for a more realistic three-dimensional depiction of vortex structures. 

The formulation required simultaneous solution of vortex strength, geometry, and wing 

surface loads, a nonlinear problem tackled using a modified Newton iteration method.  

Johnson and collaborators [75] provided extended documentation of this approach in 1980,  

and Gloss & Johnsonôs results [76] confirmed strong correlation with experimental data, 

outperforming simpler conical flow models in capturing three-dimensional effects.  

Minor discrepancies were traced to viscous phenomena such as secondary vortices, which the 

inviscid mathematical model could not replicate. Further advancements with free vortex sheet 

models were done by Hoeijmakers [77] expanding the application of this modeling framework. 

For instance, Luckringôs survey work [78] included its application to complex geometries 

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 secondary vortex activity. 

Importantly, while the free-vortex-sheet 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 for high angle of attack flight [52], especially for non-generic  

and complicated double-delta or triple-delta geometries. 
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2.3 CONCEPT OF VORTEX LIFT  

In the general summary, vortex lift results from the action of leading-edge vortices  

and is generated by highly sweptback sharp leading edges or highly swept leading-edge root 

extensions added to wings with moderate sweep (Fig. 2.3.1). Vortices generated by the swept 

wing leading edge are then captured under the airflow and remain trapped over the wingôs upper 

surface. This results in a negative pressure field over the wingôs top surface. The air flowing 

over the confined vortex is then pulled downwards, 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 leading edge [15, 70]. 

 

Fig. 2.3.1 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 poor low-speed performance, 

which was mainly caused by their low aspect ratio (AR). 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 leading-edge vortex flows, which significantly improved lift  

at high angles of attack [52, 62, 68]. This breakthrough paved the way for the development  

of the XF-92A, the first jet powered aircraft with a delta wing, shown in Fig. 2.4.1. 

 

Fig. 2.4.1 The first jet powered aircraft with a delta wing ï XF-92A. 

Source: [79] 

The leading-edge vortex flows observed on this platform significantly improved its ability 

to operate at low speeds and maintain stable flight at high angles of attack. Polhamus [71] 

highlighted several main advantages of the leading-edge 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 for non-generic 

configurations. In response, researchers began developing physics-based models to better 

capture the behavior of leading-edge 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. Eventually, the practice of vortex flow 

modeling progressed from analytical models to direct simulation of vortex flows with 

computational fluid dynamics [52, 67]. 
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The experimental approach, as well as mathematical modeling, have played a crucial role 

in providing an understanding of leading-edge extensions vortex flows. Polhamusô suction 

analogy proved particularly useful in estimating aerodynamic forces and moments for various 

aerodynamic configurations. Although force predictions provided satisfactory accuracy, 

moment estimations lacked precision in some cases. However, there was a continuing demand 

for more accurate predictions of surface pressure distributions, especially for wings subject  

to vortex-induced flow separation [67]. 

During the 1980s and 1990s, computational capabilities advanced rapidly, enabling  

the inclusion of three-dimensional solutions to the NavierïStokes equations. The development  

of Euler equation solvers paved the way for solving three-dimensional Reynolds-Averaged 

NavierïStokes (RANS) equations. However, the main challenges remained the high 

computational cost associated with resolving small-scale viscous effects and the necessity  

for approximate turbulence modeling. Solution techniques focused on thin-layer 

approximations of 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 progressed in both speed and computational capacity. Together, these 

trends made the numerical solution of 3D Navier-Stokes equations feasible within just a few 

years following the breakthrough in Euler-based solution technologies (see Fig. 2.4.2) [67]. 

 

Fig. 2.4.2 Computational Fluid Dynamics and Super Computing evolution throughout the years. 



 

30 

Nowadays, there are multiple approaches to the numerical modeling of turbulence and 

vortex effects. These methods are primarily defined by the level of mesh resolution they require, 

which directly influences the computational resources necessary to perform the simulation [80]. 

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

1. 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 small-scale flows  

at low Reynolds numbers [81]. 

2. In the Large Eddy Simulation (LES) approach, the smaller turbulent scales are filtered 

out and modeled, while the larger, energy-dominant 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 problems [82, 83]. 

3. Detached Eddy Simulation (DES) approach integrates features of both RANS and LES 

approach. Near 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 strategy helps reduce computational demands, as it avoids the fine mesh 

resolution required throughout in a full LES simulation. That is way they are sometimes 

also called Hybrid RANS-LES. 

4. Reynolds-Averaged NavierïStokes (RANS) remains significantly less computationally 

intensive than LES or DNS methods [80]. 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 accuracy of RANS predictions heavily 

depends on the chosen turbulence model and its suitability for the specific flow 

conditions being analyzed [84]. 
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A graphical comparison between DNS, LES and RANS methods is shown in Fig. 2.4.3  

and a summary of given methods is shown in Tab. 2.4.1.  

 

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 

number 

Simple flow, 

low Re number 

Separated or unsteady 

flow, moderate complexity 
Wide range 

Computational 

power demand 
Very high 

Less than DNS, 

higher than 

RANS 

Lower than LES, higher 

than RANS 
Least demand 

Eddy accuracy Most accurate 

More accurate 

than RANS, 

less than DNS 

Better than RANS in 

separated/complex regions 

Mostly 

modeled 

Complexity 

Cannot handle 

complex systems due 

to computational 

load 

Handles more 

complexity than 

RANS 

Handles moderate to high 

complexity, grid-sensitive 

Can handle 

complex 

systems 

Turbulence 
Resolves all scales of 

turbulence 

Resolves large 

scales, models 

small scales 

Resolves large scales in 

detached regions, models 

near-wall turbulence 

Models all 

scales of 

turbulence 

Suitability  
Academic and 

theoretical studies 

Flow with 

significant 

large-scale 

turbulence 

Practical flows with large-

scale separation 

Industrial and 

practical 

applications 

Cost 

Prohibitively high 

for most practical 

applications 

High, but more 

feasible than 

DNS 

Moderate ï balance of cost 

and accuracy 

Economical 

and practical 
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III.  DISSERTATION  HYPOTHESIS AND GOALS 

As mentioned in the introduction of this doctoral dissertation, the historical literature  

has explored various implementations of vortex devices, including vortex flaps, apex flaps  

and even movable or deflectable strake surfaces. All of these concepts have been investigated 

primarily using generic configurations, most commonly flat plates or delta wings with defined 

leading-edge sweep angles, such as 65Á, 70Á, 75Á and more [86, 87]. The results of these studies 

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 drag, which increases directly as a result of flow 

separation and the generation of leading-edge vortices, delta 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 passenger aircraft. 

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 

breakdown. In addition to the classical delta wing configuration, more complex variants, such 

as double-delta, cranked delta, ogival delta, and others, were also analyzed. Researchers 

investigated how geometric modifications affect vortex trajectory, the onset of vortex 

breakdown, and the resulting benefits in augmented lift, drag, and aerodynamic moments. 

Delta wings, due to the complex three-dimensional nature of their flow,  

differ significantly in aerodynamic characteristics from rectangular, trapezoidal, or swept-wing 

planforms. In the supersonic regime, they exhibit low wave drag, primarily due to their high 

sweep angles and low aspect ratios. In the subsonic regime, delta wings can operate at much 

higher angles of attack, as the pair of counter-rotating leading-edge vortices supply high-energy 

airflow over the upper surface of the wing, thereby enhancing lift. 

Modern fighter aircraft employing delta wings feature significantly modified shapes 

compared to earlier-generation designs, which were typically dominated by trapezoidal  

or swept-wing configurations combined with high-sweep leading-edge extensions (LEX).  

In the case of 5th generation fighter jets, where stealth technology was a key design driver, there 

has been a noticeable return to the delta wing concept, albeit in a modified form. 
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On the horizon, 6th generation fighter development programmes,  

such as the Future Combat Air System (FCAS), Next Generation Air Dominance (NGAD),  

and the Global Combat Air Programme (GCAP), are proposing even more advanced 

configurations. While 5th generation fighters mostly utilized clipped delta wing with a reverse-

swept trailing edge, the 6th generation focuses on double- or even triple-delta wing designs. 

These geometries leverage vortex-dominated flows in a more complex manner, generating  

a greater number of vortices that cover a larger portion of the wing surface.  

However, every static wing 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, Rao mentioned that he did not investigate one potential solution, namely, 

movable leading-edge extensions (LEX) hinged along the wingôs leading edge.  

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 surfaces  

can be subjected to very large aerodynamic forces, especially at supersonic speeds.  

At the time this doctoral research commenced, the only fighter aircraft, then still  

in the prototype phase, that employed this type of mechanization was the Russian  

T-50 PAK FA. This aircraft entered service in December of 2020 as the Sukhoi Su-57.  

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 Boeing, often funded by public and military sources, that highlight 

the growing interest in mechanization known as LEVCON (Leading-Edge Vortex Controller). 

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 their 

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

As part of the authorôs previous academic work, a conceptual geometry of a 5th generation 

fighter aircraft featuring a double-delta wing was developed. Building upon this foundation,  

the primary objective of the dissertation is to design and implement the LERX and LEVCON 

variants, and to evaluate their aerodynamic influence on the complete aircraft configuration. 
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3.1 DISSERTATION HYPOTHESIS  

The integration of leading-edge vortex controllers into the geometry of fighter aircraft with 

delta wings of moderate sweep enables the augmentation of aerodynamic forces and pitching 

moment through the modulation of the quantity, trajectory, intensity, or breakdown location  

of the generated leading-edge vortices. 

3.2 DISSERTATION GOALS  

1. Development of conceptual CAD geometries for a baseline configuration featuring  

a basic leading-edge root extension (LERX), a sharp contemporary strake with 

increased sweep, and multiple deflection variants of the proposed leading-edge vortex 

controller (LEVCON) geometry. 

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

the open-source computational fluid dynamics (CFD) software ï 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 leading-edge 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 facility of the Institute  

of Aeronautical Technology located at Aerospace Propulsion Research Laboratory  

of Military University of Technology. 

6. Comparison of numerical results with experimental data, along with the identification 

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

The core of the study is a custom-made 3D model representing the shape of a fighter 

aircraft platform, which was developed through a comparative analysis of selected  

4.5 and 5th generation fighter jets carried out within BSc thesis [88]. As a part of that analysis, 

the purposes of the aircraft, their dimensions, weights, and flight parameters were compared. 

The collected information contributed to the development of design assumptions for the custom 

aircraft. One of the final outcomes of this work was the creation of a 3D model of an unmanned 

fighter aircraft, the Future Combat Aircraft (FCA) Phantom, whose name pays homage  

to the iconic McDonnell Douglas F-4 Phantom II. Key requirements for the design were high 

maneuverability and angle of attack capabilities [88]. 

The design draws significant inspiration from two well-known 5th generation aircraft,  

the Lockheed-Martin F-22 Raptor and the Sukhoi Su-57. It also takes cues from advanced 

programmes, such as the Future Combat Air System (FCAS) [51], the SUPERMANoeuvrabilit® 

studied at ONERA [47, 48], and the Diabolo programme financed by German Federal Ministry 

of Defence (BMVg) within DLR [45, 46]. 

Within the BSc thesis, the complete 3D model was created using Autodesk Inventor 

software. Multiple configurations were developed, notably the ñcleanò and ñtaxiò variants. 

Preliminary CFD tests were previously carried out as a part of the MSc thesis [89],  

albeit on a simplified geometry. For those studies, the aircraft model was used in the ñcleanò 

configuration, without any external stores, armament, MAWS or IRST 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 model  

was simplified by removing the engine air inlets and sealing the afterburner nozzles.  

This preliminary work has been reviewed and published in Mechanics in Aviation 2022 [90]. 

4.1 FIGHTER AIRCRAFT 3D MODEL  OVERVIEW  

Throughout the dissertation, the 3D model of the aircraft has undergone several changes. 

The modified platform was intended for studying vortex devices such as strakes and LEVCONs. 

Concept renderings of the ñcleanò configuration are shown in Fig. 4.1.1, while all relevant data 

on the testing platform are provided in Tab. 4.1.1. A description of the main elements  

of the model is also presented in Fig. 4.1.2. It is important to emphasize that the model used  

in this research was conceived, designed, and developed entirely by the author. While inspired 

by the general characteristics of real-world fighter aircraft, the model is an original creation. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

   (e) 

Fig. 4.1.1 Orthographic renderings of the FCA Phantom 3D model:  

(a) front, (b) rear, (c) side, (d) top, and (e) bottom views. 
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Fig. 4.1.2 General description of the model parts. 

Tab. 4.1.1 Aerodynamic configuration of the fighter jet 3D model. 

Label Quantity  

Tailplane configuration 

Wing airfoil 

Stabilizers airfoil 

Wing planform 

Possible control surfaces 

Possible high-lift devices 

Possible vortex devices 

Thrust vector control (TVC) 

Horizontal stabilizer 

Vertical stabilizer 

Basic LERX LE sweep angle 

Improved LERX LE sweep angle 

LEVCON LE sweep angle 

Delta LE sweep angle 

Delta wing sweep angle 

Delta TE crop angle 

Delta TE sweep angle 

Delta wing twist angle 

Wing anhedral angle 

Wing incidence angle 

Wingspan 

Wing area 

Wing aspect ratio 

Mean aerodynamic chord (MAC) 

Airplane length 

Airplane height 

Conventional 

NACA 64-206 

NACA 16-006 

Clipped delta 

Ailerons, flaperons 

LE flaps, flaperons 

LERX, LEVCONs 

Three-dimensional 

Stabilators 

All -moving rudders 

64Á 

Variable 65-82Á 

70Á 

42Á 

30Á 

42Á 

17Á 

-7Á 

-3Á 

1Á 

13.8 m 

76.75 m2 

2.48 

7.69 m 

20.28 m 

2.92 m 
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The aircraft was designed with a conventional tailplane configuration, chosen for its 

lower radar cross-section (RCS) compared to a canard layout. Given the strong emphasis on 

stealth in 5th generation fighter aircraft, the preliminary design adhered to two core principles 

across the entire structure: platform alignment for both the wing and tail, and continuous 

curvature of the entire body. The fuselage follows a lifting blended-body concept, equipped 

with stabilators and all-moving rudders. 

The 3D model was developed to accommodate high-lift and vortex-control devices  

to enhance aerodynamic performance. Basic LERX was incorporated into the baseline airframe 

prior to this study. While further gains could be achieved through devices such as leading-edge 

flaps and trailing-edge flaperons, the dissertation focuses exclusively on comparing the LERX 

configurations with the same airframe equipped with LEVCONs. 

For both computational fluid dynamics (CFD) simulations and water tunnel experiments, 

all external avionics geometries, such as infrared search and track (IRST) and missile approach 

warning system (MAWS) sensors, were 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 small fillets to ensure full mesh 

layer coverage over the entire model surface. The resulting aircraft silhouette, prepared during  

the first pre-processing phase for the CFD simulations, is presented in Fig. 4.1.3. 

 

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 addition, the dissertation 

focuses on five configurations of the nose section: 

a) basic rounded leading-edge root extension (LERX) with ɤLE = 64Á leading-edge sweep, 

b) sharp strake (LEX) with variable ɤLE = 65ï82Á leading-edge sweep, 

c) LEVCONs with ɤLE = 70Á leading-edge sweep, deflected downwards at ɿ = 10Á, 

d) LEVCONs with ɤLE = 70Á leading-edge sweep, deflected downwards at ɿ = 20Á, 

e) LEVCONs with ɤLE = 70Á leading-edge sweep, deflected downwards at ɿ = 30Á. 

As the designed aircraft features a clipped delta wing, the added vortex-generating 

devices are schematically presented relative to the dimensioned wing in Fig. 4.2.1 ï Fig. 4.2.3.  

The aircraftôs delta wing serves as the reference surface area for all results of the additional 

vortex-generating surfaces. Aerodynamic coefficients such as CL and CD are defined using  

a reference area Aref, which for aircraft is the wing planform area. This area must be consistent 

across configurations of the same body if the coefficients are to remain comparable. This choice 

ensures that changes in coefficients reflect genuine aerodynamic differences [91]. 

 

Fig. 4.2.1 Dimensioned planform of the aircraftôs delta wing with added Leading-Edge Root Extensions. 
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Fig. 4.2.2 Dimensioned Leading-Edge Vortex Controllers overlaid on the delta wing planform. 

 

Fig. 4.2.3 Dimensioned variable sweep strake overlaid on the delta wing planform. 
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The choice of the rounded 64Á LERX as the dissertation baseline is deliberate,  

as the author aimed to confirm that sharper, more swept leading edges produce significantly 

stronger vortex lift. Historically, LERX of this type were employed on fighter aircraft,  

and MiG-29A sets as an example with its ɤLE = 73Á LERX, 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 the time, the MiG-29 lacked a full Fly-By-Wire system, but later derivatives, 

including the MiG-29M and MiG-29K (MiG-35), featured LERX with reduced leading-edge 

radius and sharper edges, enhancing vortex generation (see Fig. 4.2.4 and Fig. 4.2.5).  

This shift was likely enabled by more advanced flight control systems, allowing stronger vortex 

lift at higher Ŭ and improved maneuverability. 

 

Fig. 4.2.4 Blunt leading-edge LERX of the MiG-29A. 

Source: [92] 

 

Fig. 4.2.5 Sharp leading-edge LERX of the MiG-29M2 (MiG-35). 
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Throughout this dissertation, three variants of the aircraft model were developed. 

For clarity, Fig. 4.2.6 ï 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 model, shown in Fig. 4.2.6(a,d), Fig. 4.2.7a  

and Fig. 4.2.8a. 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 the Spalartï

Allmaras model, whereas the doctoral studies utilized the kïɤ SST model. The purpose  

of testing this transitional configuration was to evaluate local Mach number distributions 

and determine whether stagnation occurs and if a compressible solver is required. 

2. The second variant emerged from previous numerical research and valuable feedback from 

aerodynamic sector reviewers [90, 93, 94], which underscored the need to adjust  

the 3D model, most notably through a redesign of the horizontal stabilators, as shown  

in Fig. 4.2.7(a,b) and Fig. 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 vortex-generating devices caused by the blocked engine ducts 

[90, 94]. This issue was addressed in both the experimental study and the second, 

compressible CFD study, as shown in Fig. 4.2.6(b,c) and Fig. 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 model differs slightly 

from the concurring CFD geometry. The redesigned stabilators were structurally reinforced 

to withstand the demands of water tunnel experiments, as indicated in Fig. 4.2.6(e,f).  

Other modifications involved reinforcing critical sections, such as the aircraftôs underbelly  

(Fig. 4.2.6(c,f) Fig. 4.2.8c), adding material around the vertical stabilators anchor points 

(Fig. 4.2.7c), and inserting additional material inside the engine ducts to accommodate 

graphite rods, as shown in Fig. 4.2.6(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 sting-type gauge system, as can be seen  

in Fig. 4.2.6f , Fig. 4.2.7c and Fig. 4.2.8c.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Fig. 4.2.6 Comparison of model changes throughout (a)(d) incompressible CFD, (b)(e) compressible CFD  

and (c)(f) the geometry used for the water tunnel studies ï front and back views. 
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(a) 

 
(b) 

 
(c) 

Fig. 4.2.7 Comparison of model changes throughout (a)(d) incompressible CFD, (b)(e) compressible CFD  

and (c)(f) the geometry used for the water tunnel studies ï rear section view. 
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(a) 

 
(b) 

 
(c) 

Fig. 4.2.8 Comparison of model changes throughout (a)(d) incompressible CFD, (b)(e) compressible CFD  

and (c)(f) the geometry used for the water tunnel studies ï 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 essential to ensure the protection 

of the gauge system, which operates within specific force and moment limitations.  

Exceeding these limits could result in system failure or irreversible damage. The permissible 

values of forces and moments are summarized in Tab. 4.3.1. 

Tab. 4.3.1 Water tunnel gauge system limitations. 

Water tunnel maximum loading 

Quantity  Label Value Unit  SI Value SI unit  

Pitch plane moment PM 15 inĿlbs 1.7 Nm 

Yaw plane moment YM 4 inĿlbs 0.45 Nm 

Maximum normal force N 10 lbs 44.5 N 

Maximum side force S 4 lbs 17.8 N 

Standard water tunnel applications 

Maximum normal force N 0.45 lbs 2 N 

Maximum side force S 0.25 lbs 1.11 N 

For this purpose, the results of the CFD study on the first geometry variant were utilized. 

Although these results are not directly comparable due to the significantly higher Reynolds  

of Re = 3.51 Ŀ 107 measured for the MAC, as well as the fact that the simulations were conducted 

on a full-scale 3D model, they served as a useful reference. Force predictions were extrapolated 

based on CFD studies performed in the range of ɻ = 0ï40Á. 

This was not a significant issue, as only an approximate estimation was required.  

Even if the forces were over-predicted, the primary concern was ensuring that they remained 

within the safe operational limits of the gauge system. This was achieved using the force  

and moment coefficients obtained from the CFD study to estimate the corresponding forces  

and moments for the scaled water tunnel model of the fighter jet. The extrapolated aerodynamic 

forces and pitching moments were within allowable limits, as shown in Tab. 4.3.2. 

Tab. 4.3.2 Extrapolated maximum force and momentum values for the scaled-down model. 

Quantity  Label Value Unit  SI Value SI unit  

Lift force L 0.471 lbs 2.1 N 

Drag force D 0.368 lbs 1.64 N 

Aerodynamic / normal force R / N 0.574 lbs 2.55 N 

Axial force A 0.016 lbs 0.07 N 

Pitching moment PM 1.34 inĿlbs 0.15 Nm 
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These results provided confidence that the gauge system would not be damaged when  

the maximum allowed size of the fighter jet model was used for the water tunnel study.  

The largest possible model scale was also desirable, as it allowed one to maximize the Reynolds 

number. This was particularly important since the experiments were designed to be carried  

out at the highest available flow velocity of u = 1 ft/s = 0.3048 m/s. 

Another crucial factor considered in the design process was the structural integrity  

of the model, with particular emphasis on the mounting system. Special care was taken to ensure 

a precise fit of the internal mounting bracket within the fighter jet model, preventing  

any structural flexing or oscillations, especially at high angles of attack. At these conditions, 

the turbulence induced by vortex shedding and flow separation could compromise both  

the mounting bracket and the gauge system. To address this, the mounting was designed  

as an integrated component of the fighter jet fuselage (as shown in Fig. 4.3.1), avoiding  

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

or threading solutions that would introduce unnecessary complexity. 

 

(a) 

 

(b) 

 

(c) 

Fig. 4.3.1 Presentation of (a) fuselage section with integrated mounts for carbon rods, screw connections,  

and slots for wings and stabilizers attachment, (b) removable M3 nut insert for gauge system mounting,  

and (c) cross-section view showing screw-based attachment mechanism. 
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The mounting bracket was incorporated directly into the 3D printed structure of the model  

(Fig. 4.3.1a). The screw holes were designed with an interference fit and a dedicated cavity  

was introduced to accommodate a 3D-printed insert housing M3 hex nuts, shown  

in Fig. 4.3.1(b,c). This design provided not only sufficient strength and stiffness, but also 

enhanced maintainability. In the event of a damaged nut or screw, the insert could be easily 

replaced within seconds, ensuring the robustness of the model and facilitating quick repairs. 

The geometry of the FCA Phantom was fabricated using additive manufacturing  

(3D printing) techniques, with polylactic acid (PLA) serving as the base material.  

Due to the complexity of the geometry, it was not feasible to fabricate the model as a single 

piece. Therefore, the complete geometry was subdivided into nine components: forebody, 

inlets, fuselage, wings, horizontal stabilizers, and vertical stabilizers. The whole dissection  

was planned forward to provide the easiest and most reliable way to connect the elements after 

3D printing them.  

As described in Section 4.2, five interchangeable forebody sections were designed  

and fabricated to enable different experimental configurations and these are shown in Fig. 4.3.2. 

The forebody sections were specifically color-coded, and the results in the plots are presented 

using the same scheme: 

a) basic leading-edge root extension (LERX) ï black, 

b) sharp strake (LEX) ï yellow, 

c) LEVCONs deflected downwards at ɿ = 10Á ï green, 

d) LEVCONs deflected downwards at ɿ = 20Á ï blue, 

e) LEVCONs deflected downwards at ɿ = 30Á ï red. 

Special attention was also given to leading-edge sharpness during post-processing.  

As noted by Luckring [95, 96], blunt edges can shift the vortex origin downstream and alter  

the onset of vortex separation. While such effects are less pronounced at this scale  

and the Reynolds/Mach numbers typical of water tunnel testing, efforts were made to achieve 

the sharpest edge possible within 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 model was also pre-designed 

with alignment holes and 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 configurations: (a) 64Á LE sweep LERX, (b) variable 65ï82Á LE sweep strake, 

(c)(d)(e) 70Á LE sweep LEVCONs deflected at ɿ = (10,20,30)Á with (e) visible gauge system  

and an attachment arm adapted for C-strut mounting in 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 printer [97] 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 considerations and its favorable 

post-processing characteristics. A quick overview of all clean, temporarily assembled  

3D-printed parts is presented in Fig. 4.4.1. 

 

(a) 

 

(b) 

Fig. 4.4.1 Temporarily assembled 3D printed aircraft model: (a) top view and (b) bottom view. 

Following fabrication, each component was coated multiple times with an acrylic base 

paint and subsequently sanded to minimize the characteristic ridges associated with the layer-

by-layer deposition in PLA printing (Fig. 4.4.2).  

After bonding the permanent components to the fuselage, the surface finishing process 

for each part proceeded as follows: (1) surface degreasing, (2) application of a plastic primer, 

(3) application of spray filler, (4) sanding, (5) surface degreasing, (6) application of an acrylic 

primer, (7) sanding of the acrylic primer, (8) surface degreasing, and (9) application of the final 

paint coat. Steps (3) ï (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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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Fig. 4.4.2 Initial sanding of the 3D-printed components (aïc), surface preparation before and during primer 

application (dïe), and sanding before acrylic coating (f). 

The fuselage, wings, and stabilators were permanently assembled using four 3Ĭ65 mm 

carbon rods, two 1Ĭ30 mm carbon rods, four interlocking grooves, and adhesive bonding  

to form a single rigid structure. The exploded view of the model is presented in the Fig. 4.4.3.  

The forebody sections remained detachable via a removable joint comprising three 3Ĭ30 mm 

carbon rods, M5Ĭ35 mm DIN 912 screw and M5 DIN 934 nut permanently embedded  

in the nose section, and DIN 125-2 washer. The model could be connected to the gauge system 

by a removable joint consisting of 2ĬM3 DIN 934 nuts and 2ĬM3Ĭ12 mm DIN 912 screws. 
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(a) 

 

(b) 

Fig. 4.4.3 Exploded view of (a) model components and (b) some of the tools used during model preparation. 

The final assembled structure, including the joints between the fuselage, wings,  

and stabilizers, was again treated with additional layers of acrylic primer and sanding to achieve 

a smooth surface finish, as shown in Fig. 4.4.4. 

To prepare for potential future Particle Image Velocimetry (PIV) studies, all models were 

coated in matte black paint, as shown in Fig. 4.4.5. This specific color and finish were 

intentionally selected due to their non-reflective properties, which help minimize optical 

interference during PIV experiments. Reflective 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 of the dissertation, they offer a valid 

and more advanced alternative to dye flow visualizations for capturing vortex evolution  

and breakdown. This preparation ensures that the models can be reused for such measurements 

in the future. 

The final models are shown in Fig. 4.4.6, with the maiden ñflightò in the water tunnel 

presented in Fig. 4.4.7. Nose sections were precisely aligned with the fuselage and secured 

using an integrated screwïnut fastening system. To minimize discontinuities at the joints, 

connection gaps were sealed with a thin, low-profile adhesive film. 
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(a) 

 

(b) 

Fig. 4.4.4 Last iteration of sanding process of (a) forebody sections and (b) the final assembled fuselage section. 

 

(a) 

 

(b) 

Fig. 4.4.5 Fully assembled fighter aircraft model after post-processing and painting:  

(a) top view, and (b) bottom view. 
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(a) 

 

(b) 

Fig. 4.4.6 Configurations used in the study (a) and duplicate models (b), which enabled rapid interchange. 

 

Fig. 4.4.7 The assembled model mounted in the water tunnel test section. 

All stages of the post-processing were carried out manually. In total, 24 components were 

3D-printed, which, after assembling the fuselage sections, resulted in two complete model sets. 

Each set consisted of a full fuselage and five interchangeable nose sections. The preparation  

of the models required approximately 500 man-hours. 
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V. NUMERICAL  METHODOLOGY  

Any aerodynamic body will experience flow separation under certain conditions, whether 

talking about an airfoil, wing, fuselage, or even complete aircraft. The airflows dynamic 

behavior along the aircrafts components significantly influences aerodynamic characteristics, 

such as lift, drag, pitching moment and critical angle of attack. These characteristics  

can be investigated using experimental methods, including wind or water tunnel testing,  

as well as in-flight experiments on prototypes. Additionally, improvements in computational 

fluid dynamics and greater computing power have made it possible to analyze numerical 

approximations of the Navier-Stokes equations. These equations offer a theoretical framework 

for describing flow behavior [67]. 

Since the discovery of vortex flow aerodynamics, different aspects of flow separation 

have been explored. Researchers have developed several physics-based mathematical models, 

such as vortex sheet representations, to better understand these complex phenomena. 

Experimental studies revealed that surface flow patterns, particularly wall streamlines provide 

valuable insight into how airflow detaches from aircraft surfaces. These observations were 

traditionally obtained through dye visualization in water tunnels or by using tufts in wind 

tunnels and in-flight experiments. The method in CFD however, proves to be more effective. 

In this context, flow separation seen in the computed scenarios can be analyzed by various 

visualizations, and explanations linked to the underlying physics can be suggested [67]. 

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 three-dimensional flows. Thatôs why this method  

is typically better suited to RANS simulations, which provide time-averaged results that help 

reveal key features such as multiple separation lines or the formation of several vortices.  

These characteristics highlight the inherent difficulty in both computing and interpreting 

turbulent boundary-layer separation. Moreover, the exact nature of the separated flow can vary 

significantly depending on the specific type of vehicle or its geometric configuration [67]. 

Given that the primary objective of the dissertation is to visualize separation-induced 

leading-edge vortices and to compare the measured aerodynamic coefficients with experimental 

data obtained from water tunnel testing, both of which are presented as time-averaged 

quantities, it was determined that the Reynolds-Averaged Navier-Stokes 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 principle, the local conservation. To numerically solve the governing equations 

using the finite volume method, the computational domain is divided into discrete control 

volumes, or cells, which together form the numerical mesh. By applying Gaussôs divergence 

theorem to each control volume, partial derivatives representing conservation laws (e.g. uɳ) 

can be converted into algebraic terms. Consequently, the governing equations, originally 

expressed as partial differential equations, are transformed within each computational cell into 

a system of linear algebraic equations [98]. 

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 computational cost, as it significantly 

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 expense [98]. 

5.2 UTILIZED CFD SOFTWARE 

For the dissertation theses purposes, OpenFOAM was selected for its adaptability, strong 

support for external aerodynamics simulations, and efficient parallel processing capabilities, 

making it well-suited for detailed analysis in a research environment. 

OpenFOAM (Open Field Operation and Manipulation) is an open-source CFD software 

package widely used for simulating fluid dynamics, heat transfer, turbulence, and multiphysics 

problems. Developed in C++ with an object-oriented approach, it allows for high flexibility  

in customizing solvers and utilities to meet specific research needs [99]. 

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 use [100].  

Active development ensures long-term support and community-driven improvements [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 defines 

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

 

Fig. 5.3.1 The components of a vector u in a 3D Cartesian coordinate system. 

In fluid dynamics, the velocity vector, denoted by u, is among the most commonly used 

quantities. Within this work, it will represent the fluid velocity field vector. In a three-

dimensional Cartesian coordinate system, its components will be referred to as ux, uy and uz 

respectively (see Fig. 5.3.1). In this coordinate system, u is expressed as [102]: 

◊ ό░ ό▒ ό▓ (5.3.1) 

where i, j and k represent the unit vectors pointing in the x, y and z directions, respectively.  

Vectors are typically written in column form, while their transposes, indicated  

by the superscript T, are expressed in row form. For example: 

◊

ό
ό
ό
ȟ     ◊ ό ό ό  (5.3.2) 

Multiplying a vector u by a scalar s yields a new vector su, defined as: 

ί◊ ίό░ ό▒ ό▓ ίό░ ίό▒ ίό▓

ίό
ίό
ίό

 (5.3.3) 



 

58 

When two vectors, say u1 and u2, are involved in a multiplication, there are generally two types 

of operations that can be performed. The first is the dot product (or scalar product), written as 

(u1 Ŀ u2), which results in a scalar. The second is the cross product (or vector product), written 

as [u1 Ĭ u2], which results in a new vector that is perpendicular to both u1 and u2 [102]. 

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

is the nabla or del operator, symbolized as :ɳ 

​
‬

‬ὼ
░
‬

‬ώ
▒
‬

‬ᾀ
▓ (5.3.4) 

When this operator acts on a scalar field s, it yields the gradient of that scalar: 

​ί
‬ί

‬ὼ
░
‬ί

‬ώ
▒
‬ί

‬ᾀ
▓ (5.3.5) 

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 field u results in the divergence: 

​Ͻ◊
‬ό

‬ὼ

‬ό

‬ώ

‬ό

‬ᾀ
 (5.3.6) 

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 s: 

​Ͻ​ί ​ί
‬ί

‬ὼ

‬ί

‬ώ

‬ί

‬ώ
 (5.3.7) 

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

and potential flow equations. For a vector field u, the Laplacian is defined component-wise: 

​◊ ​ό ░ ​ό ▒ ​ό ▓ (5.3.8) 

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 dynamics relies 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 broad 

spectrum of flow regimes and boundary conditions [98]. 

The continuity equation forms one of the fundamental building blocks in the analysis  

of transport phenomena. It is 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 densities (j) of a quantity q pass through open surfaces (S). 

To define flux, letôs consider a scalar quantity q that is capable of moving within a control 

volume. Let ɟ represent the volume density of q, i.e. the amount of q per unit volume at a given 

point in space. The flux of this quantity, denoted as j, is a vector field that describes the rate 

and direction in which q is being transported through space (see Fig. 5.4.1). In many practical 

cases, the transport of q is governed by an underlying velocity field, which describes the motion  

of the medium carrying the quantity. If the entire content of q at any point is assumed to move 

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

▒ ”◊ (5.4.1) 

For instance, in the context of fluid mechanics, if ɟ represents the local fluid density  

and u the velocity field of the fluid, then j is 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 quantity q is written as: 

‬”

‬ὸ
​Ͻ▒ „ (5.4.2) 

where  ɳ is divergence, ɟ is the density, j is the flux, t is time and ů represents the source  

or sink term, indicating production or depletion of q per unit volume per unit time. 

In fluid dynamics, where q 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 if q is a conserved quantity that cannot be created  

or destroyed (ů = 0) and if flux  is j = ɟu, where u is the vector field describing the movement 

of the quantity q, the equation becomes [98, 102, 104]: 

‬”

‬ὸ
​Ͻ”◊ π (5.4.3) 

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 surface. This mass 

conservation principle is foundational in deriving more complex governing equations,  

such as the NavierïStokes equations. 

5.5 CONSERVATION OF MOMENTUM  

 Another important equation is the Navier-Stokes momentum equation, which in its most 

general convective form is given by [105]: 

”
Ὀ◊

Ὀὸ
”
‬◊

‬ὸ
◊Ͻ​◊ ​ὴ ​ϽⱲ ”▌ (5.5.1) 

Where D/dt is the material derivative (defined as Ö/Öt + u Ŀ )ɳ, p is thermodynamic pressure,  

Ű is the viscous stress tensor and g represents body accelerations acting on the continuum  

(for example gravity, inertial accelerations and so on). 

For a Newtonian fluid, the viscous stress tensor ʐ is given by [102]: 

Ⱳ ‘​◊ ​◊ ‗​Ͻ◊╘ (5.5.2) 

where ʈ is the dynamic viscosity, ɚ is the second viscosity, uɳ is the velocity gradient tensor, 

( uɳ)T is its transpose,  ɳ  u is the divergence of the velocity field and I  is the identity tensor: 
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╘
ρ π π
π ρ π
π π ρ

 (5.5.3) 

Itôs common to rewrite the viscous stress tensor to isolate the trace (volumetric part)  

and deviatoric (shear) parts: 

Ⱳ ‘​◊ ​◊
ς

σ
​Ͻ◊╘ ‗

ς

σ
‘ ​Ͻ◊╘ (5.5.4) 

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

for shear, the second term is the isotropic bulk viscosity term scaled by [106]: 

‒ ‗
ς

σ
‘ (5.5.5) 

The Stokes hypothesis is a simplifying assumption used in fluid dynamics [107], particularly 

in the formulation of the Navier-Stokes equations for compressible flows. It sets the bulk 

viscosity to zero ʁ = 0 by assuming that the second viscosity coefficient ɚ = ī2/3ɛ [108],  

where ɛ is the dynamic viscosity. This effectively removes the term ɳ  Ŀ (ʁɳ Ŀ 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 real 

fluids where bulk viscosity plays a significant role, particularly in liquids or polyatomic gases 

undergoing compression or expansion. 

By substituting Eq. (5.5.4) into Eq. (5.5.1), the final conservative form of the momentum 

equation for Newtonian fluids is given by: 

”
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‬ὸ
◊Ͻ​◊ ​ὴ ​Ͻ‘​◊ ​◊

ς

σ
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ÐÅÒ ÕÎÉÔ
ÖÏÌÕÍÅ

 

(5.5.6) 

In the full compressible Navier-Stokes equations, a body force term such as gravity (ɟg)  

is often included. However, in this work, the gravity term was omitted because the study focuses 

on steady-state external aerodynamic flows, where inertial, pressure, and viscous forces 

dominate, and gravitational effects are negligible. This assumption is consistent 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 eliminated. It 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 process [102]. 

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 considered infinitesimally small [109]: 
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(5.6.1) 

where e is the specific internal energy, K is the specific kinetic energy, ɟr term is the heat source 

(in which r is any specific heat source) and q is the heat flux vector given by: 

▲ ‖​Ὕ ὥ”ὅ ​Ὕ (5.6.2) 

where ə is thermal conductivity (which can be described by thermal diffusivity a, density ɟ and 

specific heat CP) and ɳ T is the temperature gradient. Lastly, ů is the mechanical stress tensor, 

which may be decomposed into: 

„ Ⱳ ὴ╘ (5.6.3) 

where Ű is the viscous stress tensor explained by Eq. (5.5.4), p is the thermodynamic pressure 

and I  is the identity tensor, shown in Eq. (5.5.3). 

By expanding the material derivatives in Eq. (5.6.1) and by decomposing the stress tensor from 

Eq. (5.6.3), we may receive the final form of energy equation [109]: 

‬”Ὡ

‬ὸ
​Ͻ”◊Ὡ

‬”ὑ

‬ὸ
​Ͻ”◊╚ ​Ͻὴ◊ ​Ͻ▲ ”ὶ ​ϽⱲϽ◊ ”▌Ͻ◊ (5.6.4) 

However, some CFD solver solve for enthalpy (h), rather than internal energy (e) [110]: 

‬”Ὤ
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​Ͻ▲ ”ὶ ​ϽⱲϽ◊ ”▌Ͻ◊ (5.6.5) 

The modification of this equation is used in one of the solvers mentioned in Section 5.8. 
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5.7 EQUATION OF STATE  

The behavior of a fluid in 3D 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 conservation [111]. 

Within this system, four thermodynamic properties ï density ɟ, pressure p, internal energy 

e, and temperature T ï 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 determined 

using equations of state [111]. For instance, by choosing ɟ and T as the primary variables,  

one can express pressure p and specific internal energy e through the following well-established 

equations of state: 

Specific heat at constant volume ὅ ὅ Ὑ (5.7.1) 

Specific heat at constant pressure ὅ ὅ Ὑ (5.7.2) 

Ideal gas law ὴ ”ὙὝO
ὴ

”
ὙὝ (5.7.3) 

Specific internal energy Ὡ ὅὝ (5.7.4) 

Specific enthalpy Ὤ Ὡ
ὴ

”
ὅὝ (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 momentum.  

This connection exists because changes in pressure and temperature can lead to variations  

in density throughout the flow field [111]. 

In contrast, when liquids and gases move at relatively low velocities, they typically 

behave as incompressible fluids. Under these conditions, density remains nearly constant, 

effectively decoupling the energy equation from the mass and momentum conservation 

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 effects, 

such as heat transfer, play a significant role in the problem [111] 
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5.8 TURBULENCE MODELING AND REYNOLDS AVERAGING  

The selection of a turbulence model is fundamentally a trade-off between desired simulation 

accuracy and the computational resources at hand. In practical engineering applications,  

this balance becomes especially important, as high-fidelity 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 constraints of the simulation (see Fig. 5.8.1) [98].  

 

Fig. 5.8.1 Characterization of modelling process and an overview 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 result, both industry and academia often rely on even more simplified 

turbulence models to meet practical constraints [98]. RANS turbulence models can be generally 

divided into two classes, the Reynolds Stress Models (RSM) and Eddy Viscosity Models 

(EVM). Eddy viscosity models are a class of turbulence models that are used to calculate 

(model) the Reynolds stresses ŰR [112]. 

 Reynolds Stress Models (RSM) avoid the eddy-viscosity assumption by directly solving 

transport equations for the individual components of the Reynolds stress tensor ŰR, along with 

an equation for the dissipation rate Ů. However, the method introduces additional unknowns 

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 7-equation model. Despite its accuracy, its use is limited by numerical instability  

and high resource demands [98].  
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Reynolds decomposition and stress tensor 

In 1895, Reynolds [113] introduced the concept of decomposing instantaneous flow 

variables into a mean part ʟə(x,t) and a fluctuating part ʟ'(x,t): 

‰ὼȟὸ ‰ὼȟὸ ‰ᴂὼȟὸ (5.8.1) 

where ʟ  denotes the instantaneous value of any flow variable (u,p,e,h,T,ɟ) at a given time  

t and position x. The mean component ʟə  is obtained using one of the three Reynolds averaging 

methods (time, spatial, or ensemble), with time being the most commonly applied [102]. 

This approach, known as Reynolds decomposition, separates the mean flow from 

turbulent fluctuations through time averaging. The resulting equations, called Reynolds 

averaged NavierïStokes equations (RANS), statistically describe the flow. For unsteady 

simulations, averaging is done over intervals long relative to turbulence scales but short 

compared to changes in the mean 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 turbulence 

effects on transport phenomena are included. As illustrated in Fig. 5.8.2, DNS, LES, and RANS 

differ in the range of resolved scales: DNS captures all, LES resolves large scales, and RANS 

resolves none, modeling smaller scales instead [98]. 

 

Fig. 5.8.2 Flow resolved by DNS, LES, and RANS. 

Source: [98] 

In RANS, we do not calculate the fluctuating velocity components uǋ = (uxǋ, uyǋ, uzǋ), 

instead we model them by relating them to the mean flow variables uə = (uə, uəy, uəz) [112]. 
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Letôs consider the compressible continuity Eq. (5.4.3), momentum Eq. (5.5.6)  

and enthalpy Eq. (5.6.5). If we neglect the body forces terms (ɟg or ɟg Ŀ u), internal heat source 

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

‬”

‬ὸ
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The Reynolds Averaged variants introduce mean flow variables: 
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which are pretty much identical, except the terms of Reynolds stress tensor ŰR and turbulent 

heat flux qR appear. This introduces six new unknowns, which are the components of the tensor 

īɟuəôuəô, and three new unknown turbulent heat fluxes to the energy equation [102]: 
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 (5.8.8) 
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The incompressible variant of Eq. (5.8.6) was first derived by Reynolds [113] in 1895  

and is very similar to the original NavierïStokes equations apart from the term īɟuəôuəô. 

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 reflect turbulenceôs strong sensitivity to disturbances. Deriving them directly 

from the conservation equations leads to higher-order correlations, creating a recursive chain 

of new unknowns. Turbulence modeling resolves this by expressing fluctuating stress terms 

solely in terms of mean flow quantities, which is the central aim of RANS approach [98, 102]. 
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Boussinesq hypothesis and eddy viscosity 

The formulation of Reynolds stress tensor models frequently draws upon the Boussinesq 

hypothesis [114], which was first introduced by Boussinesq in 1877 [115]. In a manner 

comparable to the treatment of viscous stresses in Newtonian fluid flows that [108],  

this approach presumes that the Reynolds stresses can be expressed as a linear relationship with 

the gradients of the mean velocity field: 

Ⱳ╡ ”◊◊ ‘ ​◊ ​◊
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σ
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σ
”ὯὍ (5.8.10) 

New components show up in the equation, where ɛt is the constant of proportionality called  

the eddy turbulent viscosity and k is the turbulent kinetic energy. Eddy turbulent viscosity  

ɛt is an artificial term and it controls the strength of diffusion. Further modelling is needed  

to calculate ɛt and it is done by the chosen eddy viscosity turbulence model [112].  

The turbulent kinetic energy k is defined as: 

Ὧ
ρ

ς
◊Ͻ◊ (5.8.11) 

Turbulent heat fluxes are obtained by analogy with Fourierôs law: 

▲╡ ”ὅ ◊╣ ‖​Ὕ ὥ”ὅ ​Ὕ (5.8.12) 

where ət represents the turbulent thermal conductivity and at is turbulent thermal diffusivity, 

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

Under these assumptions, determining Reynolds stress components becomes a matter  

of computing the turbulent kinetic energy k, the turbulent viscosity ɛt, and the turbulent thermal 

conductivity ət (in the compressible flows only) [98, 102, 112]. 

Eddy viscosity turbulence models 

Many approaches for calculating the Reynolds stress tensor rely on simplifying 

assumptions based on the Boussinesq hypothesis, which introduces the concept of eddy 

viscosity. Therefore, a key part of turbulence modeling is to determine this turbulent viscosity, 

In the context of RANS-based turbulence models using the eddy-viscosity framework,  

the model essentially consists of the equations required to compute this viscosity [98]. 
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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 their advantages 

and disadvantages is provided in Tab. 5.8.1. 

Tab. 5.8.1 RANS turbulence modelsô overview [98]. 

Turbulence model Advantages Limitations  

Zero-equation models:  

mixing-length model 

These models are highly economical 

in terms of computational resources 

and are suitable for simulating a small 

range of flow types. 

These models do not capture the transport 

of turbulence scales effectively, and 

estimating parameters like the mixing 

length is challenging. Thus, they are not 

versatile for general turbulence modeling. 

One-equation models: 

k-algebraic model,  

Spalart-Allmaras model 

They offer a balance between 

simplicity and effectiveness, making 

them efficient for certain limited flow 

scenarios. 

Using a single algebraic relation for the 

turbulence length scale can be too 

limiting. The transport mechanisms of 

this length scale are often ignored, 

reducing the modelôs ability to accurately 

capture turbulence behavior. 

Two-equation models: 

standard kïŮ 

RNG kïŮ  

realizable kïŮ  

standard kïɤ 

kïɤ SST 

These models are comprehensive, as 

they predict both the velocity field and 

the turbulence length scales through 

transport equations. They are 

straightforward, cost-efficient and are 

widely used in engineering due to 

their reliable performance, especially 

for analyzing trends.  

These rely on the eddy-viscosity 

assumption and consider turbulence 

viscosity to be isotropic, which limits 

accuracy. Important physical processes 

such as convection and diffusion of shear 

stresses are typically neglected. 

Reynolds stress models  

(RSM) 

Designed for complex turbulent flows 

where simpler models struggle, these 

models consider anisotropic 

turbulence effects. They provide 

enhanced accuracy for challenging 

flow cases such as swirling flows. 

These are computationally intensive, 

involving up to 11 additional transport 

equations. The complexity of the closure 

terms can lead to inaccuracies in certain 

flow situations, and the models demand 

significant computational resources. 

The most popular eddy viscosity models used by researchers are Spalart-Allmaras  

1-equation model (1994) [116, 117] and 2ïequation models, such as Launder & Spalding  

kïŮ (1974) [118], Wilcox kïɤ (1998) [81, 119] and Menterôs kïɤ shear stress transport (SST) 

(1994) [120, 121], which utilizes the original kïɤ model in the inner region of the boundary 

layer and switches to the standard kïŮ model in the outer region [108, 111].  

In the context of external aerodynamic flows, commonly employed turbulence models 

include the SpalartïAllmaras and the two-equation kïɤ Shear Stress Transport (SST) model 

developed by Menter are the predominant choices for aerodynamic flow simulations [122]. 

Among these, the kïɤ 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 shear flows [111, 123]. 
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Therefore, the turbulence model chosen for the study was kïɤ SST, which is widely 

accepted as the industry standard. This turbulence model offers better predictions of flow 

separation compared to most RANS models and demonstrates satisfactory behavior in adverse 

pressure gradient scenarios [124, 125]. Moreover, it provides more accurate predictions  

of the creation, trajectory, and breakdown of edge-augmented vortices [126],  

making it the preferred choice for external aerodynamics simulations where separation  

is important [121]. 

The Menterôs kïɤ SST are given by Eq. (5.8.13) and Eq. (5.8.14) [127, 128], along with 

turbulent eddy viscosity by Eq. (5.8.15) and turbulent thermal diffusivity by Eq. (5.8.16): 
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where k is turbulent kinetic energy, ɤ is specific dissipation rate, ɜt turbulent eddy kinematic 

viscosity (ɜt = ɛt/ɟ), Pk is the production rate of turbulent kinetic energy, ɾ  is the blended model 

constant, F1, F2 are blending functions and S is the magnitude of strain rate tensor. 

The model constants are provided in Tab. 5.8.2, while the nested equations are given by: 

ὖ ‘ϽὛ     ×ÈÅÒÅ     Ὓ Ѝς╢Ḋ╢     ÁÎÄ     ╢
ρ

ς
​◊ ​◊  (5.8.17) 

‎ Ὂ‎ ρ Ὂ ‎ (5.8.18) 

Ὂ ὸὥὲὬὥὶὫ ὸὥὲὬ άὭὲάὥὼ
ЍὯ

‍z‫ώ
ȟ
υππ’

ώ‫
ȟ

τ”„ Ὧ

άὥὼτ”„
ρ
‫
​ὯϽ​‫ȟρπ

 (5.8.19) 

Ὂ ὸὥὲὬ άὥὼ
ςЍὯ

‍z‫ώ
ȟ
υππ’

ώ‫
 (5.8.20) 

where ɜ is the kinematic viscosity and y is the distance to the closest wall (m) in each cell. 
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Tab. 5.8.2 Constants of the kïɤ SST model. 

Constant Value Description 

‍ᶻ 0.09 Decay coefficient for turbulent kinetic energy 

‍ 0.075 ɤ destruction coefficient near the wall (k-ɤ model) 

‍ 0.0828 ɤ destruction coefficient away from wall (k-Ů model) 

„  0.85 Turbulent Prandtl number for k diffusion near the wall 

„  1.0 Turbulent Prandtl number for k diffusion in free stream 

„  0.5 Turbulent Prandtl number for ɤ diffusion near the wall 

„  0.856 Turbulent Prandtl number for ɤ diffusion in free stream 

‎ 5/9 å 0.555 Production coefficient near the wall (k-ɤ) 

‎ 0.44 Production coefficient away from the wall (k-Ů) 

ὥ 0.31 Coefficient used in turbulent viscosity definition 

ὖὶ 0.7-0.9 Turbulent Prandtl number provided to CFD code by user 

5.9 SOLVER -SPECIFIC FORMULATIONS OF THE NAVIERïSTOKES EQUATIONS 

As previously mentioned, since the primary objective of this study is to capture time-

averaged flow phenomena, such as separation-induced leading-edge vortices and to compare 

aerodynamic coefficients with experimentally averaged data, a steady-state [129] RANS 

approach is adopted as the appropriate modeling strategy. 

For this reason, steady-state RANS simulations were conducted using OpenFOAMs  

built-in solvers based on Semi-Implicit Method for Pressure Linked (SIMPLE) algorithm [130], 

such as simpleFoam ï which is an incompressible, steady-state pressure-based solver used  

at the beginning of the study to assess the local Mach numbers reached by the vortex flow,  

and rhoSimpleFoam ï which is a compressible, steady-state density-based solver used 

afterwards in order to accurately capture vortex structures and account for compressibility. 

For steady-state compressible flows, as implemented in the rhoSimpleFoam solver [131], 

the temporal derivatives are set to zero (Ö/Öt = 0) and body forces terms (ɟg or ɟg Ŀ u)  

are explicitly neglected. The energy equation is also reduced by internal heat source (ɟr)  

and kinetic energy is handled implicitly in momentum equation. This leads to the final form of:  

Continuity ​Ͻ”◊ π (5.9.1) 
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For incompressible steady-state flows, represented by the simpleFoam solver [132], 

further simplifications are made. The density is assumed constant, as a result, the continuity 

and the momentum equation are further reduced by dividing them by density ɟ.  

The new continuity equation also reduces the trace (volumetric part) of viscous stress tensor Ű: 

Continuity ​Ͻ◊ π   (5.9.6) 

Momentum ◊Ͻ​◊ ​
ὴ

”
​Ͻ’​◊ ​◊ ​

ὴ

”
’​◊ (5.9.7) 

Turbulent 

kinetic 

energy 
​Ͻ◊Ὧ ​Ͻ ’

’

„
​Ὧ

ὖ

”
‍ᶻ‫Ὧ (5.9.8) 

Dissipation 

rate 
​Ͻ◊‫ ​Ͻ ’

’

„
​‫

‎

’

ὖ

”
‍‫ ςρ Ὂ

„

‫
​ὯϽ(5.9.9) ‫​ 

where the only new component is the kinematic viscosity ɜ = ɛ/ɟ and since simpleFoam  

is a pressure-base solver it solves for kinematic pressure (pk = p/ɟ) [133]. 

In reality, an ideal incompressible flow does not exist. When modeling problems where the 

fluid velocity is substantially lower than the speed of sound, it is 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 Ò 0.3 [134] (see Fig. 5.9.1) or density changes below 5% [135]. 

 

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 the 

equation of state, which links the relationship between density, temperature and pressure [98]. 
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5.10  BOUNDARY CONDITIONS  

The three-dimensional NavierïStokes equations involve dependent variables such  

as the velocity components ux, uy, uz and the pressure p. Depending on the flow conditions, 

boundary conditions (BCs) can be specified in various ways and are 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 applied [98]. 

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 link the mathematical model with the problemôs boundary requirements.  

The implementation of these conditions affects the corresponding mathematical operator  

or term involved (e.g., divergence, Laplacian, gradient). Consequently, the fundamental types 

of BCs are Dirichlet (fixedValue), Neumann (zeroGradient or fixedGradient), and Robin 

conditions, the latter representing a combination of the first two types [102]. 

A boundary condition specifying a known value of the variable rʟef corresponds  

to a Dirichlet BC (fixedValue), which can be defined as follows [136]: 

‰ ‰  (5.10.1) 

A boundary condition specifying the gradient (increment) of the variable rʟef corresponds 

to a Neumann BC (fixedGradient), which can be defined as follows [136]: 

‰ ‰ Ўɳ‰  

ᶯ πO
‬‰

‬ὲ
π 

(5.10.2) 

Meanwhile, Robin BC can be expressed using the following formulation [136]: 

‰ ύ‰ ρ ύ ‰ Ў​‰  (5.10.3) 

where fʟ  is the value of the variable at the cell face (face value), rʟef  is the specified (known) 

value of the variable, cʟ is the value of the variable at the cell center (cell value),  

ᶯʟ ref  is the specified (known) gradient of the variable, w is the weighting factor or value 

fraction, ȹ is the distance between the cell center and the cell face (face-to-cell distance). 
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When defining the BCs of a computational domain, the complete set of flow parameters 

is rarely known. If the flow velocity or pressure is known at the inlet or outlet, a Dirichlet BC 

is applied. In external flows the inlet velocity is often specified, while the outlet velocity 

remains unknown, in which case a Neumann BC is used. Derivative forms of these two 

boundary types (classified as Robin BCs) include the inletOutlet and freestream formulations. 

These operate by switching between Dirichlet condition (freestreamValue or inletValue) when 

the flow enters the domain and Neumann condition (zeroGradient), if the flow exits the domain. 

An inlet BC can be formulated as a Dirichlet condition when the velocity is specified  

(uf = uref) or when the mass flow rate at the inlet is known (ἂf = ἂref). 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 pressure BC may be applied when the inlet 

pressure is known, implemented as a Dirichlet condition (pf = pref), while the velocity  

is unknown, in which case a Neumann condition is used (Öu/Ön = 0) [98]. 

For the outlet, the standard BC for the velocity variable u is most often a Neumann 

condition (  ɳ= 0, Öu/Ön = 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 occurs 

during iterations. Such pressure outlet conditions when neither inlet velocity nor inlet pressure 

details are fully known prior to solving the flow field [98]. 

A wall BC may be defined as either slip or noSlip. The noSlip condition, a form of the 

Dirichlet BC, assumes zero relative velocity between the wall and the fluid, functioning 

identically to fixedValue. For high-Reynolds-number 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 near-wall velocity and shear [98]. 

The symmetry (or symmetry plane) BC 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, symmetry BCs 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 hand [98]. 
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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 near-wall region 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 approximated  

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 within this near-wall region, 

enabling efficient simulations without the need to fully resolve the entire boundary layer.  

In this study, four OpenFOAMs wall-function formulations are employed [137, 138]: 

¶ the nutkWallFunction BC [139], which provides a wall constraint on the turbulent 

kinematic viscosity (nut), based on the turbulent kinetic energy (k), for both low- and high-

Reynolds number turbulence models. This condition inherits the traits  

of the nutWallFunction, which in turn behaves as a fixedValue boundary condition. 

¶ the nutUSpaldingWallFunction BC [140], which also inherits traits from  

the nutWallFunction, but uses the Spaldingôs law to model the velocity profile across  

the boundary layer. It is preferred in high-Ŭ cases, where the first cell may not lie  

in the y+ > 30 region, because it covers the entire near-wall region. 

¶ the kqRWallFunction BC [141], which implements a wrapper around the zeroGradient 

condition, applicable to the turbulent kinetic energy (k), for the cases of high Reynolds 

number flow using wall functions. The kqRWallFunction condition inherits the traits  

of the zeroGradient BC. 

¶ the omegaWallFunction BC [142], which provides a wall constraint on the specific 

dissipation rate (ɤ) and on the turbulent kinetic energy production term (G), for both low- 

and high-Reynolds number turbulence models. This condition inherits the traits  

of a fixedValue BC. 

These modern, automatic wall-function formulations [143] are y+ insensitive  

and incorporate blending functions that adapt to the local near-wall flow regime.  

Unlike traditional wall functions, which assume that the first cell lies within the logarithmic 

layer of the boundary layer (y+ > 30), these formulations can automatically transition between 

viscous sublayer treatment and log-law behavior depending on the local y+ value. Consequently, 

they remain applicable even when the first cell lies within the viscous sublayer (y+ < 1), 

providing a reasonable approximation of near-wall turbulence without requiring manual 

parameter adjustments. 
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5.11  DIMENSIONLESS PARAMETERS  

Addressing real-world problems requires careful attention to numerous factors and how 

they interact. Altering 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 objects, which is a core focus of fluid dynamics. These fluids 

exert forces and moments on objects. The flow patterns and their impact on a body  

are influenced by the bodyôs shape and its orientation relative to the flow. Fluid properties such 

as velocity, density, viscosity, temperature, pressure, and speed of sound play a critical role  

in determining these forces [135]. 

One way to approach such fluid dynamics problems is to use the fundamental equations 

that govern fluid motion, known as the Navier-Stokes equations. These nonlinear PDEs form 

the foundation of CFD. An 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 methods, or a combination of both, can reveal 

the mutual influences of fluids and bodies. Nevertheless, systematically varying each parameter 

to understand cause and effect can be extremely time-consuming. This is where dimensionless 

parameters are essential for understanding and predicting aerodynamic behavior [135]. 

Dynamic similarity  dilemma 

Dynamic similarity is the central idea that a sub-scale experiment (or simulation)  

can reproduce full-scale physics when the relevant non-dimensional parameters are matched.  

It builds hierarchically on two prerequisites [135]: 

¶ geometric similarity ï model and full-scale share the same shape, related by a scale factor, 

¶ kinematic similarity ï 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 (Buckinghamḯ). For aerodynamic problems, the dominant ones are Reynolds number 

(Re), which is the balance of inertia vs. viscosity, governing boundary-layer state, separation, 

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

behavior, and pressure-field propagation [135]. 



 

76 

If the relevant ́ groups are identical in two flows, then: 

¶ streamline patterns are geometrically similar, 

¶ non-dimensional field quantities collapse versus non-dimensional length, 

¶ force/moment coefficients (e.g. CL, CD, CM) match. 

Wind tunnel and water tunnel models are smaller (smaller c), which reduces Reynolds 

number unless flow velocity u and/or density or viscosity (ɟ/ɛ) are increased. Increasing flow 

velocity in order to recover Reynolds number often pushes Mach number too high. 

In the case of the CFA Phantom fighter aircraft model with mean aerodynamic chord  

of 7.69 m and flow velocity of 66.6 m/s, the Reynolds number is Re = 3.51 Ŀ 107 and the Mach 

number is Ma = 0.2 (essentially incompressible flow).  

By scaling the model to 1/46 scale and by keeping the flow velocity at 66.6 m/s, the Reynolds 

number becomes Re = 7.63 Ŀ 105 (two orders of magnitude lower), even though the Mach 

number remains matched. Recovering Reynolds number by speed alone would therefore require 

roughly 46 times the velocity (3066 m/s, Ma å 9), which breaks the intended compressibility 

regime. This is the archetypal coupled ReïMa 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.  

Waterôs kinematic viscosity is around 1/15 that of air, so small water-tunnel models at modest 

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 than in air,  

so compressibility cannot be matched [135]. 

Cryogenic/pressurized tunnels (e.g. European Transonic Wind Tunnel (ETW) [144, 145]) use 

lower temperatures and/or raised pressure, which boosts Reynolds number dramatically  

at controlled Mach number, enabling closer ReïMa matching with moderate model sizes, 

though at significant operational cost and complexity. Realistically, this is the only way to 

match full-scale flow characteristics, but it remains outside the financial scope for most 

individual scientists. Because of this, perfect similarity is rarely achievable, which is why 

engineers and scientists often pursue partial similarity [135]. 
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Reynolds number 

The Reynolds number quantifies the relative influence of inertial forces compared  

to viscous forces in a flow. It 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 tunnels  

to real-world conditions [135]. When classifying flow regimes, the Reynolds number  

is commonly employed as a dimensionless parameter, defined as: 
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 (5.11.1) 

where ɟ is reference fluid density, c is characteristic length, u flow velocity, ɛ is dynamic 

viscosity and ɜ is kinematic viscosity. 

Based on the Reynolds number, flows are typically categorized into three regimes: 

¶ laminar flow ï dominated by viscous forces, exhibiting smooth and orderly fluid motion, 

¶ transitional flow ï exhibiting instabilities leading to turbulence onset, 

¶ turbulent flow ï dominated by inertial forces, characterized by chaotic motion. 

Fig. 5.11.1 illustrates the characteristic transition from laminar to turbulent flow. 

 

Fig. 5.11.1 Characteristics of the laminar-to-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 as understanding phenomena such as shock waves and compressibility effects [135]. 
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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: 

ὓὥ
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Ѝ ϽὙϽὝ
 (5.11.2) 

where u is the flow velocity, V is the speed of sound,  ᷆is the adiabatic index (1.4 for dry air), 

R is the specific gas constant and T is the absolute temperature. 

Based on the Mach number, for slender bodies flows are typically categorized as [91]: 

¶ subsonic (Ma < 0.8) ï flow is slower than the speed of sound, compressibility effects  

are generally small, 

¶ transonic (0.8 Ò Ma Ò 1.2) ï this range is where some parts of the flow may locally reach 

supersonic speeds while other parts remain subsonic. The flow is highly sensitive  

to compressibility effects; shock waves may appear. 

¶ supersonic (Ma > 1.2) ï flow is entirely above the speed of sound. Strong shock waves and 

expansion fans are present. 

¶ hypersonic (Ma Ó 5) ï occurs at very high speeds, where aerodynamic heating,  

strong shock waves, and real-gas effects become dominant. 

Fig. 5.11.2 shows the different Mach number ranges, including subsonic, transonic,  

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

flow. 

 

Fig. 5.11.2 Classification of different regimes in compressible flow. 

Source: [146] 

Unfortunately, full dynamic similarity between the CFD and water tunnel studies was not 

achieved and only partial similarity was obtained. Nevertheless, the results remain comparable, 

and the underlying reasons for this are discussed in detail in the Discussion chapter. 
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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 expressed in non-dimensional form 

as aerodynamic coefficients: 
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where R denotes the aerodynamic force and N, A, L and D represent the normal, axial,  

lift and drag forces, respectively, with dimensionless coefficients CN, CA, CL and CD.  

The pitching moment is denoted as PM with coefficient CM. The wing reference area  

is Aref and c is the characteristic length, which in this study corresponds to wingôs mean 

aerodynamic chord. The skin friction coefficient Cf is defined from the local wall shear stress 

ʐw normalized by the dynamic pressure pd, which in turn is determined from the reference 

density ɟ and the squared velocity magnitude u. The last parameter, the pressure coefficient Cp, 

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

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 the following folder structure [147]: 

 
 

Fig. 6.1.1 OpenFOAM standard case directory structure. 

The constant directory stores case-independent input, including the computational mesh 

(polyMesh) and physical model definitions (e.g., physicalProperties, momentumTransport). 

Within polyMesh, the boundary file enumerates all mesh patches, giving their name, type, 

number of faces, and first face index. These geometric boundaries are later referenced  

in the 0/ folder to prescribe solver-specific boundary conditions. 

The system directory defines the numerical setup. It normally contains controlDict  

(run parameters such as start/end time, time step, and data output), fvSchemes  

(spatial and temporal discretization methods), and fvSolution (linear solvers, tolerances, 

relaxation factors, and algorithmic controls). Together, these files determine how the equations 

are advanced in time and space. 

The time directories hold field data at discrete simulation times. The initial folder  

0/ contains user-defined values and boundary conditions for all primary variables  

(e.g., 0/U for velocity, 0/p for pressure). Subsequent directories are written automatically during 

the run to record results. Even for steady-state problems, all fields must be initialized  

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

The SIMPLE algorithm is widely employed for computing steady-state solutions in CFD. 

It is particularly suited for flows that asymptotically reach a steady condition, where all flow 

variables become time-invariant. In addition, it can be applied to mildly unsteady cases, 

providing approximate results at significantly lower computational cost compared to fully 

transient approaches [129]. The sequence for each iteration in SIMPLE algorithm follows: 

1. Advance to the next iteration t = ti + 1. 

2. Initialise ui + 1 and pi + 1 using latest available values of u and p. 

3. Construct the momentum equations. 

4. Under-relax the momentum matrix. 

5. Solve the momentum equations to obtain a prediction for ui + 1. 

6. Construct the pressure equation. 

7. Solve the pressure equation for pi + 1. 

8. Correct the flux for iʟ + 1. 

9. Under-relax pi + 1. 

10. Correct the velocity for ui + 1. 

11. If not converged, go back to step 2. 

 

Fig. 6.2.1 SIMPLE algorithm diagram. 
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6.3 DIMENSIONLESS WALL DISTANCE (Y+) 

Turbulent flows are a very common phenomenon in CFD and are significantly influenced 

by the presence of walls. Accurate representation of the near-wall layer is crucial for successful 

prediction of turbulent flows confined by walls. To handle the near-wall region, two approaches 

are commonly used. 

The first approach is wall-resolved turbulence modeling, which modifies turbulence 

models to resolve the entire near-wall region, including the viscous sublayer. In this case,  

the first cell center must be located within the viscous sublayer (ideally at y+  Ò 1), 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 the near-wall region.  

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, significantly reducing the size  

of the computational mesh and domain (30 < y+  < 300) [148]. 

One of the most important parameters for assessing the applicability of wall functions  

is the dimensionless wall distance, y+  [108]: 

ώ
ώϽό

’
 (6.3.1) 

where uŰ is the friction velocity of the fluid, y is the thickness of the first cell layer  

and ɜ is the kinematic viscosity of the fluid. 

The dimensionless wall distance y+ 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 different y+ values. 

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 low y+ values can be difficult to achieve during the initial mesh generation and may even 

be undesirable, since part of the mesh might lie outside the logarithmic region. 
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Three main near-wall regions can be distinguished, which determine how the velocity 

profile is calculated: 

¶ viscous sublayer (y+  < 5), where flow is dominated by viscosity. In this layer, Reynolds 

shear stresses are negligible, so: 

ό ώ  (6.3.2) 

¶ buffer layer (5 < y+  < 30), which is a transitional region between the viscous sublayer and 

the logarithmic region. Viscous and turbulent stresses are of comparable magnitude, and the 

velocity profile is not well-defined. 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: 

ό
ρ

‖
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here, y+ is the dimensionless wall distance, ʆvK = 0.41 is the Karman constant and B = 5.2 is the 

log-law additive constant.  

 

Fig. 6.3.1 Near-wall layers and the logarithmic wall law curve. 

Source: [135] 
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Depending on whether the problem is solved using wall functions (30 < y+ < 300) or fully 

resolving the viscous sublayer (y+  < 5), an appropriate y+ value can be selected. This allows  

the thickness of the first near-wall cell, y, to be calculated before mesh generation,  

using a rearrangement of Eq. (6.3.1) [149]: 
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where uŰ is the friction velocity, y is the first layer thickness, ɟ is the fluid density,  

ɛ is the dynamic viscosity and ɜ is the kinematic viscosity. 

The friction velocity is defined as: 
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where Űw is the wall shear stress, given by: 
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Here, Cf  is the skin friction coefficient, which can be chosen based on the flow. For flows with 

Re < 109, Schlichtingôs formula can be used [108]: 
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Substituting these relations gives the final expression for the first layer thickness y: 
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6.4  NUMERICAL MODEL VALIDATION  

In order to develop a reliable mathematical model, validation was 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 cross-section of this airfoil is illustrated in Fig. 6.4.1, and the formulation 

describing this geometry is provided by Eq. (6.4.1): 

ώ πȟφπȟςωφωЍὼ πȟρςφὼ πȟσυρφὼ πȟςψτσὼ πȟρπρυὼ  (6.4.1) 

 

Fig. 6.4.1 Cross-section of NACA 0012 airfoil. 

Specific information about the validation case can be found on the NASA [150]  

and OpenFOAM [151] websites. The computational model, prepared according to the provided 

guidelines, should yield results very close to the experimental data. The only modification made 

to this validation was changing the turbulence model from SpalartïAllmaras to kïɤ SST.  

To minimize mesh dependency in the results, a converted FAMILY II (2-D) 897 x 257 NASA 

mesh was used [152]. A graphical representation of the grid can be seen in Fig. 6.4.2. 

Validation cases simulated external flow around the two-dimensional (2D) airfoil 

geometry in steady state. The data on flow characteristics can be found in Tab. 6.4.1. 

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

Label Quantity  

Type External 2D steady-state aerodynamics 

Fluid Newtonian, single-phase, incompressible 

Material Air at T = 20ÁC 

Reynolds number Re = 6 Ŀ 106 

Far-field Mach number Ma = 0.15 

Speed of sound V = 343.21 m/s 

Streamwise far-field flow speed u = 51.4815 m/s 

Characteristic length (airfoil chord) c = 1 m 

Kinematic viscosity of fluid ɜ = 8.58 Ŀ 10ī6 m2/s 

To implement the kïɤ SST model, two approaches can be utilized. The low-Re turbulence 

model (no wall functions) is appropriate for meshes with a dimensionless wall distance  

of y+ å 1, while the high-Re model (wall functions) is mostly suitable for meshes with y+ > 30. 

In OpenFOAM, certain wall functions are compatible with both y+ regions. 



 

86 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 6.4.2 Mesh for NACA 0012 numerical model validation study: (a) computational domain, (b) mesh 

around airfoil, (c) leading-edge treatment, (d) trailing-edge treatment. 

The NASA grid is reported to have y+ < 1, indicating that boundary conditions (BC)  

for the low-Re model should be implemented. However, both approaches will still be compared. 

For the inlet and outlet, the freestream BC was recommended. The BCs for the NACA 0012 

validation can be found in Tab. 6.4.2 and Tab. 6.4.3. 

Tab. 6.4.2 Boundary conditions for velocity and kinematic pressure in NACA 0012 validation case. 

BC (field) u, m/s p, m2/s2 

inlet/outlet 

freestream  

u = (ux, uy) (inflow);  

uɳ = 0 (outflow) 

freestreamPressure  

pɳ = 0 (inflow);  

p = 0 (outflow) 

left/right empty 

airfoil 
noSlip 

 u = 0 

zeroGradient 

pɳ = 0 
































































































































































































































































































































































