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Abstract 

The industry mission toward sustainable aviation has intensified interest in wake surfing operation 

as a potential method for reducing carbon emissions.  Wingtip vortices constitute the fundamental 

aerodynamics mechanism governing the wake interactions between aircraft. However, the prediction of 

wake-vortex evolution over extended distances remains technically challenging due to the highly 

unsteady nature of vortical flows, which are sensitive to turbulence dissipation and inflow specification. 

This research investigates the characterisation, modelling, and efficient computational simulation of 

wingtip vortex behaviour, with specific emphasis on vortex surfing in extended longitudinal fields. A 

combined experimental-computational approach is adopted to address the challenges of accurately 

predicting vortex development over long distances at reduced computational cost. 

A novel perspective upright correction technique for wind tunnel test is introduced to enable 

geometrically upright vortex images from a single camera positioned at arbitrary viewing angles. This 

method greatly simplifies experimental setup and improves the precision of wake-spiral 

characterisation. Experimental results reveal that the true vortex core may behave differently from the 

visible wake spiral, underscoring the importance of numerical analysis for vortex core characterisation. 

To address the numerical characterisation, a Computational Fluid Dynamic (CFD) methodology is 

developed using OpenFOAM to resolve the wake vortex dynamics from the leading wing using 

Unsteady Reynolds-Averaged Navier-Stokes (URANS) and Large Eddy Simulation (LES) turbulence 

models. The CFD framework is constructed to capture the spiral morphology of the vortex core, the 

tangential velocity magnitudes, axial velocity deficits and downstream trajectory and evolution.  The 

more recent formation flights have a substantial longitudinal separation of up to a few kilometres. 

Resolving the flight dynamics using LES is computationally prohibitive due to the vast spatial and 

temporal scales. For efficient simulation for repetitive upstream flow field over the extended flight 

formation, inlet conditioning framework was developed. The precursor method successfully transfers 

fully developed LES vortex inflow to a downstream main domain, retaining coherent turbulence with 

negligible dissipation. A complementary synthetic method, based on Fourier-series reconstruction of 

velocity fluctuations, demonstrates feasibility but encounters limitations within the vortex core where 

fluctuation behaviour is highly unstable.  

In wake surfing simulations, the leading wing remains largely unaffected, whereas the trailing wing 

benefits substantially from the induced upwash. The optimal configuration identified in this study 

corresponds to a lateral overlap of approximately 10% wingspan at matched flight level, yielding a 

significant improvement in lift-to-drag ratio. 
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To further reduce the computational cost, the inflow conditions can be initialised through the 

combination of the mean vortex fields derived from the Unsteady Vortex Lattice Method (UVLM) and 

the turbulent fluctuations from the LESs. Although the UVLM tends to accelerate the vortex core 

growth, the simulation case may achieve the realistic vortex representation through a careful selection 

of the inlet plane from the UVLM.  
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Chapter 1 

1 

 

Chapter 1   

Introduction 

Commercial aerospace remains a major contributor to global carbon emissions, with nearly 39 

million flights recorded in 2018 [1], and an associated 918 million metric tons (MMT) of CO2. This 

amount equates to approximately 2.4% of global emissions from fossil fuel consumption, an astonishing 

rise of 32% in just five years. This emissions growth rate is almost 70% greater than the current ICAO 

forecasts. Slightly more than 80% of the emission is contributed by passenger aircraft. The greenhouse 

gas emissions from commercial aviation are expected to triple by 2050 under the trajectory of its rapid 

growth [2], potentially accounting for 25% of the global carbon budget. 

The Covid-19 pandemic severely disrupted the growing number of flights. However, the air traffic 

has rebounded to pre-pandemic levels in 2024 [3] and expected to sustain a long-term growth. Both 

Airbus [4] and Boeing [5] predict the global aircraft fleet to be doubled from now to 2040, driven by 

rising passenger and logistics demand and expanded air transport networks. This rapid growth will 

inevitably result in denser air traffic and increased greenhouse gases emissions, which stands in contrast 

to the commitments of aviation sector to achieve net-zero carbon emissions by 2050 [6] to meet the 

sustainability goal set by ICAO. 

In achieving the sustainability targets, the industry must pursue strategies that significantly enhance 

aerodynamic and fuel efficiency without imposing substantial cost increases on operators or passengers. 

One promising concept is formation flight [7, 8] by wake vortex surfing [9, 10], in which a trailing 

aircraft positions itself within the beneficial upwash generated by the wingtip vortices of a leading 

aircraft. By exploiting this induced upwash, the trailing aircraft can reduce lift-induced drag and achieve 

measurable fuel savings. 

However, practical implementation of formation flight requires accurately predicting the location, 

strength, and evolution of the wake vortex system to identify the optimal “sweet spot” for maximum 

aerodynamic benefit. Both experimental investigations [11] and computational studies [8, 12] have 

examined vortex dynamics, core trajectory, and decay behaviour to better characterise the flow 

environment encountered by a trailing aircraft. These insights continue to motivate deeper investigation 

into wake vortex physics, including turbulence modelling, inflow specification using high-fidelity 

simulations for a more efficient yet accurate formation flight aerodynamics estimations. 
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1.1 Vortex Surfing 

A classic example of vortex surfing is observed in long-distance migratory birds. More than a 

century ago, aerodynamics pioneers observed and documented the migratory birds flying in a V-shaped 

formation and investigated how the formation improves flight efficiency. Wieselsberger [13] was one 

of the first to demonstrate this notion in a proper setting. A flock is typically organised into a V-shaped 

formation led by a strong head bird as shown in Figure 1.1. The trailing birds then position themselves 

to intercept the upwash generated by the wingtip vortices of the bird ahead, thereby gaining additional 

lift force and reduce the energy exerted. This aerodynamic advantage is propagated throughout the 

formation, enabling the flock to travel significantly more efficient, for additional mileage with the same 

amount of energy. Wieselsberger formalise the vortex surfing concept by applying the Prandtl’s lifting 

line theory to represent three birds in a V formation flight. The analysis demonstrated that trailing birds 

benefiting from the updraft from the leading bird’s trailing vortices. Each bird in the V formation would 

also experience approximate equipartition of drag resulting in lesser induced drag. However, the 

estimated power savings were later shown to be conservative due to methodological simplifications. 

 

 

Figure 1.1 Migratory birds in V formation. 

Subsequent studies refined these aerodynamic estimates for the flock formation. By applying 

standard unsteady wing theory, Lissaman and Shollenberger [14] reported that a three-bird formation 

could achieve approximately 26% power savings, with potential range increases up to 71% as more 

birds join the formation. Hummel [15, 16] further examined drag reduction for trailing birds in arbitrary 

position of varying weight and aspect ratio. The author discovered that lateral wing spacing has the 

greatest impact on the overall flight power reduction and that lighter birds gain proportionally more 

benefit from the upwash generated by larger, heavier leading bird. 

Based on field observations, Hainsworth [17, 18, 19] reported that some Canadian Geese flew with 

wingtips overlapped, which can achieve an optimum power saving of 35%. This has violated 
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Lissaman’s theory [14] of maximum savings in a line abreast formation with zero wing tip spacing. 

Years later, Cutts and Speakman [20] studied on pink-footed geese that always fly outboard of the ideal 

position and reported that the geese achieved a 14% of power savings induced from the flock. The 

values are similar to Weimerskirch et al.’s research [21], reported 11.4% to 14.5% heart rate reduction 

for imprinted white pelicans flying in formation. These deviations from ideal positioning suggest that 

birds may prioritise positional stability and reduced control effort over strictly maximising aerodynamic 

benefit. The consistent evidence that formation flight yields meaningful energetic advantages provides 

a compelling foundation for analogous strategies in aviation, where exploiting wake-induced upwash 

could contribute to reduced fuel consumption, extended range, and lower greenhouse-gas emissions. 

 

1.2 Formation Flight 

Inspired by the energy-saving mechanisms observed in migratory birds, powered flight began to 

explore the possibilities of formation flight as early as the mid-20th century [16, 22, 23].  As illustrated 

in Figure 1.2, the updraft of the vortices produced by the leading aircraft’s wingtip causes a forward 

rotation of the lift vector to the trailing aircraft, resulting in a smaller angle of attack and induced drag 

[24]. The trailing aircraft in the formation flight can therefore exploit the whirlwinds of turbulence 

produced by leading aircraft in achieving reduction in induced drag and better fuel flow savings. The 

potential to achieve advantageous aerodynamic effects without making significant changes to existing 

aircraft makes the formation flight operations particularly attractive. 

 

 

Figure 1.2 Aircraft on vortex surfing [25]. 

Similar principle as the migratory birds, the aircraft formation flight incorporates a leading aircraft 

and one or more trailing aircraft. The formation spacing is usually defined in terms of the leading aircraft 

wingspan 𝑏, or wing chord 𝑐 . The longitudinal displacement, 𝑥/𝑏 denotes the streamwise distance 

between the trailing aircraft’s nose to the leading aircraft’s nose (see Figure 1.3b & Figure 1.3c).  For 
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instance, an 𝑥/𝑏 = 20 indicates that the trailing aircraft is flying at a distance 20 wingspans down the 

stream aft the leading aircraft.  

The lateral spacing, 𝑦/𝑏 is defined as the lateral distance between the leading aircraft’s starboard 

wingtip to the trailing aircraft port’s wingtip or vice versa (see Figure 1.3a & Figure 1.3c). A negative 

value of 𝑦/𝑏 indicates the aircraft wing is overlapping with each other and a zero value means the 

wingtip of the aircraft are aligned.  

Finally, the vertical offset, 𝑧/𝑏 represents the relative altitude of the trailing aircraft with respect to 

the leading aircraft (see Figure 1.3a & Figure 1.3b). As the pair of counter-rotating vortices shed by the 

leading aircraft induce a downward drift on the trajectory of vortices over streamwise distance or time 

[26], the 𝑧/𝑏 position would mostly a negative value where the trailing aircraft positioned below the 

flight path altitude of leading aircraft. 

 

 

 

(a) Formation spacing in 𝑦-𝑧 plane. 

 

(b) Formation spacing in 𝑥-𝑧 plane. (c) Formation spacing in 𝑥-𝑦 plane. 

Figure 1.3 Overview of formations in different direction. 

During vortex surfing, the imbalanced inflow (see Figure 1.2) will also cause a rolling moment on 

the trailing aircraft. This must be counteracted with appropriate aileron and rudder deflections [9]. The 

strength of the rolling moment varies strongly with the relative position to the leading aircraft or in the 

wake. There may be areas where the rolling moment exceeded the aircraft’s compensation capabilities 

and must therefore be avoided. In real world, the leading and trailing aircraft in a formation are likely 

to be of different model, size, aerodynamic characteristics and performance. Table 1.1 presents several 

formation configurations involving varied aircraft counts and types. Such permutations create a 

numerous possible formation strategy. Consequently, a trailing aircraft may fly slightly offset from the 

theoretically optimal energy-saving position in exchange for a more flexible handling requirements and 

reduced pilot or control-system workload.  
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Table 1.1 Formation configurations [26]. 
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 Inverted Chevron Staggered Inverted Chevron 

 

 

 

 

Over the past few decades, several institutes, organisations and aerospace companies have 

undertaken flight test programs to investigate the aerodynamic benefits and operational feasibility of 

the vortex surfing technique in formation flight. These efforts span a progressive evolution, from early 

research focused on military fighter aircraft in close formations and the flight test, later progressed to 

transport aircraft in extended formations of thousands of feet of longitudinal separations. With higher 

confidence and technological readiness level, the flight demonstrations eventually leading to 

commercial passenger aircraft.  

One of the earlies documented formation flight tests effort was conducted by the Deutsche 

Forschungsanstalt für Luft- und Raumfahrt (DLR) in 1996 with Do-228 and Do-28 fighter jet [15]. 

Subsequently in 2001, NASA launched the Autonomous Formation Flight (AFF) program [27] to have 

an in-depth investigation of the air-wake surfing efficiency (AWSE) with F/A-18 airplanes [28]. The 

United States Air Force Test Pilot School (USAF TPS) also performed flight tests [29] to validate the 

tight formation performance of T-38 Talon aircraft calculated by the Air Force Institute of Technology 

(AFIT) [30]. A few years later, The USAF TPS again conducted homogenous formation flight tests 

using F-16 aircraft [31], followed by a heterogenous formation of F-16 led by KC-135. These formation 

flight tests were carried out in a relatively close proximity, of which the maximum longitudinal 
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displacement is merely 𝑥/𝑏 = 4.2. Please refer to Table 1.2 for the summarised flight tests information 

such as formation spacing and fuel savings metrics. 

To extend the use of vortex surfing to transport aircraft with a operationally meaningful streamwise 

spacing, NASA incorporated with the U.S. Air Force in 2010 [32] and initiated the project Cargo 

Aircraft Precision Formation for Increased Range and Efficiency (CAPFIRE) employing C-17 transport 

aircraft. Two years later, the U.S. Air Force Research Lab (AFRL) and Defence Advanced Research 

Projects Agency (DARPA) have established a new program called Surfing Aircraft Vortices for Energy 

(SAVE) [33, 34]. This program conducted the same formation flight concept as CAPFIRE but with a 

substantially longer longitudinal separation, of 4,000 – 8,000 feet. The relevant flight test information 

including the speed and altitude is provided in Table 1.2. 

 

Table 1.2 Summary of the formation flight projects. 

Year Project 
Aircraft Alt. 

(feet) 

Speed 

(knots) 

Spacing 
Fuel Savings 

Lead Trail 𝒙/𝒃 𝒚/𝒃 𝒛/𝒃 

1996 DLR 
Do-

228 
Do-28 - - 3 ≈ 0 - 

15% – manual flight 

10% -– feedback controller 

2001 
NASA, 

USAF 
F/A-18 F/A-18 - - < 4.2 

-0.2  

– -0.1 

-0.1  

– 0 
18% 

2001 AFIT 
T-38 

Talon 

T-38  

Talon 
10,000 360 3 0.86 - 

1st trailing a/c – 15% drag / 

13.8% fuel 

2nd trailing a/c – 17.5% 

drag savings 

2004 
USAF 

TPS 
F-16 F-16 

- 300 
3 -0.135 

- 16% 

- 210 - 34% 

2004 USAF TPS KC-135 F-16 - 300 < 4.2 -0.167 - 26% 

2010 

CAPFIRE – 

NASA, 

USAF 

C-17 C-17 25,000 275 
5.9 – 

17.7 

-0.3  

– 0.1 
0 – 0.4 7% – 8% 

2012 

SAVE – 

AFRL, 

DARPA 

C-17 C-17 30,000 500 21 – 42 -0.135 - 5% – 10% 

2018 Boeing C-17 B777F 

28,000 

– 

39,000 

* 

450 – 

500 * 
- <0.7 - 4% – 6% 

present 
fello'fly – 

Airbus 
A350 A350 

35,000 

– 

41,500 

* 

488 – 

513 * 
43 – 57 

0.25   – 

0.5 

-0.5 –      

-0.25 
≈ 5% 

* Based on cruising conditions values, as information not provided 
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Leveraging the extensive C-17 flight test datasets produced from the SAVE program, Boeing 

initiated further flight tests involving a C-17 as the leading aircraft, followed by a B777 aircraft [35] to 

validate the fuel savings at different test points based on the in-house CFD calculations, which is in the 

range of 4% - 6%. Boeing [36] also advanced on the Traffic Alert and Collision Avoidance System 

(TCAS) software and evaluated the effectiveness of an ADS-B-based wake prediction to enable SAVE 

operations and formation flight capabilities across multiple aircraft platforms. Two Boeing 777F aircraft 

were flown in formation to assess the accuracy of the ADS-B-derived wake position estimates and to 

verify the station-keeping performance in proximity to the wake. The flight test results showed highly 

accurate lateral wake localisation which validated the pre-flight modelling estimation. 

Most recently, Airbus has conducted considerable efforts in advancing vortex surfing research and 

operations through the Wake Energy Retrieval (WER) program [37] to reduce aviation emissions. As 

part of this initiative, Airbus organised the fello’fly flight demonstrations [37, 38] in 2020 and 2021 in 

collaboration with Frenchbee, SAS, DSNA, NATS and EUROCONTROL. The campaign involved two 

A350 aircraft – MSN1 as the leader and MSN59 as the follower, flying from Toulouse, France to 

Montreal, Canada under a set of operational procedure. The trials have achieved more than six tonnes 

of CO2 reduction on a single transatlantic mission, corresponding to fuel savings of over 5% for long 

haul flights. The practical test also proved that the WER in an operational environment is viable with 

appropriate procedures and regulations. 

Airbus has published the concepts of operations (CONOPS) [38] of WER after the success of the 

fello’fly demonstrations. As shown in Figure 1.4, the CONOPS outlined the sequence of operational 

stages, namely pre-departure, post-departure pairing callout, rendezvous, separation responsibility 

transfer, join-up, formation keeping and separation.  

During the pre-departure phase, the pairing assistance tool (PAT) evaluates flight plans and 

identifies the most beneficial pairing configurations. Upon airborne, both aircraft must pre-position on 

the same track with the support and supervision from ATC. The follower aircraft must be initially 

positioned 1,000 feet lower than the leading aircraft in Flight Level (FL). The follower aircraft must 

also remain laterally outside of the vortex upwash region at this stage. After occupying the so-called 

“pre-OPTI position”, the follower aircraft then accelerates to catch-up with the leading aircraft until the 

longitudinal separation of 1.5 -2.0 NM is achieved.  

At this point of formation setting, the rendezvous phase is completed, and the pair of aircraft will 

now be communicated within themselves and the responsibility for managing their formation spacing 

is now transferred from the ATC to the pilots. The pair formation will be treated as one flight entity in 

the airspace and only reported to the ATC by the leading pilots. The follower aircraft can now slowly 

and safely manoeuvre itself laterally and vertically into the updraft region of the leading aircraft’s wake, 

which is the “OPTI position” for WER operations. The typical OPTI position for the follower aircraft 

will be marginally outboard of the leading aircraft (60 – 100 feet) and slightly below the leading 
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aircraft’s altitude (50 – 100 feet). The WER formation will be maintained throughout the cruising until 

the track diverges or one of the aircraft needs to descend when approaching the destination. In such 

cases, the follower aircraft will move to the pre-OPTI position and further move to the empty space 

below the formation FL. This will split the paired formation into two individual aircraft that report to 

the ATC who will coordinate with both aircraft independently for the rest of the flight and landing. 

 

 

Figure 1.4 Airbus 'fello fly' concept of operations [38]. 

To sum up, wake vortex surfing remains in the early stages of commercialisation and operational 

deployment. Its potential benefits including enhanced flight endurance, extended range, increased 

payload capacity, tighter airspace utilisation, improved fuel efficiency, reduced emissions and climate 

impact are well recognised [26]. Theoretically, the execution of vortex surfing is possible with the 

current available technology, but operational reliability and robustness remain key challenges. In 

particular, a more accurate prediction of wingtip vortex behaviour and a deeper understanding of its 

aerodynamic influence on the trailing aircraft are required in achieving consistent and safe performance. 

Consequently, high fidelity CFD studies and complementary experimental or modelling efforts are 

essential to strengthen confidence in the system, support certification pathways and enable reliable 

large-scale implementation.  

 

1.3 Wingtip Vortices 

To generate lift force that can keep an airplane aloft, the airplane wings are designed in such a way 

that when fluid moves over it, the fluid accelerates over the upper surface relative to the lower surface. 

The acceleration of fluid movement creates a lower pressure on the upper surface of the wing compared 

to the lower surface, creating a net upward lifting force that increases exponentially with the local 
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velocity. However, the pressure differential also induces spanwise flow. The flow on the lower 

(pressure) surface tends to slip outboard toward the wingtips, while flow on the upper (suction) surface 

moves inboard toward the wing root. This spanwise movement contributes to the formation of wingtip 

vortices, as illustrated in Figure 1.5.  

 

  

Figure 1.5 Front and top view of the wingtip vortices flow pattern [39]. 

When the airflow accelerates over the wing, the resulting adverse pressure gradient will eventually 

lead to the boundary layer separation and the formation of inwards rotating airflows, also known as 

wingtip or trailing vortices [40]. The vortices can exhibit a crossflow velocity of up to 100𝑚/𝑠 in the 

core region [41]. Between the two counter-rotating vortices, a downward component of flow-field 

velocity is induced while the flow-field outboard of the vortex core is moving upward, as illustrated in 

Figure 1.6.  

 

 

Figure 1.6 Wingtip vortex shedding with upwash and downwash field [39]. 

The formation and development of wingtip vortices can be divided into four regions as illustrated 

in Figure 1.7. The wake shed from the generating wing is experiencing the roll-up process in the near 

field, and it will develop and form into vortices with strong vorticity in the extended near field. This 

region is where the close formation flight performed by the fighter jet aircraft mentioned in Section 1.2. 

The trailing vortices will continue to grow in size but reduce in strength at a very slow rate in the mid 

and far field regions. This flow field can persist for a very long distance, of up to 𝑥/𝑏 = 100 in the 

downstream. In vast majority of the commercial formation flight projects, the follower aircraft is flying 

in this region for the vortex surfing effect. It is postulated the mid/far field have a bigger range of 

beneficial region with lesser rolling impact for the aircraft to ride on. The aerodynamic gains are 
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compromised as compared to the extended near field, but with improved safety and comfort. Thereafter, 

the vortices enter the decay region where the strength diminishes, and the wake vortex dissipates 

rapidly. 

 

 

Figure 1.7 Stages of wake vortex lifespan [41]. 

Before the wingtip vortices decay substantially, the velocity gradient between the upwash and 

downwash can cause structural stress or even failure to any aircraft flying across it as shown in Figure 

1.8. In addition, the downwash and the vortices can pose loss of lift and unsteady roll to the following 

aircraft. This situation can constitute a major hazard, especially during take-off and landing. According 

to Lamb’s vortex model estimation [42], the wake vortices would take much longer than three minutes 

for the wake to decay to a safe level, this translates to about six to nine NM at landing velocity. To 

avoid such wake encounters, regulations require aircraft to maintain a certain distances behind each 

other during cruising and set time intervals to allow the vortices to decay to a safe level for landings 

and take-offs.  

 

 

Figure 1.8 Aircraft encountering wingtip vortices [43]. 

Wingtip vortices also generate additional drag to the aircraft, known as induced drag. The industry 

has designed various wingtip devices to increase the effective wingspan, optimise the lift distribution 
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and mitigate the unwanted induced drag [44]. The few well-known winglet designs included blended 

winglets, wingtip fences and raked wingtips [45]. Blended winglet is attached to the wing tip with 

smooth transition curve which reduce the aerodynamic interference at the joint [46]. Wingtip fence on 

the other hand extends in upward and downward from the wingtip. The raked wingtip is a newer design 

which featuring a continuous blended tip section with a higher sweptback angle than the rest of the 

wing. This design can be found on the most recent commercial aircraft, such as Boeing 787 Dreamliner 

and Airbus A350.  

Even with the most effective wingtip devices, the trailing vortices can persist for several wingspans 

downstream and create abrupt changes in the flow field that may pose hazards to other aircraft. 

However, these vortices also present an opportunity for wake surfing where trailing aircraft deliberately 

position themselves within the upwash region to reduce induced drag and save fuel. Wake surfing is 

primarily conducted during the cruising phase, when aircraft maintain a clean, level-wing configuration 

with the angle of attack equal to the angle of incidence. This configuration reduces uncertainties in 

vortex generation, yet a detailed understanding of wake strength, spatial decay, and downstream 

evolution remains essential. Thorough characterisation of vortex formation and development is 

therefore critical for safely and effectively exploiting the aerodynamic benefits of the upwash region. 

 

1.4 Wake Vortices Characterisation and 

Modelling 

The fundamentals of wake vortices have traditionally been investigated using experimental studies 

and theoretical interpretations. The typical experimental techniques include wind tunnel testing and in-

flight measurements [47]. Whereas the foundational mathematical principle is based on Lanchester-

Prandtl lifting line theory [39], which subsequently derives to methods such as the Unsteady Vortex 

Lattice Method (UVLM) [48]. Improved understanding of airflow dynamics has enabled the 

verifications of theoretical hypothesised fluid dynamics formulations, which lead to renowned viscous 

flow theories such as the Navier-Stokes equations [49]. The development of Computational Fluid 

Dynamics (CFD) has further facilitated the numerical solutions of these complex and iterative equations 

[50]. CFD can provide reliable results given the mesh and solver are appropriately configured, but the 

uncertainties in accuracy of the results still exist in certain cases. Hence, it is necessary to conduct 

validation and verification on CFD baseline setup against experimental or published theoretical data 

before proceeding with simulation case variations. In short, CFD should be viewed as a complementary 

tool rather than a replacement for other experimental and theoretical methodologies. 
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1.4.1 Experimental Methods for Characterisation 

There are a few experimental methods for visualisation, characterisation, and quantification of 

wingtip vortices. One approach is by observing the exhaust condensation wakes in flight test. Scorer 

and Davenport [51] investigated on the wake vortex dynamics and presented that the exhaust from 

aircraft engines would condense at low temperature (< −40°𝐶) and persist when the relative humidity 

(RH) level is above 30% [52]. It is postulated that the aerodynamic feature of the wake is effectively 

represented by the condensation trails, as only a negligible amount of the total energy is consumed for 

the condensation production, and the atmospheric conditions are largely the same.  

Another common experimental method for vortex research is wind tunnel testing [53]. It is an 

established experimental method that enables controlled visualisation, characterisation, and 

quantification of wingtip vortices. It is also highly reliable for capturing the irregular features of the 

turbulent wingtip vortices. There are several common techniques to experimentally characterise wingtip 

vortices, including Laser Doppler Velocimetry (LDV), Laser Doppler Anemometry (LDA) and Particle 

Image Velocimetry (PIV). Despite the differences in technology, these methods are typically based on 

the similar working principle [54]. Smoke, dye, or any other form of particulate is introduced at the 

inlet of the wind tunnel test section, and a laser sheet will illuminate at a plane of interest to track the 

movement of fluid particles and quantify the vortex properties. Different techniques [55-59] are then 

used to measure and characterise the vortices at the plane. 

Sohn and Chang [55] conducted a low-speed wind tunnel experiment using a three-component PIV 

system to capture the formation and structure characteristics of wingtip vortices at different angles of 

attack and wingtip configurations, with multiple camera viewing angles. Bhagwat et al. [56] also 

utilised a stereoscopic PIV system to measure the aerodynamic loading of a wing under an influence of 

another wing-vortex wake system. Panagiotou et al. [57] presented a 3D LDA point measurement 

system to investigate the velocities, vorticity, and circulation quantity of the trailing vortices over 

different designs of Unmanned Aerial Vehicles (UAVs) at different angles of attack. More recently, 

Nagarathinam et al. [58] demonstrated the use of LDV to measure the mean streamwise velocity and 

the root-mean square of their fluctuations. Collectively, these studies demonstrated that wind tunnel 

testing combined with advanced flow visualisation techniques can effectively capture the trailing 

vortices.  

However, the mentioned systems come at a cost in terms of required time, budget, and infrastructure. 

Serrano‑Aguilera et al. [59] proposed a cost-effective alternative using a smoke wire technique with a 

single digital camera. The wingtip vortex is illuminated by a laser-sheet, and it is captured through the 

reflections from a tilted mirror behind the wing, as shown in Figure 1.9. This method and system have 

greatly reduced the cost compared to LDA or PIV, but the precise calibration of the camera and mirror 

in the downstream may be challenging and unattainable for some wind tunnel facilities.  
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Figure 1.9 Wind tunnel setup with laser sheet, and camera [59]. 

Hence, a novel methodology for perspective upright correction (PUC) is proposed and demonstrated 

for experimental wind tunnel testing in Chapter 2, detailing the wind tunnel setup, including the 

placement of the laser plane and the camera, and the post-processing procedure that corrects for slanted 

views of the vortex plane. This approach allows a single camera to be positioned anywhere in the test 

domain with minimal alignment and calibration effort. By accurately capturing vortex evolution, this 

method provides clearer insight into the wake structure, facilitating the determination of optimal trailing 

aircraft positions for formation flight or vortex surfing applications. 

 

1.4.2 Numerical Modelling 

Despite the high reliability of the wind tunnel test in characterising the wingtip vortex, it is limited 

by a finite test section length, restricting the study of wingtip vortices development only in the near 

field region of limited chord lengths downstream effectively. Hence, numerical methods such as 

Computational Fluid Dynamics (CFD) or Unsteady Vortex Lattice Method (UVLM) emerge as 

alternative to complement the wind tunnel test in examining the evolution of wingtip vortices in the 

extended field and beyond.  

CFD is a numerical methodology that simulates the fluid dynamics condition by solving the 

governing equations with the computational power. CFD techniques are now often used in engineering 

industry such as aerospace, turbomachinery, automobiles, and marine. It has become an increasingly 

important design tool in engineering, as well as a significant research tool in some physical sciences 

studies. It is relatively inexpensive, and the costs are expected to be lowered as the computers get more 

powerful. Furthermore, CFD [60] allows to examine any location in the region of interest and interpret 

its performance through a set of thermal and flow parameters, whereas experiments only permit data to 

be extracted at a limited location in the system where sensors and gauges are placed. In addition, CFD 

allows great control over the physical process, and provides the ability to isolate specific phenomena 
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for study. After validating with published experimental results, the accuracy of the proposed turbulence 

modelling CFD framework will be evaluated in formation flight scenarios.  

While CFD is required to accurately resolve the wake vortex turbulence, its computational 

requirements may become too costly for formation flight in extended domain. For such simulations, a 

reduced-order model is advantageous to provide a rapid estimation of the mean flow field. The Unsteady 

Vortex Lattice Method (UVLM) is a lower fidelity numerical tool that models the wingtip vortices more 

efficiently compared to the CFD methods due to its advantage of relatively ease in solving Laplace’s 

equation. It provides a simplified approach that significantly reduces computational cost and time, 

making it a more practical choice for cases where high fidelity is not critical, but efficiency is prioritised. 

The essential vortex characteristics modelled by UVLM will be ported over to a CFD simulation at a 

further downstream position to offer an early-stage analysis on the vortex surfing effect.  

 

1.4.2.1 Reynolds-Averaged Navier-Stokes (RANS) 

The most widely used CFD turbulence modelling approach is the Reynolds-Averaged Navier-

Stokes (RANS) framework. RANS averages the overall small-scale fluctuations and model the non-

linear influence from the small-scale fluctuations, in the governing equations, that can alter the large-

scale fluid motion [61]. The commonly used turbulence models include k-epsilon (𝑘-𝜀) model, k-omega 

(𝑘-𝜔) model, and Spalart-Allmaras. 𝑘-𝜀 turbulence is a two-equation model to compute the turbulent 

velocity and length scales, respectively, with a relatively quicker calculation time. The drawback of 𝑘-

𝜀 is that it only valid for the fully developed turbulence region and not accurate in the near-wall area. 

𝑘-𝜔 turbulence model incorporates modifications for low-Reynolds number effects, compressibility, 

and shear flow spreading. It can predict free shear flow spreading rates for far wakes in close agreement 

with measurements and is thus applicable to wall-bounded flows and free shear flows. 𝑘-𝜔 model has 

been further developed to refine the formulation in the near-wall region with the free stream 

independence of the far field. This shear stress transport (SST) model can predict more variety of flows 

with higher accuracy and reliability. 

 

1.4.2.2 Large Eddy Simulation (LES) 

A large eddy simulation (LES) method relies on the spatial filtering of the turbulence energy to 

directly resolve both the near-wall boundary layers and massively separated flows. LES is more 

promising in capturing and solving the vortex shedding, flow recirculation and critical unsteady flow 

structures, and the solution is more representative of the entire vortex flow field [61]. However, the 

requirement for a highly defined mesh grid size and time step significantly increases the computational 

cost, making LES prohibitive without access to high-performance computing resources. 



Chapter 1 

15 

 

The superior capability of LES in resolving the large-scale turbulent structures and vortex dynamics 

in the downstream has been combined with the RANS model for near-wall regions in large aerodynamic 

domains, leading to the development of the Detached Eddy Simulation (DES) [62]. In DES, all the near 

wall boundary layers are resolved by RANS to achieve adequate solutions with higher computational 

efficiency. This is appropriate as long as the streamwise pressure gradient remains small, but for flows 

with substantial adverse pressure gradients that could eventually lead to separation and the downstream 

vortices, the predictive accuracy of the models usually degrades [63]. Hence, the separated regions 

(detached eddies) are assigned to LES, which is able to reproduce the massive turbulence with much 

higher accuracy and to predict the vortex shedding and flow recirculation accurately [61].  

In Chapter 3, the author will first validate the performance of LES model with different unsteady 

RANS turbulence models in capturing the persistent vortex mechanism in the downstream for wingtip 

vortex prediction. The most accurate model will be implemented in the wake vortex surfing cases to 

investigate aerodynamic effects and determine the optimal position of the leading-trailing wing in 

vortex surfing formation. The same framework [8] will also be used to validate against the wind tunnel 

experimental results [11], aiming to compare the near field vortex behaviour observed in the wind tunnel 

test, particularly the wake spiral contour characterised by the smoke particles. 

 

1.4.2.3 Unsteady Vortex Lattice Method (UVLM) 

The Lanchester-Prandtl lifting line theory [39] described the mechanism of trailing vortices in the 

lift generating process by resembling a finite wing with an endless number of horseshoe vortices 

allocating across the line of aerodynamic centre throughout the entire wingspan, as shown in Figure 

1.10. Each horseshoe vortex consists of a bound segment along the lifting line and trailing vortex legs 

extending downstream, collectively capturing the essential behaviour of a finite wing and the induced 

downwash. 

 

 

Figure 1.10 Horseshoe Vortex Model [39]. 

Building on the lifting line theory, the unsteady vortex lattice method (UVLM) [64, 65] utilised a 

lattice of horseshoe vortices across a lifting surface such as the aircraft wing. UVLM treats the lifting 
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surface as an infinitesimally thin sheet and neglects aerofoil thickness effects, assuming the flow to be 

inviscid, incompressible, and irrotational. Small-angle assumptions are typically applied to both the 

angle of attack and sideslip angle [66, 67]. As shown in Figure 1.11, the cambered lifting surface is 

discretised into quadrilateral panels and the induced velocities at each control point are  computed using 

Biot-Savart law This formulation provides an efficient means to estimate unsteady aerodynamic loads 

and the evolution of trailing vortices with significantly lower computational cost compared to high-

fidelity CFD approaches. 

 

 

Figure 1.11 Panel geometry and distribution for C-17 aircraft lifting surface [24]. 

Fleischmann and Lone [24] performed a parametric study using an UVLM program to replicate the 

SAVE flight test formation with two simplified Boeing C-17 aircraft lifting surfaces geometry. The 

trailing aircraft in the study is 1250m behind the leading aircraft. Tens of thousands of wake vortex 

panels over hundreds of time steps were implemented to derive the drag reduction and the fuel 

consumption savings on the follower aircraft. As illustrated in Figure 1.12, the calculated data is plotted 

on 𝑦-𝑧 plane and superimposed against the actual flight test result. The model under-predicted the 

magnitude of measured savings, but the spatial contour of the fuel reduction map is in general agreement 

and with reasonable fidelity. 
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Figure 1.12 Follower aircraft fuel savings percentage predicted in the parametric study (black) 

vs. SAVE flight trials (colour), in 1,250m longitudinal separation from leading aircraft [24]. 

 

In Appendix A, UVLM as a lower order modelling will be used to generate the initial wingtip 

vortices. The mean flow-field data from UVLM will then be combined with the turbulent fluctuations 

from the LES at a later stage as the inlet mapping boundary conditions for the main simulation.  

 

1.4.2.4 Applications of Numerical Modelling 

Over the past few decades, CFD simulations [68-72] have been conducted to investigate the optimal 

positioning of trailing aircraft and associated aerodynamics implications in formation flight. With the 

available data from SAVE program, Halaas et al. [68] employed Reynolds-Averaged Navier Stokes 

(RANS) for the C-17 formation simulations, incorporating the follower aircraft trim conditions and 

validated mean wake dynamics against flight test data with 95% confidence on the wake dynamics. 

Singh et al. [69] used multi-fidelity simulations including Vortex Lattice Method (VLM) and RANS 

for close tandem UAVs formation flight. Both models predict the same location of minimum drag and 

maximum lift, but RANS is more accurate in the lift and drag calculation, with a smaller deviation from 

the experimental results. Similarly, Zhang et al. [70] applied RANS to determine the optimal lateral 

spacing, vertical distance and the optimum formation of simplified tailless delta wing UAVs in the close 

formation flight. Whereas Vechtel et al. [71] used Large Eddy Simulation (LES) to generate vortex flow 

fields with small perturbations of the vortex lines, which is a more representative flow field for real 

formation flight conditions.  

These studies indicate that RANS turbulence models remain the most common choice for formation 

flight due to its computational efficiency. However, the predictive accuracy of RANS often degrades 

for downstream vortices or flows with substantial adverse pressure gradients [63]. On the other hand, 

LES [61, 72] model which relies on the spatial filtering of turbulence energy, can reproduce the massive 
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turbulence with a much higher accuracy and predict the vortex shedding and flow recirculation more 

accurately. 

 

1.5 CFD Inlet Boundary Conditions 

As the vortex surfing formation is developing from close range operations [15] into extended range 

of up to a few miles [73], the corresponding CFD simulation domains grow exceptionally large, 

particularly in the longitudinal direction. The elongated spatial domains pose substantial computational 

challenges for realistic formation flight simulations. For turbulence-resolving models such as the LES, 

both spatial and temporal discretisation must be sufficiently refined to capture the integral length scales 

of turbulence for accurate representations. Consequently, the dense mesh and fine time steps over the 

tremendous flight space domain imposes significant computational costs and extended core-hours 

demands, thereby limiting the practicality for wake surfing simulations.  

Inlet boundary conditioning [74, 75] has therefore emerged as an efficient strategy to reduce the 

computational domain sizes by prescribing the fully developed flow fields on the inlet boundary. As 

illustrated in Figure 1.13, the overall domain is conceptually divided into an inlet-condition (IC) region 

and a main-simulation (MS) region. However, generating an appropriate inlet velocity profile with 

realistic turbulence characteristics remains a significant challenge for LES. This difficulty arises mainly 

due to the LES explicitly resolves the large-scale eddies that contain most of the turbulent kinetic 

energy, 𝑘 which is computed from the velocity fluctuation components (𝑢𝑥
′ , 𝑢𝑦

′ , 𝑢𝑧
′ ) [76].  

 

 

Figure 1.13 Inlet condition and main simulation 

The first domain, or the IC domain contains the leading wing or aircraft responsible for generating 

the wingtip vortices. The flow-field information at a selected downstream plane is extracted and mapped 

onto the inlet of the second domain. The second domain, referred to as the MS domain, includes the 

trailing wing or aircraft that positioned within the upwash region of the induced vortices. By splitting 

the wake surfing scenario into two domains, the formation spacing studies can be conducted using a 

single IC simulation and paired with multiple MS simulations. This approach allows the trailing aircraft 
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to be evaluated at different positions using only a small fraction of the full spatial domain, instead of 

repeatedly simulating an entire two-aircraft configuration for each formation spacing configuration. 

In LES, prescribing realistic inlet conditions remains complex yet essential [77]. Turbulent 

fluctuations exhibit strong spatial and temporal coherence, and any inflow that lacks such correlations 

can severely impact the downstream flow development. The simplest method to introduce turbulence 

is to superimpose white noise perturbations scaled to the desired turbulence intensity [77]. This method 

however suffers from the well-known limitation that the injected fluctuations are neither temporally nor 

spatially coherent, resulting in unrealistic turbulence structures that do not evolve correctly within the 

computational domain. Uncorrelated turbulent inflow conditions can cause rapid dissipation [77], 

thereby compromising the overall accuracy of the simulation. 

 

1.5.1 Precursor Inlet Conditioning Method 

Tabor and Baba-Ahmadi [74, 75] have concluded that precursor and synthesised methods yield a 

more realistic flow dynamics compared with simple white-noise perturbations. These approaches 

preserve the turbulence structures to retain the spatial and temporal coherence required for accurate 

LES predictions, especially in flows dominated by coherent vortical structures such as aircraft wake 

vortices. 

In the precursor method, a separate upstream simulation is performed to generate a fully developed 

turbulent flow field from which a time-series of planar velocity data is extracted for the inlet boundary 

mapping. As the inflow conditions are directly derived from a genuine turbulent simulation, they 

inherently possess the correct energy spectrum and spatiotemporal correlations. The slice of planar 

flow-field data is stored at each time step over a significant period and is subsequently read in on the 

inlet of MS domain. 

There are several methods of generating the flow-field parameters. One common approach is the 

internal mapping or cyclic channel flow methods, where the velocity field at specific planes or outlet is 

recirculated back to the inlet through mathematical mapping. These methods require only one 

simulation domain as the source of precursor data is from within the same domain. These are often used 

in pipe or channel flow studies to achieve a fully developed state with the minimal computational 

domain length and resource expenditure. 

Alternatively, an independent precursor simulation can be performed in a separated IC domain, with 

the resulting flow field stored in a dedicated database. These data are then fed into the inlet of the main 

MS domain as physically consistent inlet conditions. A key consideration for this method is that the 

precursor time series must be of sufficient temporal duration to allow for periodicity, thereby avoiding 

spurious repetitions that could corrupt the simulation. A more advanced variant of this approach is 



1.5. CFD Inlet Boundary Conditions 

 

20 

 

concurrent library generation, wherein the precursor data is computed "on-the-fly" in tandem with the 

main simulation, offering a dynamic and potentially more efficient solution. 

Villers [78] demonstrated a pre-computed domain with periodic streamwise boundaries to construct 

a time-series library of the outlet flow fields of adequate duration to drive an entire main simulation. As 

the inherent periodicity of the datasets can lead to repeated structures, Villers applied a random phase-

amplitude jittering technique to mitigate the cyclic artefacts and maintain the stochastic integrity of the 

inlet turbulence. 

 

1.5.2 Synthetic Inlet Conditioning Method 

The synthesised inflow method introduces additional fluctuating velocity terms, commonly 

constructed using Fourier Techniques or Principal Orthogonal Decomposition (POD) on the mean 

velocity to represent the turbulent fluctuations. This method allows users to prescribe and modify the 

fluctuation amplitude, the energy coefficients and spatiotemporal characteristics, thereby enabling 

greater control over the turbulence structure at the inlet.  

Montorfano et al. [79] compared the different inlet boundary models such as fixed mean profile, 

internal plane mapping with flow quantity of interest and synthetic turbulence generated by superstition 

of harmonic functions, to investigate the impact on the flow dynamics in the downstream. The study 

showed that the internal plane mapping has the closest velocity profile to the theoretical law-of-the-wall 

as well as the fluctuation away from the wall. However, Baba-Ahmadi and Tabor [74] highlighted that 

the basic mapping method provide only limited control over the inlet flux, and this is deficient to 

reproduce the accurate turbulence fluctuation. To overcome the weakness, Wang and McGuirk [77, 80, 

81] have demonstrated the recycling-rescaling model (R2M) by applying additional forcing mechanisms 

such as explicit velocity correction and axial and azimuthal body forces into the system, to recover the 

appropriate turbulence intensity and length-scale distributions. 

Dhamankar and Blaisdell [82] introduced the database approach, whereby pre-existing turbulence 

database from a prior computation or an experiment are mapped onto the inlet of a CFD domain, 

regardless of periodic, recycling-rescaling, or synthetic turbulent inflow-based. The turbulent 

fluctuations can be rescaled and manipulated if necessary. Schluter et al. [83] presented the LES inflow 

conditions with RANS computational data and proposed a modified procedure, where the velocity data 

generated from the periodic LES. The data are modified from the coupled, upstream RANS simulation, 

to result in the desired mean velocity and velocity fluctuation profile. 

The literature above has highlighted various methods of mapping the outlet or mid-plane flow-field 

information onto the inlet, with precursor and synthetic approach. These techniques have shown strong 

performance in non-swirling flows, particularly in canonical boundary-layer and channel-flow 

configurations [79-85]. However, for application involving aircraft wake vortices, the inflow field 
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contains strong swirl and vortex-dominated turbulence. Inlet conditioning with such swirling profile 

would offer substantial reduction in computational cost for vortex surfing simulation and other related 

applications. However, as far as the author are concerned, there is a notable lack of studies addressing 

LES inlet treatments specifically tailored for vortex flows. The trailing vortex with its pronounced 

rotational core and anisotropic turbulence, imposes additional complexity in both the mean velocity 

specification and the fluctuation reconstruction. 

Some progress has been made for confined swirling flows. Pierce and Moin [84] proposed a novel 

method to generate swirling inflow boundary conditions in LES. The method implemented additional 

azimuthal body force, which is to conquer the drag from the walls, and axial body force to drive the 

physical flow. Jiang et al. [85] have specified a swirling velocity profile with desired swirl numbers for 

DNS or LES. For annular and round jets, a certain swirl number at the inflow can be conveniently 

implemented by varying the body force which is linearly dependent on the swirl number. The analytical 

solution agrees well with simulation and experiment results. These mentioned swirling inflow 

conditions are however not directly applicable for the wingtip vortex flow, as they are specifically 

designed for confined simulation domains such as the jet combustors, and the swirl number is only 

suitable for axisymmetric flow.  

In Chapter 4, the author addresses the identified gap by developing inlet conditioning methods 

specifically tailored for vortex-dominated LES inflow conditions. The approach maps the wingtip 

vortex field from the IC domain onto the inlet of MS domain, to substantially reduce the computational 

resources needed for repetitive LES simulation while maintaining the physical integrity of the 

downstream vortex evolution. Subsequently, the time series precursor data are further utilised to 

formulate a Fourier series expression which can be used to synthetically generate the velocity 

fluctuations. The vortex developed in the downstream plane of precursor MS is then analysed to validate 

that the vortex development is correctly captured and to ascertain the accuracy of the precursor inlet 

conditions for vortex flow.  

 With the LES methodology validated, the inlet conditioning techniques are employed to 

significantly reduce the computational memory and core hours required for wake vortex surfing 

simulations while maintaining satisfactory accuracy across the vortex-dominated flow field.  

 

1.6 Research Objectives and Contributions 

With the growing interest in wake surfing for formation flight, significant challenges remain in 

efficiently capturing wingtip vortices and modelling their evolution over extended downstream 

distances. In particular, there is a lack of unified framework that integrate the experimental 
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characterisation, numerical prediction, and efficient inflow conditioning approach for vortex-dominated 

flows. To address these gaps, the present project aims to achieve the following research objectives: 

1. Develop an enhanced experimental characterisation methodology by introducing a perspective 

upright correction approach for vortex visualisation, enabling accurate characterisation of 

wingtip vortex structure, trajectory, and evolution despite non-ideal camera placement. 

2. Establish and validate high fidelity CFD framework for accurate wingtip vortex prediction by 

assessing turbulence modelling approaches and validating numerical results against published 

studies and in-house wind tunnel measurements. 

3. Develop efficient LES inlet conditioning strategies for vortex dominated flows by extending 

conventional inflow approaches towards spatially evolving vortical environments while 

preserving essential vortex turbulence characteristics. 

4. Formulate spatial reconstruction strategies for synthetic vortex inflow generation to represent 

the non-uniform turbulence characteristics across the vortex core and surrounding flow region 

while reducing dependency on large precursor datasets. 

5. Implement the CFD with inlet conditioning strategies to investigate wake-encounter behaviour 

of a trailing wing positioned at various locations within the formation flight arrangements. 

6. Integrate a reduced-order aerodynamic model for rapid vortex flow field generation to provide 

an efficient and practical alternative for vortex initialisation in formation flight simulations. 

The key contributions of this research are the development of an integrated experimental and 

computational framework for efficient prediction of wake vortex evolution in formation flight 

applications. A perspective upright correction methodology is developed to improve the accuracy and 

flexibility of wind tunnel vortex characterisation using a simplified imaging setup. A validated CFD 

framework is established to capture the key characteristics of wingtip vortices, including their structure, 

velocity distribution, and downstream evolution. Furthermore, efficient LES inlet conditioning 

strategies are developed and adapted for vortex-dominated freestream flows, extending conventional 

inflow approaches beyond canonical turbulent configurations. The proposed precursor and synthetic 

methods preserve essential vortex turbulence characteristics while reducing the computational cost 

associated with extended-domain formation flight simulations. 

 

1.7 Thesis Outline 

Accurate prediction of aircraft wake vortices is fundamental to understanding vortex surfing and its 

potential aerodynamic benefits in formation flight. The experimental methodology in this research 

provides the qualitative insight into the vortex spiral behaviour and quantitative estimates of vortex core 

size and trajectory. The CFD framework using URANS and LES in the thesis are showing the capability 
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in capturing the essential vortex characteristics observed experimentally, and in addition to more 

dynamics quantities such as tangential velocity, axial velocity deficit and decay trends.  

Today, even with a substantial amount of research on vortex surfing in the aviation industry, the 

boundary condition strategies for the turbulent vortex-dominated inflow fields remains comparatively 

under-developed. Existing methods are still largely tailored to canonical boundary layer, channel, or 

confined jet configurations, and do not fully account for the strong rotational core, anisotropic 

turbulence, and three-dimensionality inherent in aircraft wake vortices. This research will address that 

gap by systematically examining inlet-mapping and synthetic fluctuations methodologies specifically 

for vortex flows. The precursor or synthetic framework to reproduce realistic vortical inflow conditions 

for LES aims to reduce the computational cost while preserving downstream vortex fidelity. Through 

this approach, the work contributes new insights and practical tools for accurate and efficient simulation 

of vortex surfing and other vortex-driven aerodynamic applications. 

 Chapter 2 presents the experimental characterisation of wingtip vortices using wind tunnel testing. 

The near field downstream development of wake vortex generated by different wing configurations are 

examined to provide deeper insight into the underlying physics behaviour of the vortex. The chapter 

also demonstrates an efficient yet accurate approach to capture and characterise the wingtip vortices 

with a cost-effective experimental setup. The resulting measurements form a critical validation 

reference for the trailing vortices modelled via numerical methods later. 

 Chapter 3 outlines the computational fluid dynamics (CFD) framework for simulating wingtip 

vortices, including Unsteady Reynolds-Averaging Navier Stokes (URANS) and Large Eddy 

Simulations (LES) techniques, within the OpenFOAM environment. The chapter details the pre-

processing procedures including the geometry preparation and mesh grid generation, followed by the 

numerical solution of the flow field using several turbulence models over a duration to achieve 

converged results. Post-processing is performed to interpret the key vortex metrics such as core strength, 

core size and aerodynamic force trends with angle of attack. The results are validated against published 

data and the wind tunnel findings from the previous chapter. 

 Chapter 4 builds on the validated CFD framework and extends it to the development of precursor 

and synthetic inlet boundary condition for LES. The chapter first demonstrates how the upstream 

domain with leading wing generates the time-dependent precursor data for coherent inflow conditions. 

The chapter then investigates synthetic turbulence generation methods to allow controlled scaling of 

fluctuations while reducing the memory requirements compared with a full series of precursor data. The 

outcomes provide critical insights into the feasibility of inlet conditioning techniques for wake vortex 

simulations. 

 Chapter 5 presents the simulation for formation flight and quantifies the aerodynamic benefits on 

the trailing wing operating within the updraft region. The analysis evaluates lift enhancement, drag 

reduction and the overall aerodynamic efficiency under various relative positions. This chapter also 



1.7. Thesis Outline 

 

24 

 

employs the established inlet-conditioning framework to demonstrate its capability in accurately 

reproducing the turbulent intensity, coherence and structural behaviour for vortex surfing effects in the 

main simulation domain. The demonstration sheds light on the accuracy of the proposed inlet 

conditioning methodologies in predicting the wake vortex interactions on trailing wing in formation 

flight. 

Chapter 6 summarises the theoretical development and numerical applications presented in this 

work and highlights the key contributions. The chapter concludes with recommendations for future 

research, focusing on strategies to further improve the numerical efficiency of the proposed 

methodology and to extend the application of the CFD framework to broader investigations other than 

wake vortex surfing and formation flight aerodynamics. 

 Appendix A introduces the reduced-order model of Unsteady Vortex Lattice Method (UVLM), to 

provide the initial baseline of mean-flow-field data. The circulation strength derived from the UVLM 

model is used to populate the planar velocity distribution required for the LES inflow conditions. The 

UVLM model is potentially an efficient alternative to produce the mean velocity data, and these data 

can also be augmented with the same synthetic fluctuations to reconstruct the necessary turbulences. 

 

1.7.1 Resources 

The primary resources supporting both the experimental workflow and the computational 

simulations in this thesis are outlined below: 

Resources for Experimental Modelling  

1. 3D-printing material and services at Singapore Institute of Technology [86] 

2. Wind tunnel lab facility and technical support at Singapore Institute of Technology [86]  

3. Full-frame mirrorless camera Sony A7c with Sigma 28-70mm f/2.8 Lens [87, 88] 

4. Aiguru construction green line laser leveller [89] 

5. Adobe Lightroom Classic and Photoshop [90, 91] 

 

Resources for Numerical Modelling  

1. Workstation 

• AMD Ryzen™ Threadripper™ PRO 5995WX @2.70GHz, 64-cores, 128-threads [92]  

• Crucial RAM 512GB (8×64GB) DDR4 3200MHz  

• NVIDIA GeForce RTX™ 3050 8GB GDDR6 SODIMM  

• Micron® 7300 Pro SSD 960GB NVMe SED  

• Ubuntu (22.04 LTS and 24.04 LTS) 

2. Pre-Processing 
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• Autodesk® Inventor® Professional [93] for 3D-modelling and geometry setup  

3. Solving 

• OpenFOAM (v2206, v9, v10 and v12) [94, 95] for CFD meshing generation, 

processing and solving 

• SHARPy [96] for UVLM calculation  

4. Post-Processing 

• ParaView [97] for data visualisation and quantification of results from OpenFOAM and 

SHARPy 

• Python [98] with library packages including Matplotlib, NumPy, Pandas, SciPy, etc for 

data post-processing and plotting for presentation 

 

1.7.2 Publications and Presentations 

The work carried out in this research has resulted in the following publications and presentations: 

 

Journal publications 

1. J. C. Chan, H. Hesse and P. C. Wang, "LES validation on near-field wingtip vortex evolution 

with wind tunnel characterization at low Reynolds number," Aerospace Science and 

Technology, vol. 157, 2025.  

DOI: 10.1016/j.ast.2024.109789 

2. J. C. Chan, H. Hesse and P. C. Wang, " Synthetic Inlet Conditioning Methods of Vortical Flows 

in Wake Vortex Surfing by LES," AIAA Journal 

[under review at the time of writing] 

 

Conference publications 

1. J. C. Chan, H. Hesse and P. C. Wang, "Inlet Mapping of Wingtip Vortices in LES for Wake 

Vortex Surfing," in AIAA AVIATION and Ascend 2024 Forum, Las Vegas, Nevada, 2024.  

DOI: 10.2514/6.2024-4016 

2. J. C. Chan, P. C. Wang, J. J. Y. Tan and H. Hesse, "Characterization of LES Inlet Conditions 

with Mapped Wingtip Vortices using UVLM Mean Flow Field Data," in Twelfth International 

Conference on Computational Fluid Dynamics (ICCFD12), Kobe, Japan, 2024.  

Link: researchgate.net/publication/383234409 

3. J. C. Chan, H. Hesse and P. C. Wang, "Aerodynamic Interactions in Formation Flight for Wake 

Vortex Surfing," in AIAA AVIATION 2023 Forum, San Diego, CA and Online, 2023.  

https://gla.sharepoint.com/sites/JiaChengPhD/Shared%20Documents/General/99%20Progress%20Report%20and%20Presentation/PhD%20Viva/10.1016/j.ast.2024.109789
https://gla.sharepoint.com/sites/JiaChengPhD/Shared%20Documents/General/99%20Progress%20Report%20and%20Presentation/PhD%20Viva/10.2514/6.2024-4016
https://gla.sharepoint.com/sites/JiaChengPhD/Shared%20Documents/General/99%20Progress%20Report%20and%20Presentation/PhD%20Viva/researchgate.net/publication/383234409
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DOI: 10.2514/6.2023-4221 

4. J. C. Chan, H. Hesse and P. C. Wang, "Experimental Characterization of Wingtip Vortices with 

Perspective Upright Correction," in AIAA AVIATION 2023 Forum, San Diego, CA and Online, 

2023.  

DOI: 10.2514/6.2023-4526 

 

Conference presentations 

1. Singapore Aerospace Technology and Engineering Conference (SATEC) 2024 

J.C. Chan, H. Hesse, and P. C. Wang, “Wake Vortex Surfing for Formation Flying,” Singapore, 

2024. 

2. AIAA AVIATION 2023 Forum, Flow Visualization Showcase  

J.C. Chan, H. Hesse, and P. C. Wang, “Experimental Characterization of Wingtip Vortices with 

Perspective Upright Correction,” San Diego, CA, 2023. 

 

 

  

https://gla.sharepoint.com/sites/JiaChengPhD/Shared%20Documents/General/99%20Progress%20Report%20and%20Presentation/PhD%20Viva/10.2514/6.2023-4221
https://gla.sharepoint.com/sites/JiaChengPhD/Shared%20Documents/General/99%20Progress%20Report%20and%20Presentation/PhD%20Viva/10.2514/6.2023-4526
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Chapter 2   

Experimental Characterisation of Wingtip 

Vortices with Wind Tunnel  

Accurate prediction of wingtip vortices is fundamental for future development of wake vortex 

surfing operations. Full scale experiment such as flight test [99] provides the most realistic observations 

of wake vortex behaviour. However, it is costly, time-consuming, and subjected to operational 

constraints such as airspace clearance and weather conditions [52]. Wind tunnel experimentation 

therefore emerges as the practical alternative to provide a controlled environment for investigation the 

vortex formation and development. 

Despite being the most common and reliable approaches to visualise and characterise the trailing 

vortices, wind tunnel experiment often present practical challenges, for instances the positioning of the 

camera and visual access. In this work, a novel correction technique [11] is introduced to address this 

limitation. The proposed method enables geometrically upright vortex images to be reconstructed from 

a single camera positioned at arbitrary viewing angles. The qualitative and quantitative results of vortex 

capture obtained from the wind tunnel experiments also serve as the validation reference for the CFD 

models in the subsequent chapter. 

The wind tunnel facility used in this study is located at the Singapore Institute of Technology [86]. 

It is an open-circuit subsonic suction wind tunnel as shown in Figure 2.1 (left), with  test section 

measures 1.2𝑚 in width, 0.8𝑚 in height and 2𝑚 in length [53].  A fan of 2𝑚 in diameter is located at 

the outlet end, with capabilities to create freestream velocities of up to 𝑢∞ = 10𝑚/𝑠. The freestream 

velocity is monitored using a pitot tube mounted at the at the midstream of the test section. The test 

section is accessible via the openable panels on both sides. The wind tunnel is also equipped with a 

smoke generator and probe, which located along the centreline in the upstream, as shown in Figure 2.1 

(right) and Figure 2.5. The probe is vertically adjustable along the 𝑧-axis, enabling precise control of 

the smoke-injection height for vortex visualisation and flow-field interrogation. 
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Figure 2.1 Wind tunnel at Singapore Institute of Technology. 

The workflow overview of the wind tunnel test for vortex visualisation is illustrated in Figure 2.2. 

There are three main stages namely pre-experiment, vortex capture and post-process. 

 

 

Figure 2.2 Overview of wind tunnel test workflow. 

 

2.1 Pre-Experiment 

Winglets or wingtip devices [100] have been introduced since the early twentieth century to 

minimise the induced drag and improve aerodynamic efficiency. The additional structure is 

incorporated at the wingtip to reduce the wingtip vortices and minimise the induced drag by preventing 

the airflow on the pressure surface from slipping to the suction surface. Even with the most effective 

wingtip devices such as the blended winglets [101], the trailing vortex continues to contain substantial 

energy that can be exploited for vortex surfing operations. Therefore, prior to investigating vortex 
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surfing behaviour, it is necessary to experimentally examine how different wingtip configurations 

influence the formation and development of wingtip vortices.  

 

2.1.1 3D Modelling of Wing Geometries 

To demonstrate the effect of winglets on the vortex generation, two distinct wing configurations 

were used in this validation study – a baseline model without a winglet (NW) and a variant equipped 

with a blended winglet (BW) [101], as shown in Figure 2.3a and Figure 2.3b, respectively. Both wing 

models were designed with identical geometrical specifications, featuring a chord length 𝑐 of 0.1m, a 

wingspan 𝑏 of 0.5m and an NACA 4412 aerofoil profile. The NACA 4412 aerofoil has been commonly 

adopted in wind tunnel experiment at low Reynolds number [58], and investigated in numerical studies 

[102, 103] with a comparable aspect ratio, providing a suitable reference for studying the vortex 

behaviour. The wingspan was chosen to fit within the test section width while minimising the wing root 

interference effects. Instead of replicating a specific published experimental setup, the present work 

simplifies the range of configurations to primarily visualise and characterise the near-field development 

of wingtip vortices with and without the winglets, rather than to obtain detailed aerodynamic 

performance measurements. The experimental flow visualisation results provide qualitative reference 

for the vortex behaviour and serve as a comparison and validation baseline of the numerical simulations 

presented in the subsequent chapter.  

  

(a) No winglet (NW) (b) Blended winglet (BW) 

Figure 2.3 Rectangular NACA 4412 CAD (above) and 3D-printed (below) wing models. 

The BW design as illustrated in Figure 2.4 incorporates an upward sweep with a smooth curvature 

radius of 0.1m in the transition section and taper ratio of 0.5 at the tip. Both wing models were fabricated 

with polylactic acid (PLA) using additive manufacturing, and their surfaces were finished with micro 

grit sandpaper to achieve a smooth surface finish and minimise the skin friction effect. The NACA 4412 
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aerofoil profile also possesses a benefit with relatively flat lower surface, easing the fabrication post-

process in maintaining the geometric fidelity with the intended profile.  

 

 

Figure 2.4 BW design with curvature radius = 1c. 

 

2.1.2 Wind Tunnel Setup 

The experimental wind tunnel setup is configured as shown in Figure 2.5. The wing model was 

positioned at the mid height of the test section with a supporting stand, located approximately five chord 

length (𝑥/𝑐 = 5) downstream of the smoke probe. The wingtip was precisely aligned with the smoke 

particle probe centreline to ensure consistent vortex seeding. To visualise the induced vortex in the 

downstream, a laser leveller emitting continuous green laser-sheet with 2.5mm sheet thickness [89] was 

employed to illuminate the smoke-seeded vortices at various downstream cross sectional (𝑦-𝑧) planes. 

The smoke particles visualisations of the experiment are taken place from 𝑥/𝑐 = 0 to 𝑥/𝑐 = 10. With 

the 𝑥/𝑐 indicator labelled on the bottom surface of the test section, the positioning of laser sheet and 

camera can be done effortlessly. 

A 24-megapixels mirrorless camera [87] with variable focal length of 28-70𝑚𝑚 and maximum 

aperture of 𝑓-stops 2.8 [88] was placed at 𝑥/𝑐 = 8 downstream to the laser emitter to capture the 

illuminated vortex sheet. The camera live view monitoring and control settings including ISO 

(sensitivity to light), shutter speed, and aperture were all conducted externally via a remote device to 

optimise the imaging conditions. The tunnel blockage effect attributable to the imaging setup was less 

than 0.85%, confirming a negligible impact on the flow field. All experiments were conducted at a 

chord-based Reynolds number of 𝑅𝑒𝑐 = 6.8 × 104. 
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Figure 2.5 Overview of the wind tunnel experiment setup for vortex visualisation. 

 

2.1.3 Problem Identification and Mitigation 

Conventional smoke visualisation techniques provide effective qualitative observation of wingtip 

vortex structures. During the initial attempt to capture the vortex patterns, the imaging device was 

positioned with its optical axis perpendicular to the laser sheet to ensure an upright view. However, this 

configuration resulted in the accumulation of smoke particles and severely obscuring the field of view 

to the laser illuminated vortices. To mitigate this, the camera was relocated to an outboard position on 

the wing tunnel to have a clearer line of sight. Zaman et al. [104] similarly captured the tip vortex in 

oblique viewing configuration for aerofoil with different tip shapes and angles of attack. Although this 

repositioning effectively resolved the occlusion issue, it introduced a non-orthogonal viewing angle to 

the laser sheet and resulting in a tilted and distorted image from the upright viewing angle to the vortex 

plane. 

 To rectify the result, a post-processing step for perspective upright correction was essential to 

restore an upright orthogonal view, which enable the quantitative analysis of vortex core properties such 

as vortex core size, location, and flow structures. A checkered paper of 5mm × 5mm with a central 

origin as illustrated in Figure 2.6 was used in the experiments as the calibration baseline for post-

processing. The checkered paper was placed normal to the freestream airflow direction, accurately 

aligned to the location of the laser sheet plane. The centre of the checkered paper was also fixed in-line 

with the wingtip trailing edge as shown in Figure 2.7. This arrangement of checkered paper serves as a 

reference point for the camera’s focal point and as a calibration datum. 
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Figure 2.6 5mm×5mm square checkered paper for baseline calibration. 

The camera mounted on the tripod will be adjusted to the same height as the wing, positioned at the 

right most position in wind tunnel test section offset by the tripod, as shown in Figure 2.7. A strap is 

hooked on the camera as a safety precaution. The camera setting for the wind tunnel test was optimised 

to ISO 640, shutter speed of 1/160 – 1/250𝑠, aperture of 𝑓/2.8, zoom focal length of 70mm and with 

manual focus locked to the centre of checkered paper. The configuration ensured sharp and focused 

imaging with sufficient light intake and acceptable level of noise. A reference image of the checkered 

paper was taken as the calibration baseline. The reference checkered paper was removed after the 

calibration, but the wing, camera and laser remain stationary. The wind tunnel setup was thereafter 

activated, and the laboratory lighting was switched off to enhance the image contrast without 

overexposure on the laser-highlighted regions. 

 

  

Figure 2.7 Wind tunnel setup – initialisation of the vortex plane. 
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2.1.4 Validation test for the perspective upright correction 

method 

A validation test was conducted prior to the experimental investigation on accuracy of the 

perspective upright correction (PUC) method against a native orthogonal view. The validation 

procedure involved imaging a calibration target consisting of a checkerboard grid and a printer 40mm 

diameter solid black circle, from both the corrected and native upright perspective. The acquired images 

were post-processed, and the corrected image from the slanted view was superimposed onto the 

reference image from the native upright view as shown in Figure 2.8. Dimensional measurements were 

subsequently performed on both datasets using a digitiser tool [105] for validation purpose. 

 

  

(a) Perspective upright correction. (b) Native upright view. 

Figure 2.8 Validation of perspective upright correction accuracy. 

Remarkably, the result of PUC method has fared a superior accuracy to the native upright view, 

with -0.52% to +0.16% of inaccuracy compared to -0.67% to +0.84%. The minimal residual error 

associated with the PUC method is attributed to the sensitivity limit of the digitisation tool rather than 

the correction technique itself. These results confirm that the perspective upright correction robustly 

transforms slanted view images into an accurate upright projection, achieving high fidelity in both the 

vertical and horizontal axes and thereby validating its application for subsequent quantitative vortex 

analysis. 

Through the checkerboard calibration, the defined homographic transformation of PUC was 

systematically applied to all vortex images acquired under the identical conditions to ensure consistent 

geometric fidelity across the dataset. 
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2.2 Vortex Capture 

One limitation encountered in this experiment is that the smoke particle discharged from the probe 

tip forms only a narrow smoke filament at higher freestream velocities. As a result, the illuminated 

region is smaller than the actual vortex cross section, which restricts the observable portion of the flow 

field. To address this, the smoke-generator probe was traversed vertically during image acquisition so 

that the vortex structure outside the initial smoke filament could be captured. Multiple images at 

different probe heights were recorded for each measurement plane, with an example shown in Figure 

2.9. These images were subsequently post-processed and composited into a single field of view. Using 

the checkered reference sheet as a spatial baseline, the vortex-core size, flow structure, and spatial 

location were quantifiable from the superimposed image. 

 

 

Figure 2.9 Examples of vortices captured for NW wing (𝜶 = 𝟏𝟐°, 𝒙/𝒄 = 𝟎), before PUC. 

The experiment procedure was repeated by translating the laser sheet emitter and camera 

downstream to successive 𝑥/𝑐 stations, as illustrated in Figure 2.10. At each new placement, the camera 

alignment and checkered paper reference were re-verified before acquiring both the reference and 

vortex images. After completing the full set of downstream locations, the experiments were repeated 

for additional angles of attack, 𝛼, and for different wing models. 

 

 

Figure 2.10 Laser sheet and camera shifted downstream taking reference on the 𝒙/𝒄 indicator, 

front view. 
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2.3 Post-Process 

As the camera views the vortex plane at an oblique angle, the raw images appear tilted and 

geometrically distorted as illustrated in Figure 2.11a. The implementation of PUC method enabled 

accurate extraction of vortex core size, position, and flow structure. In this study, all wind-tunnel images 

are imported into Adobe Lightroom Classic [90] for correction. For each test configuration, the 

checkered paper image is first processed using the guided-mode PUC tool, which allows the four 

boundaries of the checkered sheet to be used as vertical and horizontal guides. Lens-profile correction 

is also applied to remove any distortion and vignetting. After all the adjustments, the checkered paper 

turned normal to the camera line-of-sight, with rectified horizontal and vertical alignment. The vortex 

image before and after the PUC were placed side-by-side in Figure 2.11 for a clear comparison.  

 

  

a) Before perspective upright correction. b) After perspective upright correction. 

Figure 2.11 Perspective upright correction and cropping in Adobe Lightroom. 

The same geometric transformation is then batch-applied to all corresponding vortex images to 

ensure consistent upright correction across the dataset. Figure 2.12 shows some examples of the 

corrected view of vortex after applying the perspective upright correction based on Figure 2.9.  

 

 

Figure 2.12 Same vortices from Figure 2.9 for NW wing (𝜶 = 𝟏𝟐°, 𝒙/𝒄 = 𝟎), after PUC. 
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Given each frame of the vortex image captures only part of the instantaneous vortex traced by smoke 

particles, a single image is insufficient to represent the full vortex structure. Hence numerous images 

were taken with the smoke generator probe positioned at different vertical positions to map the vortex 

cross-section more comprehensively. The corrected images are then imported into Adobe Photoshop 

[91] for composite construction.  

At the layer palette, each image is assigned with the lighten blending mode, which selects the 

brighter pixel intensity at every location. Any darker pixels in previous layers are replaced by lighter 

values in the new layer, while the lighter pixels are retained. This stacking effects were illustrated in 

Figure 2.13, enhances the visibility of the smoke-traced vortex boundary and reveals comprehensive 

structural details. 

 

 

Figure 2.13 Vortex images layer stacking with lighten blend mode. 

To capture the entire vortex structure in clarity, up to 30 photos are selected and blended for each 

𝑥/𝑐 location. In the same project file, the checkered paper image is superimposed over the final vortex 

image with 5% opacity, making the measurement of vortex core size and location possible. The outline 

of wing geometry is added onto the final image to better visualise the position of the vortex in relative 

to the wingtip, as shown in Figure 2.14.  

 

 

Figure 2.14 Final vortex image superimposed with checkered paper and wing profile. 
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2.4 Wind Tunnel Experiment Results  

The proposed methodology to capture wing vortices was exercised on the NACA 4412 wing in two 

configurations – one without winglet and one with blended winglet, at angle of attack, 𝛼 of 2° and 12°. 

The post-processed images are tabulated in Table 2.1, it can be clearly seen that the vortex shed from 

the plain wing is more pronounced, with the vortex core readily identifiable across different downstream 

locations and angles of attack. On the other hand, the wing with blended winglet consistently produces 

a weaker and less distinct vortex structure, reflecting the winglet’s intended function of mitigating the 

production of wingtip vortices. This observation aligns closely with the findings of Sohn and Chang 

[55], where the incorporation of winglets reduces the intensity of wingtip vortices and its associated 

induced drag. 

 

Table 2.1 Vortices captured for NACA 4412 rectangular wing without winglet. 

x/c 

No winglet (NW) Blended winglet (BW) 

𝛼 =  2° 𝛼 =  12° 𝛼 =  2° 𝛼 =  12° 

0 

    

1 

    

2 

    

Continues to the next page 
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3 

    

4 

    

 

To characterise and quantify the wing vortices, the present study focuses on estimating the vortex 

size from the processed images. Devenport et al. [106] defined the contour of the wake spiral as the 

locus of peak axial turbulence stress, which marks the region of strongest unsteadiness within the vortex 

core. As the smoke particles are tracing the near-tip flow, the visible spiral observed in the wind tunnel 

represents the highly unsteady and fluctuating axial motion induced by the coherent vortex structures.  

 Similar interpretations of vortex spirals have been adopted in several wind tunnel studies 

employing hot wire anemometry to delineate the vortex core and associated turbulent features [55, 57, 

59]. The wake spiral in this experiment is less sharply defined due to the use of a smoke probe instead 

of the hot wire sensor. Nonetheless, the structure of the vortex core remains identifiable and traceable. 

The vortex boundary is captured through the high-contrast smoke streaks bounded by the darker 

coherent contours surrounding the core region as shown in Figure 2.15.  

 

 

Figure 2.15 Measurement of vortex core size and location. 

A digitiser tool [105] is used to plot and extract the four quadrant points of the visible wake spiral, 

as indicated by the red markers in Figure 2.15. These points data can be processed to identify the centre 
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of vortex core, as well as the characteristic radius of the peak axial turbulence stress in 𝑦 and 𝑧 direction. 

The results are summarized in the Table 2.2 and Table 2.3 respectively. 

 

Table 2.2 Vortex core location in the downstream. 

𝒙/𝒄 

Location of vortex core in coordinates of (𝒚/𝒄, 𝒛/𝒄),  

w.r.t the wingtip trailing edge position (mm) 

No Winglet (NW) Blended Winglet (BW) 

𝜶 = 𝟐° 𝜶 = 𝟏𝟐° 𝜶 = 𝟐° 𝜶 = 𝟏𝟐° 

0 (-0.03, 0.04) (-0.02, 0.09) (0.01, -0.05) (-0.02, 0.03) 

0.5 (-0.06, 0.06) (-0.03, 0.08) (-0.08, -0.07) (-0.06, -0.01) 

1 (-0.10, 0.06) (-0.11, 0.04) (-0.05, -0.06) (-0.05, -0.04) 

2 (-0.05, 0.08) (-0.12, 0) (-0.09, -0.07) (-0.18, -0.11) 

4 (-0.14, 0.17) (-0.09, -0.02) (-0.25, -0.04) (-0.17, -0.19) 

7 (-0.14, 0.18) (-0.09, -0.03) (-0.20, 0) (-0.25, -0.25) 

10 (-0.40, 0.21) (-0.11, -0.02) (-0.20, 0.16) (-0.37, -0.26) 

 

Table 2.3 Vortex core size development in the downstream. 

𝒙/𝒄 

Diameter of vortex core (circle / ellipse) in (𝒚/𝒄, 𝒛/𝒄) 

No Winglet (NW) Blended Winglet (BW) 

𝜶 = 𝟐° 𝜶 = 𝟏𝟐° 𝜶 = 𝟐° 𝜶 = 𝟏𝟐° 

0 (0.11, 0.10) (0.12, 0.12) (0.03, 0.03) (0.05, 0.05) 

0.5 (0.19, 0.19) (0.19, 0.19) (0.09, 0.09) (0.13, 0.13) 

1 (0.22, 0.22) (0.34, 0.28) (0.14, 0.12) (0.18, 0.17) 

2 (0.26, 0.26) (0.49, 0.40) (0.17, 0.15) (0.25, 0.25) 

4 (0.36, 0.33) (0.63, 0.53) (0.22, 0.20) (0.42, 0.37) 

7 (0.47, 0.43) (0.77, 0.68) (0.21, 0.18) (0.56, 0.50) 

10 (0.57, 0.48) (0.85, 0.75) (0.24, 0.23) (0.61, 0.59) 

 

However, there is missing velocity information on the vortex profile, particularly the tangential 

velocity 𝑢𝜃, which is of significant for wake vortex surfing application. To address the limitation, the 
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well-established Lamb-Oseen model [107, 108] is used to estimate the tangential velocity distribution 

at each x/c downstream location, 

where 𝑟𝑐 is the characteristic core radius of determined from the digitised quadrant points, and 𝑟 is the 

radial distance of an arbitrary point (𝑦, 𝑧) from the vortex core centre (𝑦0, 𝑧0),  

and the circulation strength 𝛤𝑉  of the vortex is the estimated at each 𝑥/𝑐  plane using the Kutta 

Joukowski’s theorem [109] as follows, 

where 𝐿𝐺  is typically the weight of the vortices generating aircraft, but for the wind tunnel test here, it 

represents the lift generated by the wing. 𝜌 is the fluid density, 𝑢∞ is the freestream velocity and 𝑏𝑉 is 

the span between the counter-rotating pair of vortices, which can be calculated from the shifting of the 

vortex core position. 

As the wind tunnel setup does not include a force balance instrument or pressure sensor, the lift force 

of the plain rectangular wing is inferred from the published aerodynamic data for NACA 4412 wings 

with comparable aspect ratios and low Reynolds numbers in the range of 105 [102, 103, 110]. Based 

on these references, the approximated lift coefficients, 𝐶𝐿  for 𝛼 = 2° and 12° is 0.5492 and 1.0994 

respectively. According to the experimental outcomes presented by Ara et al. [110], the lift of the 

blended winglet is assumed to be about 8.4% higher than the wing without winglet. 

From the experiments and literature, it is noticed that the BW configuration generally exhibits a 

higher lift coefficient under the same condition and produces a noticeable smaller vortex core radius. 

Specifically, the BW reduces the core radius by approximately 45%  and 31%  at 𝛼 = 2°  and 12° 

respectively. When applied to the Lamb-Oseen formulation, these reduced core dimensions yield higher 

peak tangential velocities, as illustrated in Figure 2.16. The graphs are plotted with origin at the vortex 

core and showing the profile of 𝑢𝜃 across the radial position of the wingtip vortices at different 𝑥/𝑐 

plane. 

 

 𝑢𝜃 =
𝛤𝑉
2𝜋𝑟

[1 − 𝑒
−1.26 (

𝑟2

𝑟𝑐
2)] (1) 

 𝑟 = √(𝑦 − 𝑦0)
2 + (𝑧 − 𝑧0)

2 (2) 

 𝛤𝑉 =
𝐿𝐺

𝜌𝑢∞𝑏𝑉
 (3) 
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(a) NW, 𝛼 = 2° (be) BW, 𝛼 = 2° 

  

(c) NW, 𝛼 = 12° (d) BW, 𝛼 = 12° 

Figure 2.16 Tangential velocity profile across core radius, estimated by Lamb-Oseen model. 

To provide clearer insight into the flow structure, the Lamb Oseen tangential velocity vector fields 

are superimposed onto the vortex images in Table 2.4 for both wingtip configurations at 𝛼 = 12° and 

at plane 𝑥/𝑐 = 0, 2 and 4. With the vortex core radius extracted directly from the processed images, 

the resulting velocity fields align well with the observed smoke-traced vortex patterns. The 

reconstructed fields show a core region of higher tangential velocity and peaked at the circumference 

of the core diameter, then a surrounding region of decreasing velocity as the distance to the vortex core 

increases. 
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Table 2.4 Lamb Oseen vortex model on 𝜶 = 𝟏𝟐°, 𝒙/𝒄 = 0, 1, 2 and 3. 

x/c No winglet at α = 12° Blended winglet at α = 12° 

0 

  

2 

  

4 

  

 

  For each vortex core, the core location with respect to the wingtip trailing edge and the 

corresponding size of core radius were computed and plotted in Figure 2.16, Figure 2.18 and Figure 

2.19 to visualise the overview of the vortex core trajectory and its downstream development. 
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(a) No winglet at α = 2° 

 

(b) Blended winglet at α = 2° 

 

(c) No winglet at α = 12° 

 

(d) Blended winglet at α = 12° 

Figure 2.17 Overview of the vortex cores development, rear view. 

 From Figure 2.17 and Figure 2.19, it is observed that the trailing vortices have consistently moved 

towards the wing root direction, and this inboard shift is ranged between -0.2𝑐 to -0.4𝑐, as the airflow 

going downstream from 𝑥/𝑐 = 0 to 𝑥/𝑐 = 10. The lateral drift result agrees with O’Regan et al. [111], 

and it has confirmed that the airflow over the pressure surface tends to roll in toward the fuselage over 

the wingtip trailing edge. The mechanism consequently causes the vortex to deviate laterally at a rate 

that decreases with distance downstream, as described by Devenport et al. [106]. 

 Looking at Figure 2.17 and Figure 2.18, the vertical shift of the vortex core reveals an interesting 

phenomenon that is independent of winglet configurations. At 𝛼 = 2°, the vortex core shifts upwards 

as it develops downstream, while the vortex core is going downwards for the case of 𝛼 = 12°. A 

plausible explanation is that a higher angle of attack generates a stronger wingtip vortex and leads to a 

more pronounced induced downwash. This enhanced downward induced velocity deflects the vortex 

trajectory downward, in agreement with the classical behaviour of strong trailing vortices [41]. The 

contrasting behaviour at low 𝛼 suggests a weaker induced velocity field, allowing residual upwash and 

secondary flow to influence the vortex ascent. 
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(a) No winglet at 𝛼 = 2° 

 

(b) Blended winglet at 𝛼 = 2° 

 

(c) No winglet at 𝛼 = 12° 

 

 (d) Blended winglet at 𝛼 = 12° 

Figure 2.18. Vortex trajectory and development, side view. 
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(a) No winglet at α = 2° 

 

(b) Blended winglet at α = 2° 

 

(c) No winglet at α = 12° 

 

 (d) Blended winglet at α = 12° 

Figure 2.19. Vortex trajectory and development, top view. 

 

2.5 Summary and Recommendations  

This work presented a new and cost-effective methodology to capture wing wake vortices in a wind 

tunnel environment. The proposed perspective upright correction (PUC) method enables the accurate 

vortex characterisation using a single camera positioned at arbitrary, non-normal viewing angles. By 
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using a checkered reference pattern for geometric initialisation, the approach ensures that the slanted 

and tilted images can be rectified reliably.  

 A simple validation test has proved that the accuracy of the image capturing and processing for the 

slanted view image is comparable with or better than the native upright camera alignment. Moreover, 

the wind tunnel test with the PUC methodology was demonstrated on a wing model with blended 

winglets to show the reduction of the core size of the wingtip vortices. The clarity and quality of the 

acquired flow structures may be further improved using a laser sheet emitter with finer beam width. 

The corrected vortex core radius and location are subsequently used to parameterise the vortex 

physics via the Lamb–Oseen model. Despite the limitations of the numerical model such as the 

axisymmetric vortex assumption and uniform vortex core shape and size, the result of each 𝑥/𝑐 plane 

has shown the growth of vortex size with decaying tangential velocity. The information may provide 

some guidelines on the vortices encountered by the trailing aircraft in the wake vortex surfing. These 

insights offer useful guidance on the nature of vortical structures relevant to wake-encounter and wake-

surfing applications. The results from the experiment will be cross validated with the established LES 

framework [8] in Chapter 3 to ensure the accuracy of this cost-effective PUC setup. The comparison 

includes vortex core shape contours and detailed downstream development for different wing 

configurations.  

To sum up, the contribution of the experimental investigation is not the wind tunnel facility itself, 

but the development of a correction methodology that improves the interpretation of smoke 

visualisation results. The corrected images enable more consistent comparison with LES predictions 

through improved representation of vortex position, shape, and size. 

  The proposed methodology can be further improved for any future work on wind tunnel experiment. 

The laser sheet emitter and camera may be placed outside of the wind tunnel to keep the wind tunnel 

test section clean. Automated image correction tools based on modern computer vision techniques could 

eliminate the manual post-processing. Finally, integrating this approach with Particle Image 

Velocimetry (PIV) to capture simultaneous qualitative visualisation and quantitative measurement of 

the complex, unsteady vortex dynamics downstream of bluff bodies or lifting surfaces.   
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Chapter 3   

Computational Modelling of Wingtip 

Vortices with LES  

The experimental characterisation presented in the previous chapter provides qualitative insight into 

the wingtip vortices development but are subjected to several inherent limitations. The finite size of the 

wind tunnel test section restricts the observation of vortex development to the near field region, let alone 

the space required for formation flight. In addition, the measurements are limited to the visual structure 

of the vortex rather than detailed velocity and turbulence quantities within the flow field. To overcome 

these constraint, computational fluid dynamics (CFD) is employed to complement the experimental 

observations and provide a more comprehensive description of the flow field. 

Computational fluid dynamics (CFD) has become an increasingly powerful and promising tool in 

the current state due to the advanced development of high-performance computing and numerical 

algorithms. Compared to experimental testing, CFD is relatively inexpensive, and the costs are expected 

to be lowered as the computers get more powerful. Furthermore, CFD offers broad flexibility for 

detailed interrogation of the flow field at any location of interest and interpret its performance through 

a set of thermal and aerodynamic parameters. However, rigorous validation remains necessary to ensure 

the numerical framework is capable of estimating the underlying physics before applying to the research 

cases. Therefore, the CFD methodology in present chapter is first validated against published numerical 

and experimental data, followed by further verification against the wake vortex characterisation 

obtained from the wind tunnel experiments in Chapter 2. 

The primary CFD research instrument used in this thesis is OpenFOAM (Open-source Field 

Operation and Manipulation) [95], a free, open-source C++ toolbox for the development and customised 

numerical solvers, and it is also one of the leading and most widely adopted CFD software. OpenFOAM 

offers an extensive range of solver suite for applications ranging from complex fluid flows involving 

chemical reactions, turbulence, and heat transfer, to acoustics, solid mechanics, and electromagnetics. 

It has been successfully applied to the simulation of aerofoil wakes and trailing vortices [61, 112]. The 

active user community of OpenFOAM has grown steadily and expand its capabilities through producing 

new models and valuable utilities to complement the official releases.  
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In CFD, the simulation process is typically divided into three main stages, namely pre-processing, 

numerical solving, and post-processing. Pre-processing involves geometry preparation, mesh 

generation and specification of boundary conditions. The numerical solver then computes the governing 

flow equations, and the resulting flow field is analysed during post-processing to extract the necessary 

aerodynamic and turbulence characteristics.  

For the simulation of wingtip vortices, CFD has been widely applied to investigate vortex formation 

and downstream development [113, 114]. However, it has be reported that conventional turbulence 

models often underpredict vortex strength and accelerate vortex dissipation as the flow propagates 

downstream [63]. This limitation arises from excessive numerical diffusion and turbulence modelling 

assumptions that damp the rotational core of the vortex [115]. To address this issue, several modelling 

approaches have been proposed to improve vortex preservation in numerical simulations. 

For example, O’Regan et al. [111] presented the CFD model with vorticity confinement model to 

capture the trailing vortices generated by a symmetrical aerofoil profile of NACA 0012. The CFD model 

with additional forcing term aims to retain the vortex strength in the downstream. The results covered 

the normalised axial velocity, vortex trajectory, vortex size and vortex core centre location at 𝛼 = 10°. 

The literature also incorporates wind tunnel test data, which makes it a comprehensive source for 

validation. The CFD validation in this thesis is using the standard URANS and LES solvers without 

modification on the source code. The accuracy of the turbulence models in trailing vortices modelling 

will be assessed, in order to forming the basis for the subsequent application to formation flight 

simulations. 

 

3.1 Pre-processing 

The first step in establishing the CFD framework is to construct an aerodynamic geometry of 

interest. This may comprise an isolated wing, a full aircraft model, or any subcomponent relevant to the 

study. In the present work, a 3D wing with NACA 0102 aerofoil profile is built using Autodesk® 

Inventor® Professional [116], with a chord length of 0.14m, and semi-span of 0.15m as illustrated in 

Figure 3.1. The wing model is exported in .obj format before importing to OpenFOAM for 

computational domain setup and mesh generation. 
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Figure 3.1 Wing model in domain for verification. 

The simulation domain and boundary condition for the validation case in Figure 3.1 are constructed 

to match with the reference configurations [111] as closely as possible. Each surface in the setup is 

systematically grouped and named, to facilitate the process such as boundary conditions and mesh 

refinement controls. The top, side, and bottom faces of the outer domain are grouped under the label 

“wall”, while all surfaces associated with the wing geometry are collectively assigned to the “wing” 

group. The remaining boundary patches – inlet, outlet, and sym (the symmetry plane) are explicitly 

named to ensure clarity and consistency throughout the pre-processing and solver setup stages. This 

structured naming convention streamlines subsequent steps such as applying boundary conditions, 

extracting flow-field data, and automating mesh operations in OpenFOAM. 

The domain inlet is prescribed with a uniform freestream velocity of 𝑢∞ = 34𝑚/𝑠  which 

corresponds to a chord-based Reynolds number of 𝑅𝑒𝑐 = 3.25 × 105 . The outlet is conditioned as 

constant zero pressure and the symmetry plane at the wing root is to represent the mid-span plane of an 

equivalent full-span wing. The wing geometry is treated with a no-slip boundary condition to resolve 

the viscous boundary layer and capture the shear-driven roll up that seeds the wingtip vortex system. 

The remaining walls of the domain are modelled as slip boundaries [117], which appoints zero shearing 

stress and prevents artificial viscous damping effect on the airflow on the surface. 

The domain and geometry are further processed in OpenFOAM through a combination of 

blockMesh [118] for the base grid and snappyHexMesh [119] for local refinement near the wing and 

anticipated vortex core region. Previous mesh refinement study [114] indicate that a grid size resolution 

of 0.21% chord was required in the vortex core region to resolve the downstream propagation of the 

wingtip vortex in RANS model, but such resolution is prohibitively expensive for the LES case. Other 

research suggested implementation of adaptive grid refinement (AMR) method [120] or vorticity 

confinement model [111] to prevent the excessive numerical dissipation. The adoption of adaptive grid 

refinement yielded comparable results with reduced cell count, but the benefits are limited to flows 
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where refinement is focused around the fixed features [121] such as wing or body. For wake-dominated 

flows, the continual re-meshing introduces abrupt variations in cell size that may yield discontinuous 

eddy viscosity fields, potential numerical artefacts, and degraded vortex fidelity [122]. Additionally, 

the dynamic overhead of frequent refinement escalates the overall computational cost significantly. 

Due to the strong dependency of wingtip vortex prediction on spatial resolution, a mesh sensitivity 

analysis was conducted to assess the influence of mesh refinement on the predicted vortex 

characteristics. The assessment was performed using the baseline single wing configuration with 𝑘-

𝜔 𝑆𝑆𝑇. Four mesh resolutions were considered by varying the local refinement level within the vortex 

region while maintaining consistent domain dimensions and boundary conditions. The mesh sensitivity 

was evaluated based on vortex-specific parameters, including the vortex core radius and tangential 

velocity magnitude, to represent the ability of the numerical model to capture vortex intensity, structure, 

and downstream evolution. 

 

Table 3.1 Mesh sensitivity study. 

Mesh Cells 
𝜟/𝒄 in vortex 

core region 

Vortex core 

radius, 𝒓𝒄/𝒄 
𝒖𝜽,𝒎𝒂𝒙/𝒖∞ 

M1 3.0 × 106 1.7% 0.1551 0.4673 

M2 3.8 × 106 1.3% 0.1245 0.4654 

M3 4.6 × 106 1.1% 0.1103 0.4721 

M4 5.4 × 106 1.0% 0.1074 0.4736 

 

With the consideration of the mesh sensitivity study presented in Table 3.1, increasing the mesh 

resolution results in only minor variations in the predicted vortex characteristics. The vortex core radius 

and maximum crossflow velocity show minimal changes between the M3 and M4. Hence, the M3 

meshing of 4.6 × 106 cells count is adopted, with nearly 80% of the total mesh cell concentrated within 

the vortex core region, where the local mesh resolution is approximately 0.011c as shown in Figure 3.2. 

A consistent near-wall mesh resolution on the wing is refined using snappyHexMesh, resulting in an 

average 𝑦+ value of approximately 2-3 across the wing, with local values within the range of 2-5, which 

remains within the viscous sublayer region (𝑦+ < 5) [123]. Although a value closer to unity is generally 

preferred for fully resolving the near-wall region, the adopted 𝑦+ resolution provides an appropriate 

balance on the computational resources with limited impact on the overall vortex shedding 

characteristics. The same mesh resolution was consistently applied for all turbulence model evaluations 

to ensure a consistent comparison of vortex prediction performance. 



Chapter 3 

51 

 

In addition, the refined mesh around the vortex core has a grid size of approximately 1.1% of the 

chord length, which provides a balance between accuracy and computational tractability for LES. The 

simulation is advanced using a time step of 1 × 10−5𝑠 to ensure the maximum Courant number remains 

below unity throughout the simulation.  

 

 

Figure 3.2 Mesh generation with snappyHexMesh for validation. 

 

3.2 Numerical Solving  

  Based on the validation case settings, the pisoFoam solver [124] – an OpenFOAM transient, 

pressure-implicit split-operator (PISO) solver for incompressible flow is selected for the CFD 

simulations. The PISO algorithm is widely adopted for unsteady simulations because it enables efficient 

coupling between velocity and pressure fields while maintaining numerical stability for transient flows. 

The solver computes the evolution of the flow field by discretising the governing equations of fluid 

motion over the computational mesh and advancing the solution in time. 

 In computational fluid dynamics, the motion of a Newtonian fluid is governed by the Navier-Stokes 

equations, which express the conservation of mass, momentum and energy [125, 126]. In Cartesian 

tensor notation, the compressible governing equations may be written as follows, 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗
= 0 (4) 

 𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑓𝑖 

(5) 
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where 𝜌 is the density of fluid, 𝑢𝑖 is the velocity component in the 𝑥𝑖 direction, 𝑝 is the static pressure, 

𝑓𝑖  is the body-force component, 𝐸 = 𝑒 +
1

2
𝑢𝑘𝑢𝑘 is the total energy per unit mass, 𝜏𝑖𝑗  is the viscous 

stress tensor, and 𝑞𝑗 is the heat-flux vector. For a Newtonian fluid,  

 𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜇

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗 (6) 

and, under Fourier’s law, 

 𝑞𝑗 = −𝑘𝑡

𝜕𝑇

𝜕𝑥𝑗
 (7) 

where 𝜇 is the dynamic viscosity, 𝑘𝑡  is the thermal conductivity, and 𝑇 is the temperature. Eq. (4) 

represents continuity and therefore enforces conservation of mass, whereas Eq. (5) represents 

conservation of linear momentum. In practical, these equations are discretized over a finite 

computational mesh and solved numerically to obtain the spatial and temporal evolution of the flow 

field. For low-Mach incompressible flow, which is typical of many external aerodynamic simulations 

including the present research, the density is treated as constant and hence the continuity Eq. (4) for 

incompressible flow is written as, 

 ∇ ∙ 𝑢 = 0 (8) 

where 𝑢 denotes the velocity vector, while the momentum Eq. (5) is expressed as, 

 
𝜕𝑢

𝜕𝑡
+ (𝑢 ∙ ∇)𝑢 = −

1

𝜌
∇𝑝 + 𝜈∇2𝑢 + 𝑓𝑖 (9) 

where 𝑝 represents the pressure, 𝜌 is the density of fluid, and 𝜈 = 𝜇/𝜌 being the kinematic viscosity. 

These equations described the temporal evolution of the velocity and pressure fields in response to 

inertial, viscous, and pressure-gradient forces. 

 

3.2.1 Unsteady Reynolds-Averaging Navier Stokes (URANS) 

 Direct numerical solution of the Navier-Stokes equations for turbulent flows is computationally 

impractical for most engineering applications due to the wide range of spatial and temporal scales 

involved. Consequently, turbulence is commonly modelled through the Reynolds-averaged Navier-

Stokes (RANS), to approximate the effects of unresolved turbulent fluctuations. In the unsteady RANS 

(URANS) formulation [126], the instantaneous flow variables are decomposed into mean and 

fluctuating components, 𝑢𝑖 = 𝑢̅𝑖 + 𝑢𝑖
′, and the governing equations are time-averaged to obtain the 

following, 
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𝜕𝑢̅𝑖

𝜕𝑥𝑖
= 0 (10) 

 𝜕𝑢̅𝑖

𝜕𝑡
+ 𝑢̅𝑗

𝜕𝑢̅𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝̅

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢̅𝑖

𝜕𝑥𝑗
2 −

𝜕

𝜕𝑥𝑗
(𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) + 𝑓𝑖 

(11) 

where the additional term (𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ )  represents the Reynolds stress tensor, which accounts for the 

momentum transfer caused by the turbulent fluctuations. It is not known a priori and creates the 

turbulence closure problem. The most common closure for eddy-viscosity models is the Boussinesq 

hypothesis, 

 −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ = 2𝜇𝑡𝑆𝑖𝑗 −
2

3
𝜌𝑘𝛿𝑖𝑗 (12) 

where 𝜇𝑡  is the turbulent eddy viscosity and 𝑘 =
1

2
𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅  is the turbulence kinetic energy and 𝑆𝑖𝑗  is 

expressed as, 

 𝑆𝑖𝑗 =
1

2
(
𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
) (13) 

Thus, URANS does not alter the form of the governing conservation laws but modifies the stress term 

in the averaged momentum equation and introduces one or more auxiliary transport equations to 

determine 𝜇𝑡. The turbulence model therefore enters the CFD solver through the closure of the Reynolds 

stresses, and its formulation strongly affects vortex roll-up and downstream dissipation. 

 Closure models such as the Spalart-Allmaras (𝑆-𝐴), the standard 𝑘-epsilon (𝑘-𝜀) and 𝑘-omega shear 

stress transport (𝑘-𝜔 𝑆𝑆𝑇) introduce transport equations to approximate these Reynolds stresses and 

enable practical computation of turbulence flows. To establish a reliable baseline and assess model 

sensitivity, several commonly used URANS turbulence models [127] including the abovementioned 𝑆-

𝐴, 𝑘-𝜀 and 𝑘-𝜔 𝑆𝑆𝑇 models. This preliminary evaluation aims to identify the most suitable turbulence 

formulation for capturing the generation, roll-up, and downstream persistence of trailing vortices. 

 

3.2.1.1 Spalart-Allmaras (𝑺-𝑨) Model 

The Spalart-Allmaras (𝑆-𝐴) model [128, 129] is a one-equation eddy-viscosity model developed for 

aerodynamic flows. Instead of solving directly for 𝑘 and a second turbulence scale, the model solves a 

transport equation for a modified turbulent kinematic viscosity, 𝜈. Its standard form may be expressed 

as, 
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𝐷𝜈

𝐷𝑡
= 𝑐𝑏1𝑆̃𝜈̃ +

1

𝜎
[

𝜕

𝜕𝑥𝑗
((𝑣 + 𝜈)

𝜕𝜈

𝜕𝑥𝑗
) + 𝑐𝑏2 (

𝜕𝜈

𝜕𝑥𝑗
)

2

] − 𝑐𝑤1𝑓𝑤 [
𝜈

𝑑
]
2

 (14) 

where 𝑑 is the distance to the nearest wall boundary, 𝑆̃ is a modified vorticity or strain measure, and 𝑓𝑤 

is a damping function. Within the URANS equations, the 𝑆-𝐴 model supplies the turbulent viscosity 

𝜇𝑡 = 𝜌𝜈𝑡, which is then substituted into the Reynolds-stress closure of Eq. (12). Hence, the momentum 

equation itself is unchanged in structure, but the effective diffusion and production of momentum are 

altered through the modelled turbulent stress. As there is only one additional transport equation is 

solved, the 𝑆-𝐴  model is computationally economical and generally robust for attached or mildly 

separated flows. Its formulation is closely related to the wall distance and near-wall behaviour, which 

makes it favourable for boundary layer dominated applications. 

 The principal limitation of the 𝑆-𝐴 model [130] is that it represents turbulence using a single 

transported viscosity-like variable. As a result, it offers less freedom than other two-equation models in 

flows containing strong non-equilibrium turbulence or large-scale separation. Therefore, the predicted 

vortex structure and persistence remain sensitive to the mesh resolution. 

 

3.2.1.2 Standard 𝒌-epsilon (𝒌-𝜺) Model 

The standard 𝑘-𝜀 model [131, 132] is a two-equation eddy viscosity model in which the turbulent 

viscosity is computed from the turbulence kinetic energy 𝑘  and its dissipation rate 𝜀 . The model 

transport equations are formulated as, 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢̅𝑗𝑘)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌𝜀 (15) 

 𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝑢̅𝑗𝜀)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶𝜀1

𝜀

𝑘
𝑃𝑘 − 𝐶𝜀2𝜌

𝜀2

𝑘
 

(16) 

where the eddy viscosity 𝜇𝑡 and the turbulence production term 𝑃𝑘 are expressed as, 

 𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
  (17) 

 𝑃𝑘 = 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗   (18) 

The role of the 𝑘 -equation is to account for the transport, production and destruction of the 

turbulence kinetic energy, while the 𝜀-equation provides the turbulence time scale by describing the 

rate at which 𝑘 is dissipated into smaller scales. The two equations collectively determine the eddy 

viscosity in Eq. (17), which then closes the Reynolds-stress term in Eq. (12). Due to the explicit 

transport equation and the second equation for dissipation, the standard 𝑘 - 𝜀  model offers more 
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flexibility in free-shear and fully turbulent flows as compared to the 𝑆-𝐴 model. However, the model is 

known to be less reliable in the near-wall region unless an appropriate wall treatment is used [133], and 

it is often less accurate for flows subject to strong adverse pressure gradients or pressure-induced 

separation such as wake vortices. These characteristics will lead to overly diffusive wakes and 

weakened coherent vortical structures when compared to higher fidelity model. 

 

3.2.1.3 𝒌-omega Shear Stress Transport (𝒌-𝝎 SST) Model 

The 𝑘-𝜔 𝑆𝑆𝑇 model [134] combines the near-wall advantages of the 𝑘-𝜔 formulation with the 

improved free-stream behaviour of the 𝑘-𝜀 model through blending functions. According to Menter’s 

formulation [134, 135], the governing transport equations for turbulent kinetic energy 𝑘 and specific 

dissipation rate 𝜔 are expressed as follows, 

𝜕𝜌𝜔

𝜕𝑡
+

𝜕(𝜌𝑢̅𝑗𝜔)

𝜕𝑥𝑗
= 𝛼

𝜔

𝑘
𝑃𝑘 − 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
 

(20) 

where 𝑃𝑘  denotes the turbulence production term. The blending function 𝐹1  which transitions the 

formulation between the inner 𝑘-𝜔 and the outer 𝑘-𝜀 regions, is defined as, 

 𝐹1 = tanh{[min [max (
√𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔
) ,

4𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
]]

4

} (21) 

where 

 𝐶𝐷𝑘𝜔 = max (2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 10−10) (22) 

and the turbulent viscosity 𝜈𝑡 is calculated using, 

 𝜇𝑡 = 𝜌𝑎1

𝑘

𝑚𝑎𝑥(𝑎1𝜔, 𝑆𝐹2)
 (23) 

where 𝑆 is the mean strain rate magnitude, and 𝐹2 is the second blending function defined as, 

 𝐹2 = tanh [[max (
2√𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔
)]

2

] (24) 

The default value for the model coefficients used in pisoFoam are listed in Table 3.2:  

 

 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢̅𝑗𝑘)

𝜕𝑥𝑗
= 𝑃𝑘 − 𝛽∗𝜌𝑘𝜔 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
] (19) 
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Table 3.2 Default model coefficient for the 𝒌-𝝎 𝑺𝑺𝑻 model. 

𝛽∗ 𝜎𝑘1 𝜎𝜔1 𝛼1 𝛽1 𝜎𝑘2 𝜎𝜔2 𝛼2 𝛽2 𝑎1 𝑏1 𝑐1 

0.09 0.85 0.5 5/9 3/40 1.0 0.856 0.44 0.0828 0.31 1.0 10.0 

  

The zonal formulation enables the near-wall region is resolved using the standard 𝑘-𝜔 model and 

progressively blending to the 𝑘-𝜀 formulation in the outer shear layer and far-field wake. The damped 

cross-diffusion derivative term in the 𝜔 equation [136] is the essential component to modify the eddy 

viscosity formulation to account for the transport effects of the turbulent shear stress. This provides a 

more accurate flow-field prediction, particularly for cases involving adverse pressure gradients and 

pressure-induced separations. The intrinsic low Reynolds corrections in the 𝑆𝑆𝑇 model also eliminates 

the requirement for an additional treatment for the wall damping functions. The 𝑆𝑆𝑇 variant of the 

standard 𝑘-𝜔 model has improved the accuracy and stability for the wake vortex simulation yet with 

only marginally longer computational run time. 

Similar to other URANS closure models, the 𝑆𝑆𝑇 model replaces the unknown Reynolds stresses 

through Eq. (12). However, the functional form of 𝜇𝑡 in Eq. (23) with the cross-diffusion and blending 

functions are causing the effective turbulent stress response to differ materially from both 𝑆-𝐴 and 

standard 𝑘-𝜀 . This generally makes 𝑆𝑆𝑇 more reliable in wall-bounded flows with separation than 

standard 𝑘-𝜀  model, although it still models rather than resolves the unsteady large-scale coherent 

turbulence. 

 

3.2.1.4 Wake Vortex Results by Different Turbulence Models 

The three URANS models share the same underlying conservation laws derived from the Navier-

Stokes equations but differ in the way in closing the Reynolds stress term. Using the computational 

setup as specified in the pre-processing section, the trailing vortices induced by the wing geometry are 

assessed and analysed. The comparison focusses on the vortex characteristics such as the maximum 

vertical velocity components, core axial velocity deficit and the vortex core diameter. The numerical 

results across different turbulence models are compared against the published experimental results of 

wind tunnel measurements using a five-holes probe (Exp. Fhp.) [111]. The comparison is summarised 

in Table 3.3.  
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Table 3.3 Comparison of wake vortex represented by different turbulence models. 

 

Maximum velocity 

component 𝑢𝑧, 

at 𝑥/𝑐 = 0 

Core axial 

velocity deficit, 

at 𝑥/𝑐 = 0 

Vortex core diameter 

along 𝑦-axis, 

at 𝑥/𝑐 = 0 

Exp. Fhp. [111] 0.5309𝑢∞ 0.7233𝑢∞ 0.1149𝑐 

𝑆-𝐴 (current) 0.2935𝑢∞ 0.8125𝑢∞ 0.1316𝑐 

𝑘-𝜀 (current) 0.3374𝑢∞ 0.8051𝑢∞ 0.1567𝑐 

𝑘-𝜔 𝑆𝑆𝑇 (current) 0.4721𝑢∞ 0.8672𝑢∞ 0.1149𝑐 

   

From the results presented, the k-ω SST model exhibits the closest agreement with the experimental 

data in terms of the vertical velocity component and the vortex core diameter. In contrast, both the 𝑆-𝐴 

and 𝑘-𝜀 predict a lower vertical velocity magnitude and larger core diameter. Since the same mesh 

resolution of equivalent to 𝑦+ ≈ 2 − 3 and near-wall treatment were applied consistently across all 

turbulence models, these differences are primarily attributed to the inherent characteristics of the 

turbulence models. These discrepancies suggest that the two models are less capable in preserving the 

vortex strength and tend to produce a more diffusive vortex as it propagates downstream. Although the 

k-ω SST does not outperform the other two models in predicting the axial velocity deficit, the values 

remain comparable to the other two. Overall, the k-ω SST model demonstrates its superior performance 

in capturing the vortex-induced velocity and maintaining a more confined vortex core structure 

attributed to its improved balance between near-wall fidelity and free-stream robustness. Therefore, the 

k-ω SST model is selected as the URANS turbulence model for the subsequent simulations. 

Nevertheless, all URANS closures retain the central limitation that the large, unsteady coherent 

turbulence is not resolved directly but represented through eddy viscosity. Consequently, even the 

vortices in the k-ω SST turbulence model continue to dissipate too rapidly. The peak tangential velocity 

at 𝑥/𝑐 = 3 location reaches only about 50% of the experimental data, indicating that the model fails to 

preserve vortex strength downstream. This is the well-known limitations of URANS models when 

applied to strongly swirling, curvature-dominated flows, where excessive eddy viscosity leads to 

premature diffusion of coherent vortical structures. 

To overcome the excessive vortex dissipation issues, O’Regan et al. [120] proposed to adopt 

adaptive mesh refinement method to further refine the mesh around the vortex core, or alternatively to 

use vorticity confinement model [137] which introduces additional forcing terms, 𝑓𝜔 = −𝜖𝜌(𝑛̂ × 𝜔⃗⃗ )  

into the body-force component in the momentum Eq. (11), where 𝜖 is a confinement coefficient, 𝜌 is 

the density, 𝑛̂ is a unit vector pointing in the direction of the gradient of vorticity magnitude, and 𝜔 is 

the local vorticity. This term effectively redirects vorticity towards the vortex centroid, helping mitigate 
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the artificial radial spreading of the vortex caused by numerical dissipation. However, the vorticity 

confinement flow model exhibited an unexpected axial velocity excess within the vortex core, which 

contradicts the experimental results as well as the typically reported axial velocity deficit [106, 138]. 

Other approach includes using a higher fidelity model, where Kolomenskiy et al. [139] suggested a 

coupled RANS-LES model. This strategy leverages the computational efficiency of RANS for 

boundary-layer resolution while enabling LES to capture the large-scale coherent structures that 

dominate trailing-vortex evolution. 

 

3.2.2 Large Eddy Simulation (LES) 

Large Eddy Simulation (LES) [140, 141] is derived directly with the same Navier-Stokes governing 

Eqs. (8) and (9). However, unlike URANS where the entire turbulence spectrum is modelled through 

Reynolds averaging, LES employs a spatial filtering operation to separate the large, high energy 

turbulent motions from the smaller unresolved scales [141]. For a general flow variable 𝜙, the spatial 

filtering process decomposes the instantaneous quantity into resolved and unresolved components, as 

follows, 

 𝜙 = 𝜙̃ + 𝜙𝑠𝑔𝑠 (25) 

where 𝜙 denotes the resolved, filtered quantity and 𝜙𝑠𝑔𝑠 denotes the unresolved subgrid-scale (SGS) 

contribution. In contrast to URANS approaches which models the entire turbulence spectrum, LES 

resolves the large-scale eddies that contains majority of the energy while modelling only the smaller 

scales turbulence. This is achieved by applying a spatial filter to the incompressible Navier-Stokes 

equations [141], yielding the governing Eqs. (8) and (9) to the following filtered equations, 

 
𝜕𝑢̃𝑖

𝜕𝑥𝑖
= 0 (26) 

 𝜕𝑢̃𝑖

𝜕𝑡
+ 𝑢̃𝑗

𝜕𝑢̃𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝̃

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢̃𝑖

𝜕𝑥𝑗
2 −

𝜕𝜏𝑖𝑗
𝑠𝑔𝑠

𝜕𝑥𝑗
+ 𝑓𝑖 

(27) 

where the tilde denotes the filtered velocity field and the component 𝜏𝑖𝑗
𝑠𝑔𝑠

 represents the subgrid-scale 

(SGS) stress tensor. This additional stress term arises due to the nonlinear convective terms in the 

Navier-Stokes equations and accounts for the momentum transfer between the resolved large-scale 

motions and the unresolved SGS turbulence. The SGS stress tensor is defined as, 

 𝜏𝑖𝑗
𝑠𝑔𝑠

= 𝑢𝑖𝑢𝑗̃ − 𝑢𝑖̃𝑢𝑗̃ (28) 
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and represents the effect of unresolved turbulence on the resolved flow field. In the LES modelling, this 

tensor is typically decomposed into anisotropic and isotropic components, 

 𝜏𝑖𝑗
𝑠𝑔𝑠

= 𝑎𝑖𝑗
𝑠𝑔𝑠

+
2

3
𝑘𝑟𝛿𝑖𝑗 (29) 

where 𝑎𝑖𝑗
𝑠𝑔𝑠

 is the anisotropic SGS stress, 𝑘𝑟 represents the subgrid-scale kinetic energy, and 𝛿𝑖𝑗 is the 

Kronecker delta. The anisotropic component 𝑎𝑖𝑗
𝑠𝑔𝑠

is modelled using an eddy-viscosity hypothesis, 

which correlates with the SGS eddy viscosity 𝜇𝑠𝑔𝑠, and the resolved strain rate tensor 𝑆̃𝑖𝑗,  

 𝑎𝑖𝑗
𝑠𝑔𝑠

= −2𝜇𝑠𝑔𝑠𝑆̃𝑖𝑗 (30) 

where the filtered strain-rate tensor is defined as, 

 
𝑆̃𝑖𝑗 =

1

2
(
𝜕𝑢̃𝑖

𝜕𝑥𝑗
+

𝜕𝑢̃𝑗

𝜕𝑥𝑖
) (31) 

and the isotropic part of the SGS stress tensor is related to the SGS turbulent kinetic energy 𝑘𝑟  as 

follows, 

 

 
𝑘𝑟 =

1

2
𝜏𝑖𝑗

𝑠𝑔𝑠
 (32) 

In most LES implementations, this isotropic component is absorbed into the modified filtered pressure 

term because it contributes only a relatively small portion of the total turbulent energy. Consequently, 

the SGS stress tensor is formulated as follows, 

 
𝜏𝑖𝑗

𝑠𝑔𝑠
= −2𝜇𝑠𝑔𝑠𝑆̃𝑖𝑗 +

1

3
𝜌𝜏𝑖𝑗

𝑠𝑔𝑠
𝛿𝑖𝑗 (33) 

which accounts for the effects of unresolved small-scale turbulence. The SGS stress tensor are 

commonly modelled using formulations such as the Smagorinsky model [142, 143], which is one of the 

most widely adopted formulations due to its simplicity and robustness. In this model, the unresolved 

turbulence is represented using an eddy viscosity 𝜇𝑠𝑔𝑠 which is expressed in term of the local strain rate 

of the resolved flow field, as follows, 

 𝜇𝑠𝑔𝑠 = 𝜌(𝐶𝑠∆)2|𝑆̃𝑖𝑗| (34) 

where 𝐶𝑠 is the Smagorinsky constant, typically taken as 0.18 and ∆ being the filter width, commonly 

approximated by the local grid scale. The magnitude of the filtered strain-rate tensor is defined as, 

 |𝑆̃𝑖𝑗| = (2𝑆̃𝑖𝑗𝑆̃𝑖𝑗)
2
 (35) 

substituting the Smagorinsky eddy viscosity into the SGS stress formulation yields the momentum 

equation for LES in the following form, 
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 𝜕𝜌𝑢̃𝑖

𝜕𝑡
+

𝜕(𝜌𝑢̃𝑖𝑢̃𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝̃

𝜕𝑥𝑖
−

𝜕

𝜕𝑥𝑗
(𝜏𝑖𝑗 + 𝜏𝑖𝑗

𝑠𝑔𝑠
) 

(36) 

where 𝜏𝑖𝑗 denotes the viscous stress tensor and 𝜏𝑖𝑗
𝑠𝑔𝑠

accounts for the unresolved subgrid-scale stresses. 

In vortex shedding flows [144], the large vortices contain the majority of the turbulent kinetic 

energy and dominate the transport of mass, momentum, and energy within the wake. LES is therefore 

particularly well suited for wake-vortex studies, as it spatially filters the numerical grid scale and 

resolves the large-scale turbulence explicitly by the governing discretised equations while models the 

SGS motions through additional closure terms. The isotropic part to be modelled is typically absorbed 

into the filtered pressure term as it accounts only for a relatively small portion of the total turbulence 

energy within the flow field. Consequently, LES yields a higher fidelity in capturing the vortex structure 

and downstream evolution compared to URANS models. Although it incurs a significantly higher 

computational cost, the improved fidelity in preserving vortex core strength and capturing fine-scale 

turbulent dissipation makes it an essential component of the present validation study. 

The numerical simulations are advanced in time using a second-order implicit backward 

differencing scheme to ensure numerical stability while maintaining temporal accuracy for unsteady 

vortex evolution. The pressure–velocity coupling is handled using a PIMPLE-based algorithm with a 

single outer corrector loop (nOuterCorrectors=1), resulting in PISO-like transient behavior. 

Three pressure corrector iterations are applied per time step to ensure tight coupling between velocity 

and pressure fields, while a momentum predictor step is activated to improve the temporal accuracy of 

the velocity solution. 

Spatial discretization of gradient terms employs a second-order Gauss linear scheme, with cell-

limited treatment applied to velocity and turbulence quantities to maintain boundedness in regions with 

strong gradients. Convective terms are discretized using a bounded central-differencing scheme to 

minimize numerical dissipation while preserving stability in regions of strong velocity gradients such 

as the vortex core. Diffusion terms are discretized using a Gauss linear formulation with limited non-

orthogonal correction to account for mesh non-orthogonality. 

To enhance the accuracy of LES in capturing the small-scale motions of the wingtip vortex, the 

computational mesh is selectively refined around the vortex core, thereby reducing the local filter width 

∆. This meticulous refinement ensures that the LES model effectively captures the smaller scales 

features and intricate fluctuations near the vortex core [145]. Therefore, the accuracy of the LES in the 

refined region is greatly improved, approaching levels akin to Direct Numerical Simulation (DNS). The 

LES simulation is advanced for a minimum 20 chord-flow-through times [146] over the wing model to 

ensure the decay of initial transients and attain a fully converged and stable flow field for detailed vortex 

analysis.  
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3.3 Post-processing 

ParaView [97] is the application developed for data extraction, to allow visualisation of vorticity 

fields, contours and streamlines of the velocity and pressure distributions. The software also supports 

the computations of the aerodynamics parameters such as lift, drag, moment and stability derivatives. 

The results from OpenFOAM in the present work were all extracted to ParaView for post-processing.  

The vortex core location is identified at where 𝑢𝑦 and 𝑢𝑧 are minimum. Once the core position was 

established, velocity profiles across the vortex core at plane 𝑥/𝑐 = 0, 1, 2 and 3 were plotted for 

validation, as illustrated in Figure 3.3. 

The validation of the URANS and LES model based on the normalised tangential velocity across 

the vortex core is presented in Section 3.4. The presence of wake vortex exhibited a distinct V-shaped 

pattern in the plots. The vortex core location is corresponding to the location of trough of the V-shape, 

where the tangential velocity approaches zero. The diameter of the vortex core is determined by 

measuring the distance between the two peak positions, where the crossflow velocity is at maximum. 

The tangential velocity is calculated from the resultant of transverse velocity vectors of 𝑦  and 𝑧 

directions, defined as 𝑢𝜃 = (𝑢𝑦
2 + 𝑢𝑧

2)
1/2

. This parameter is one of the critical parameters in vortex 

capturing as it indicates the swirling motion and strength of the vortex structure. 

 

 

Figure 3.3 Plotting data across vortex core, for normalised 𝒖𝒙 and 𝒖𝜽. 

 

3.4 Validating CFD with Published Data  

From the results plotted in Figure 3.4, the LES performs markedly better than the URANS model as 

expected. Starting at 𝑥/𝑐 = 0 , the URANS prediction is approximately 13% below experimental 
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measurement, while LES deviates by only 5%. As the vortices developed downstream, the rapid 

dissipation of URANS expanded the deviation to 48% at 𝑥/𝑐 = 3. The LES improves this significantly 

by reducing the error by 21%.  

In comparison, the URANS turbulence model with vorticity confinement correction from literature 

[111] has maintained an almost constant circulation throughout the 𝑥/𝑐 = 0 to 𝑥/𝑐 = 3, while the LES 

with the same confinement function tends to over-predict the vortical strength. Therefore, the present 

LES framework has adequately proved its capabilities in capturing the wake vortex structures and 

maintaining the near-field downstream characteristics with satisfactory fidelity. 

 

   

(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 1 

  

(c) 𝑥/𝑐 = 2 (d) 𝑥/𝑐 = 3 

Figure 3.4 Normalised tangential velocity magnitude 𝒖𝜽/𝒖∞ across the vortex core for 𝜶 = 𝟏𝟎°. 

In addition to the tangential velocity, the axial velocity profiles in the vicinity of the vortex core 

region are presented in Figure 3.5. As the wingtip vortices roll up, the rotational flow curls inwards to 

the vortex core centre, resulting in axial velocity deficit [138, 147]. The axial velocity deficit is 

inherently one of the unsteady factors in vortices. At 𝑥/𝑐 = 0, the axial velocities in all turbulence 

models and experiment are greatly fluctuated and exhibits a noticeable surplus value at the very core 

region. As the vortices further developed downstream, the axial velocity component within the vortex 

core was stabilised into a more consistent deficit form. In the present study, both the URANS and LES 
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models have predicted the axial velocity deficit successfully. Despite the LES has a slight over-

prediction, the overall deficits trends agree well with the DNS and LES results reported in the literature 

for similar configurations [134, 138]. Consistent with the tangential velocity comparisons, the axial 

velocity deficit in the LES simulation is closer to the experiment data, as compared to URANS results. 

 

  

(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 1 

  

(c) 𝑥/𝑐 = 2 (d) 𝑥/𝑐 = 3 

Figure 3.5 Normalised axial velocity 𝒖𝒙/𝒖∞ across the vortex core for 𝜶 = 𝟏𝟎°. 

With the tangential velocity distribution profile, the vortex core size can be easily defined by the 

distance of core centre to the point of maximum tangential velocity. The resulting vortex trajectory with 

the vortex core centre and size are plotted in Figure 3.6. As the turbulence dissipates downstream, the 

vortex core diffuses and grows in core radius. Both the URANS and LES track the core centre location 

with fair accuracy, though LES performs better in computing the vortex core size. The overall trajectory 

of the vortex core is moving inboard and marginally downwards, which agreed to the experimental 

trajectory as shown in Figure 3.6. 
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(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 1 

  

(c) 𝑥/𝑐 = 2 (d) 𝑥/𝑐 = 3 

Figure 3.6 Downstream development of vortex trajectory, size, and core centre location for 𝜶 =

𝟏𝟎°. 

The validation results discussed above clearly demonstrate that LES offers superior accuracy in 

predicting the wake vortex physics. It is of higher confidence in resolving the turbulent structures and 

preserves the downstream evolution of the wingtip vortices in the near field. Thus, LES is chosen for 

the subsequent formation flight simulations. To quantify the aerodynamic benefits of wake vortex 

surfing, the general aerodynamic coefficients such as lift and drag must be accurately predicted. A 

further validation against the wind tunnel experiment conducted by Martínez-Aranda et al. [148] is 

therefore performed. The wing geometry in this experiment is using a rectangular NACA 0012 wing 

with chord length 𝑐 = 0.1𝑚, aspect ratio 𝐴𝑅 = 2 and Reynold’s number 𝑅𝑒 = 1.33 × 105. As shown 

in Figure 3.7, the predicted lift coefficient is matching well with the measurements from literature, but 

slightly underpredicted the drag coefficients for α below 12°. 

 



Chapter 3 

65 

 

 

          (a) Lift coefficient 𝐶𝐿 validation   (b) Drag coefficient 𝐶𝐷 validation 

Figure 3.7 Aerodynamics coefficient validation. 

 

3.5 Validating CFD with Experimental Work  

Prior to comparison with the wind tunnel observations from Chapter 2.4, the CFD framework was 

quantitatively verified against the published numerical and experimental investigation by O’Regan et 

al. [111].  

The validation and analysis in the previous Section 3.4 has demonstrated the superior capability of 

LES in capturing the vortices behaviour and persistence compared to the unsteady RANS [8]. The LES 

model is validated against the literature data [111] on the tangential and axial velocity distribution across 

the vortex core, as well as the vortex core location and dimensions. The agreement obtained in key 

vortex parameters, including velocity distribution, vortex core characteristics, and circulation evolution, 

establishes confidence in the adopted numerical framework. Despite its high fidelity, the vortices 

modelled by the LES still appear to be about 4.35% – 5.56% more dissipative than the experimental 

results over each chord length in the streamwise direction.  

In this section, the validated LES methodology [8] is applied to reproduce the present wind tunnel 

test condition, to validate against the wind tunnel experimental results [11, 149]. The objective of this 

comparison was to assess whether the numerical model could capture the experimentally observed 

vortex development and structure under the current configuration. The emphasis of the wind tunnel 

experiments was on the methodology of perspective upright correction to capture the spiral motion of 

smoke particles tracing the trailing vortices, while the velocity information was disregarded. 

Accordingly, the validation here emphasises on the near-field vortex behaviour observed in the 

experiments, which are the wake-spiral contours formed by the smoke visualisation. 

Although the peak axial turbulence stress may occur near the vortex core and visually resemble the 

spiral structure, it actually represents a different aspect of flow dynamics. The widely accepted 

definition of vortex core radius is based on the distance from the core centre to the location of strongest 
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vorticity or peak tangential velocity [111, 150, 151]. However, there has not been any comparative 

study on the relationship between the wake spiral profile and the peak tangential velocity profile. This 

comparison is therefore introduced as part of the present validation effort. 

 

 

3.5.1 LES Preparation 

 

The two wing geometries with the NACA 4412 aerofoil profile used in the wind tunnel experiments 

in Chapter 2 (Figure 2.3) were also reconstructed in 3D CAD modelling, as shown in Figure 3.8. 

 

  

         a) No winglet (NW)     b) Blended winglet (BW) 

Figure 3.8 NACA 4412 wing model with different winglet designs. 

As shown in Figure 3.9, the wing model placement and boundary condition for the CFD validation 

case are in the same configurations to the wind tunnel experiment [11]. The simulation domain consists 

of an inlet with freestream velocity, 𝑢∞ = 10m/s which corresponds to chord-based Reynolds number, 

𝑅𝑒𝑐 = 6.8 × 104, an outlet of constant zero pressure, and no-slip boundary condition is imposed on the 

wing surface to enforce zero velocity and resolve the viscous boundary layer. 
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Figure 3.9 Wing model in domain for validation. 

The present work will utilise the mesh refinement strategy from the previous LES validation [8], in 

which the grid resolution is locally refined to about 1.1% of the chord length concentrated in the volume 

around the vortex core, as shown in Figure 3.10. Given the freestream velocity and mesh cell size, a 

time step of 1 × 10−5s is adopted to keep the maximum Courant number below one throughout the 

simulation. The numerical solver employed was the pisoFoam using regular Smagorinsky model 

coupled with the mesh refinement around vortex core [8]. The flow-field simulation iterates for a 

minimum of 20 chord-flow times over the wing model to attain a converged and statistically stable 

solution. 

 

 

Figure 3.10 Meshing size of 0.011𝒄 at volume around the vortex core. 

For the post-processing, ParaView [97] is employed to visualise the wake behaviour. A stream 

tracer along vertical axis (𝑧-axis) is placed at the same location as the smoke probe in the wind tunnel 

and is initiated five chord lengths upstream to track and identify the motion of smoke particle motion 

paths passing over the wing. The behaviour of the stream tracer is examined by slicing the tracer field 

at planes 𝑥/𝑐 = 0, 1, 2, 3, 4 and 7 for validation against the experimental wake spiral visualisation 

results. A seeding density of 15,000 points is implemented for the stream tracer to ensure its continuity 
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and visibility, resembling the behaviour of the experimental smoke particles. Figure 3.11 shows the 

illustration of the stream tracer and the slicing planes (example shown with 150 seeds for clarity) used 

for the assessment. 

 

 

Figure 3.11 Stream tracer originated from the same position as the experimental smoke probe. 

 

3.5.2 Validation Results 

During the wind tunnel testing, the wingtip vortices were visualised with smoke particles along the 

vertical axis in the upstream and forming a wake spiral form after flowing over the wingtip. The LES 

validation is conducted to compare on the form and size of the wingtip vortices as they propagate 

downstream. This assessment aims to enhance confidence on the accuracy of the CFD model in 

representing the physical phenomena, thereby affirming its efficacy in capturing vortices. Table 3.4 

summarises the validation outcomes captured at different longitudinal distance 𝑥 after the trailing edge 

in terms of chord unit 𝑐. The vortex visualised through diffusing green smoke contours is the result 

from wind tunnel observations, while the vortex outlined in red colour correspond to the LES results. 

The purpose of the comparison in Table 3.4 is to provide a qualitative assessment of the agreement 

between the experiment and simulation, where similarity in vortex location, shape, and size indicates 

the capability of the LES model to capture the dominant features of the wingtip vortex evolution.  
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Table 3.4 Qualitative validation of the LES (red stream tracer) against wind tunnel 

experimental visualisation (green smoke contours) at different downstream locations. 

𝑥/𝑐 
No Winglet (NW) Blended Winglet (BW) 

𝛼 =  2° 𝛼 =  12° 𝛼 =  2° 𝛼 =  12° 

0 

    

1 

    

2 

    

4 

    

7 

    

 

With the two profiles superimposed as presented in Table 3.4, it is evident that the red vortex spiral 

contour formed by the stream tracer in LES prediction highly coincides with the vortex profile obtained 

from the illuminated smoke particles in wind tunnel experiments. It is noteworthy that in the previous 

validation on tangential velocity [8], the LES model exhibited a 5% higher dissipation over each chord 
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length in the streamwise direction. The increased dissipation resulted in subtle enlargement of the vortex 

core size, potentially making it difficult to discern based on the qualitative results shown in Table 3.4.  

The LES model not only effectively captures the intricate form and dimensions of the vortex core, 

but also accurately predicts the shifting of the vortex core location. The outcomes from both the LES 

simulation and wind tunnel test demonstrated that higher 𝛼 leads to a more pronounced vortex shed. 

Additionally, the results also show that the blended winglets can reduce vortex size effectively, agreeing 

well with literature [152, 153] about the effects of winglets inclusion. This remarkable agreement noted 

in the qualitative comparison highlights the precision and reliability of the LES model in simulating the 

complex flow dynamics of the wingtip vortex.  

Devenport et al. [106] defined the contour of the wake spiral as the locus of peak axial turbulence 

stress, which provides insight into the vortex spiral form. Across the vortex core, the axial velocity 

generally peaks at the point where it returns from deficits to freestream velocity, typically located 

approximately one to two core radii from the centre of the core [106]. The complex spiral contour 

however poses challenges in precisely determining the size of the vortex core, which is crucial for 

accurately characterising the vortex dynamics and validating the vortex core size from LES against the 

wind tunnel test. In prior studies, there has not been any comparative study on the relationship between 

the wake spiral profile and the peak tangential velocity profile. In Table 3.5, the vortex spiral outline is 

overlaid on top of the tangential velocity distribution field, providing a visual representation of the 

position of the vortex core circumference (defined by the maximum tangential velocity contour in dark 

red) in relation to the spiral contour. 

 

Table 3.5 Vortex spiral on the tangential velocity (𝒎/𝒔) contour at 𝒙/𝒄 = 0, 2 and 4. 

𝑥/𝑐 
NW BW 

𝛼 = 2° 𝛼 = 12° 

0 

   

Table continues in the next page 
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2 

   

4 

   

 

From the experimental and computational results presented in Table 3.5, an increasing number of 

vortex spiral layers form around the vortex as the swirling flow progresses downstream. The 

incorporation of the tangential velocity in Table 3.5 provides further understanding regarding how the 

development of the wake spiral is influenced by the magnitude of vortex strength. The highest tangential 

velocity induced by the NW wing at high 𝛼 is more than double compared to a lower 𝛼 or BW wing at 

same 𝛼. The more vigorous swirling motion accelerates the rotation of the vortex, causing it to develop 

at a faster rate and resulting in a higher count or more folds of circling rings around the vortex, as 

captured in both wind tunnel tests and CFD. 

 In general, the vortex core generated by the NW wing remains smaller than the corresponding spiral 

envelope, regardless of the angle of attack. Even at a farther downstream position (e.g., 𝑥/𝑐 = 4), where 

multiple layers of spiral structure emerge, the vortex core diameter remains confined within the 

innermost spiral ring. Conversely, BW wings tend to have peak tangential velocity profile exceeding 

the size of the vortex spiral shape. Given these opposing trends, it can be inferred that there is no 

apparent correlation between the wake spiral and the dimension of the vortex core. Hence, deriving the 

vortex core radius solely based on the vortex spiral obtained from wind tunnel testing remains 

unresolved and may lead to systematic inaccuracies. 

 To provide a more objective comparison, a horizontal line (along the 𝑦-axis) was plotted across the 

centre of the vortex core for both wing configurations at 𝛼 = 12°. The normalised tangential velocity 

values with respect to the freestream velocity along the plotted line are illustrated in Figure 3.12. For 
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each dataset, the left side pertains to NW wings and right side represents BW wings. These plots offer 

a more objective perspective on the peak tangential velocity and dimension of vortex core compared to 

the wake spiral pattern from the stream tracer, providing insights beyond the constraints of the wind 

tunnel experiment. 

 

 

a) 𝑥/𝑐 = 0 

 

 

b) 𝑥/𝑐 = 2 

 

 

c) 𝑥/𝑐 = 4 

Figure 3.12 Normalised tangential velocity (blue) across vortex core (red) along y-axis, on NW 

wing (left) and BW wing (right), at 𝜶 = 𝟏𝟐° and 𝒙/𝒄 = 0, 2 and 4. 
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From Figure 3.12, it is observed that the addition of blended winglets has resulted in a significant 

attenuation of approximately 67% in the peak tangential velocity compared to the plain wing. This 

pronounced reduction reflects the effectiveness of blended winglets in altering the flow dynamics and 

mitigating the impact of vortices induced drag. With the presence of two peaks in the tangential velocity 

profile, the computation of the vortex core radius becomes straightforward. The distance from the vortex 

core centre to the peaks vary for both the inboard and outboard directions. Therefore, the vortex core 

radius listed in Table 3.6 is determined by dividing the vortex diameter in half. Despite the reduced 

tangential velocity, the vortex core radius generated by the BW wing is larger than NW wing. The rate 

of expansion of the BW vortex is significantly higher than the NW vortex, resulting in a greater disparity 

in size between the two as they evolve downstream. 

 

Table 3.6 Vortex core radius over chord (𝒓𝒄/𝒄). 

𝛼 Wing 
𝑥/𝑐 

0 1 2 3 4 7 

2° 
NW 0.060 0.065 0.075 0.080 0.110 0.110 

BW 0.060 0.110 0.145 0.185 0.205 0.285 

12° 
NW 0.080 0.095 0.110 0.125 0.125 0.160 

BW 0.065 0.125 0.190 0.220 0.250 0.410 

 

The vortex core size downstream can be modelled using the time-dependent viscosity diffusion term 

from the Lamb-Oseen model [154]. However, Squire [155] proposed that the eddy viscosity is 

proportional to the vortex circulation strength. Thereafter, the eddy viscosity coefficient was formulated 

to be empirically determined from experimental measurements. Based on the findings in Figure 3.12 

and Table 3.5, it is established that there is no discernible correlation between the wake spiral and the 

dimensions of the vortex core. This reinforces the importance of qualitative validation, as the LES 

results align well with the wind tunnel data, confirming the reliability of the LES model in capturing 

vortex characteristics. Interestingly, the analysis of vortex core size for the wings with and without 

winglet indicates contrasting trends when it comes to evaluation through either visual stream tracer or 

maximum tangential velocity measurement. The vortex tracing and characterisation, both 

computationally and experimentally, indicate that the BW appears to reduce the size of the vortex as 

captured visually. However, the actual size of the vortex core determined by the maximum tangential 

velocity is larger for the BW wing compared to the NW wing.  

 This contradictory phenomenon on the wingtip vortices can be clearly seen in Figure 3.12. 

Nevertheless, the reduced tangential velocity in the larger vortex core for the blended winglet is aligned 
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with the theory of Lamb-Oseen model [107, 108], provided that the total vorticity is nearly equivalent. 

In Figure 3.13, the circulation strength was evaluated based on the time-averaged velocity field obtained 

after the LES reached a statistically stationary state with 20 chord flow times. In the diagram, the vortex 

circulation strength of BW is slightly higher than that of the NW, likely due to the higher lift experienced 

on the BW, as explained by Kutta Joukowski’s theorem [109]. This has further proven the benefits of 

the blended winglet in mitigating the impact of wingtip vortices, improving the effective wingspan and 

enhancing the overall aerodynamic efficiency.  The demonstrated accuracy and credibility of the CFD 

model can ensure that the future simulations in the extended field are grounded. 

 

 

Figure 3.13 Comparison of normalised vortex circulation strength for NW and BW, 𝜶 = 𝟏𝟐°. 

 

3.6 Summary and Recommendations  

This section has carried out the numerical simulation using both URANS and LES for vortex 

capturing and validated the accuracy of the different turbulence models in predicting the aerodynamics 

of the wake vortices. The results showed that the LES model is more accurate in anticipating the wake 

vortex strength and persistence, which provides a better agreement with the experimental and published 

reference data. URANS has achieved some degree of accuracy in estimating the vortex core centre 

location and axial velocity deficit, but unable to maintain the vortex physics, and the vortices diffused 

more quickly than the reported data from experiment. Thus, LES is identified as the more appropriate 

framework for modelling formation flight aerodynamics, where accurate representation of coherent 

vortical structures is essential for predicting the beneficial upwash encountered by a trailing wing or 

aircraft. 

The comparative study of the LES framework against the experimentally upright corrected results 

has shown a positive outcome. The vortex spiral profiles generated by the LES demonstrate a high 

degree of qualitative consistency across various wing configurations, angles of attack, and multiple 

downstream planes when compared to wind tunnel data. Furthermore, the numerical simulation has 

provided a more in-depth analysis of the vortex core, defined by its maximum tangential velocity, 
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against the wake spiral contours that represents the peak axial turbulence stresses. This dual-perspective 

analysis offers a more rigorous interpretation of vortex behaviour than either approach alone. The 

outcomes reveal that blended winglet effectively reduces both the visible spiral size formed and the 

respective circulation strength of the wake. However, it has a larger vortex core radius, characterised 

by the maximum tangential velocity profile can be larger for the blended winglet configurations, despite 

the visually smaller spiral envelope. This unexpected contrast highlights that the observable wake spiral 

shape does not necessarily correlate with the underlying vortex core dimensions. Such findings provide 

new insights into the understanding of fluid flow phenomena and shed light on the vortex core properties 

in aerodynamics. 

The present investigation focuses on a low Reynolds number wingtip vortex configuration, as listed 

in Table 3.7. Therefore, while the developed framework validated on the vortex simulation and, further 

validation across different Reynolds number regimes is required to assess its broader applicability. 

 

Table 3.7 Chord based Reynolds number, 𝑹𝒆𝒄 for different simulation cases. 

Case 𝑢∞ (m/s) 𝑐 (m) 𝑅𝑒𝑐 

LES Validation 34 0.14 3.25 × 105 

Wind Tunnel Validation 10 0.10 6.48 × 104 

 

 Collectively, this chapter validates the accuracy and reliability of the LES framework for wake 

vortex modelling and establishes its suitability for the subsequent simulations of vortex surfing 

formation flight.  
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Chapter 4   

Inlet Conditioning for Wake Vortex 

Simulation 

As presented and proven in the previous chapters, LES offers demonstrably superior accuracy in 

capturing the complex, three-dimensional turbulent structures that govern aircraft wake vortices. 

However, applying LES to realistic formation flight scenarios remains computationally challenging. 

For instance, the recent extended range formation trials by Airbus fello’fly campaign [73], the 

longitudinal separation between the leading and trailing aircraft can span over several nautical miles. 

Simulating such vast domains requires extremely fine spatial discretisation, particularly in the vicinity 

of the trailing vortices, and sufficiently short temporal resolutions to resolve the integral turbulence 

length scales.  

The intensive mesh grid and time step over the tremendous flight space will exacerbate to significant 

computational costs and extended computing core-hours, thereby limiting its feasibility of full domain 

LES for formation flight simulation and research. Moreover, studying multiple trailing aircraft positions 

often require repeating the entire simulation from the upstream of leading aircraft. This repeated 

simulation of the same upstream flow field multiplies the computational burden without providing new 

physical insights. Therefore, an approach that avoids reiterating the upstream vortex generation for each 

formation flight research is very much essential for improving efficiency and practicality. 

A practical strategy for reducing the computational cost is to partition the full LES domain into two 

functional regions, namely the inlet condition (IC) domain and the main simulation (MS) domain, as 

shown in Figure 4.1. The IC domain contains the leading aircraft or wing that is responsible for 

generating the wake vortex and the MS domain in which contain the trailing aircraft or wing will operate 

within the prescribed wake field with the inlet boundary condition identical to the vortical flow data in 

the IC domain.  
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Figure 4.1 Precursor inlet mapping, with inlet condition and main simulation. 

As illustrated in Figure 4.1, the fully developed wake vortex from the IC is extracted at a specified 

downstream plane and imposed as the inlet boundary condition for the MS domain. In such a manner, 

the expensive upstream vortex generation physics is simulated only once. Thereafter, multiple MS 

simulations with each representing a different formation flight relative position can be performed at a 

fraction of the original computational cost. This concept aligns with the established inlet conditioning 

practices [74, 75], which aim to provide realistic turbulent inflow fields without resolving the full 

upstream evolution within every simulation. 

Recent developments in machine learning have emerged as a promising framework for synthetic 

turbulent inflow generation. Fukami et al. [156, 157] proposed convolutional neural network-based 

models for super-resolution reconstruction of turbulent flows, highlighting the ability to recover 

multiscale features and temporal evolution from coarse input data. In addition, physics-informed deep 

learning methods [158, 159] further improve inflow generation by enforcing turbulence-consistent 

statistics and spectral content. These developments represent a rapidly growing data-driven direction 

for LES inflow specification. 

The primary objective of this chapter is to develop and validate an efficient inlet conditioning 

methodology tailored for LES of wake vortex surfing. The fidelity of the mapped inlet conditions is 

evaluated by the turbulent coherence, circulation strength, and downstream development of wingtip 

vortices. This contributes to laying the foundation for subsequent studies involving parametric 

evaluation of trailing aircraft positions using the MS domain without recomputing upstream vortex 

generation. 

 

4.2 Inlet Condition and Main Simulation 

In the IC simulation domain, the leading wing model geometry, stream field parameters and CFD 

framework are inherited directly from the validated wingtip vortices generation by LES presented in 

the previous chapters. The wing geometry comprises a NACA 0012 aerofoil profile with a chord length 

of 0.14𝑚, a semi-span of 0.15𝑚, and an angle of attack 𝛼 of 10°. The freestream velocity is 34𝑚/𝑠, 

corresponding to a chord-based Reynolds number of 𝑅𝑒𝑐 = 3.25×105. The mesh grid size within the 

volume around the vortex core is maintained to approximately 1.1% of wing chord, or equivalent to 
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roughly 10% of the vortex core diameter at 𝑥/𝑐 = 0 based on the previous validation study [8]. Time 

step of 1 × 10−5𝑠  is adopted to maintain the maximum Courant number of the simulation below one. 

Unlike the prior validation domain, this IC domain is extended longitudinally to allow direct flow-field 

comparison between downstream of the selected datum plane in the IC and the corresponded planes in 

the MS. 

From the IC simulation, the database of flow-field information and velocity fluctuations profile of 

the wake vortex using LES are established. This database is subsequently used to construct a physically 

consistent turbulent inflow conditions, to reproduce the vortex flow with the correct mean profile and 

fluctuation content. The cuttingPlane utility in OpenFOAM is employed to extract the relevant flow-

field quantities required for inlet specification. Alternatively, the vortical mean flow parameters are 

augmented with synthesised temporal fluctuations to reconstruct a time-dependent inlet velocity field. 

The instantaneous velocity datasets are captured at multiple streamwise stations, spanning 𝑥/𝑐 = 0 

to 𝑥/𝑐 = 9 as illustrated in Figure 4.2. The time-resolved database from the IC simulation is then 

introduced onto the inlet of the MS domain. This approach ensures that the MS inflow contains 

turbulence originating from a physically resolved LES solution, thereby preserving both spatial and 

temporal correlations essential for the correct downstream evolution of the vortex structures.  

 

 

Figure 4.2 Wingtip vortex visualised with 𝑸-criterion=200, coloured by velocity magnitude 𝒖. 

Despite its advantages, inlet boundary conditioning for LES remains non-trivial. LES explicitly 

resolves the large eddies which contain most of the turbulent kinetic energy. The resolved turbulent 

kinetic energy, 𝑘 is computed based on the velocity fluctuations (𝑢𝑥
′ , 𝑢𝑦

′ , 𝑢𝑧
′ ) as follows [76], 

where 𝑢𝑥
′ 2

, 𝑢𝑦
′ 2

, 𝑢𝑧
′ 2

 are the mean square fluctuations of the respective velocity components. In LES, 

the energetically dominant scales are directly resolved, while the SGS model accounts for the effects of 

smaller and unresolved eddies [140]. Therefore, an accurate representation of the velocity fluctuation 

profile at the inlet is critical, as it directly affects the computation of the Reynolds stress tensor per unit 

density, 

 
𝑘 =

1

2
(𝑢𝑥

′ 2
+ 𝑢𝑦

′ 2
+ 𝑢𝑧

′ 2
) (37) 
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which governs the momentum transfer, turbulent mixing and the proper cascade of energy from the 

resolved eddies to subgrid scales [77]. Any inaccuracies in this inflow turbulence may disrupt the energy 

cascade and compromise on the LES fidelity in the downstream region. Simple synthetic perturbations 

such as white noise forcing lack the necessary correlation and rapidly dissipate, resulting in unrealistic 

vortex behaviour and incorrect downstream development [77]. 

Prior inlet conditioning studies have conventionally focused on wall bounded turbulent flows such 

as channel and pipe flow [77, 160],  combustor [83, 161] or nozzle simulations [80, 81], where the 

objective is to achieve statistically steady, fully developed turbulence. In these studies, the highly 

turbulent inflow conditions are often prescribed with a target swirl number or supplemented with 

additional forcing mechanisms such as explicit velocity corrections and imposed axial or azimuthal 

body forces. However, these methods are not directly applicable to wake vortex flows, which involve 

strongly rotational wingtip vortices evolving within an unbounded freestream field. Unlike internal 

wall-bounded flows, freestream vortices exhibit strongly time-dependent behaviour, where the 

instantaneous vortex structure governs its subsequent streamwise evolution. The challenge for vortical 

flow in the freestream is to preserve the dominant features of wake vortices for instances, strong 

azimuthal velocity, axial velocity deficit, coherent helical motion, which are far more complex to 

reproduce at an inflow boundary. Any loss of coherence or misrepresentation of vortex structure at the 

inlet would significantly compromise the accuracy of subsequent formation flight predictions. In 

contrast, fully developed channel flows remain largely invariant along the streamwise direction. This 

fundamental difference poses significant challenges in prescribing realistic inlet conditions for wake 

vortex simulations.  

To address these challenges, the precursor-based inlet mapping and synthetic reconstruction 

techniques specifically for vortical inflow conditions in LES are investigated in the present work [76, 

162]. These inlet condition methods aim to faithfully reproduce the physics of wingtip vortices at the 

inlet while drastically reducing the computational cost associated with full-domain simulation.  

 

4.3 Precursor Method  

There is very limited research on the inlet conditions strategies for wake vortex, largely because the 

prescribed turbulence quantities at the inlet cannot reliably reproduce the desired vortex characteristics 

and cannot guarantee the downstream evolution. In the inlet-outlet domain decomposition, the precursor 

method provides the most physically representative inflow boundary for LES because it supplies 

temporally and spatially correlated turbulent structures directly from an upstream simulation. For 

 
𝜏𝑖𝑗 = 𝑢𝑖

′ 𝑢𝑗
′̅̅ ̅̅ ̅̅  (38) 
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formation flight simulations, the IC domain typically includes the leading wing or aircraft, to generate 

a time-series of wingtip vortex dynamics data and capture the evolution of the vortex structures. The 

field data at a specified downstream plane are then extracted over a defined time interval and imposed 

as the inflow to the MS domain. This approach allows the MS domain to accurately reproduce the vortex 

dynamics and associated turbulence that would naturally occur if the full formation geometry were 

simulated within a single continuous large domain.  

Before acquiring the precursor data on the velocity information of the induced vortex, the LES 

solution within the IC domain is first iterated for more than 20 chord-flow times to ensure the transients 

have subsided, and the flow has developed to a statistically steady state [146]. Once statistical 

convergence is established, the velocity field is sampled for an additional duration of minimum five 

times the integral time scale 𝑇𝑢 [163],which provides a sufficiently long record to capture the temporal 

evolution of the coherent structures within the vortex. The integral time scale is computed via the 

integral of the autocorrelation function of the velocity fluctuations 𝑟(𝜏), as follows, 

where 𝜏 denotes the time lag, 𝑢′ is the velocity fluctuations component and 𝜎𝑢
2 is the corresponding 

velocity variance.  The integral time scale is then obtained as, 

which in the case of current study, it is equivalent to nearly 50 chord-flow times. The precursor data 

with duration exceeding 𝑇𝑢 ensures that the inlet velocity fluctuations used in the MS domain contain 

the correct temporal statistics and correlation structure over a temporally representative period. For 

practical evaluation, the integral time scale is computed over a finite sampling duration corresponding 

to 50 chord-flow-through times, ensuring statistical convergence of the velocity data. The resulting 

integral time scale at the selected point are 𝑇𝑥
𝑢 = 4.65 × 10−4𝑠 , 𝑇𝑦

𝑢 = 1.13 × 10−2𝑠 , and 𝑇𝑧
𝑢 =

7.17 × 10−3𝑠. The integral time scale indicates anisotropic temporal behavior where the cross-stream 

(tangential) velocity fluctuations exhibit longer correlation times compared to the streamwise 

component, reflecting the dominant rotational nature of the vortex structure.  

 After the sampling period, the rime-resolved precursor velocity data extracted from the selected IC 

plane are written into the directory /constant/boundaryData/inlet/<time>/ together with the associated 

point coordinates file stored as /constant/boundaryData/inlet/points. Following the OpenFOAM 

convention, each time folder contains a complete snapshot of the velocity field at the selected plane. 

The MS domain utilise the timeVaryingMappedFixedValue boundary condition, which reads the 

precursor velocity field sequentially in time and applies it directly to the corresponding spatial nodes 

on the inlet boundary.  

 
𝑟(𝜏) =

𝑢′(𝑡)𝑢′(𝑡 − 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝜎𝑢
2  (39) 

 
𝑇𝑢 = ∫ 𝑟(𝜏)

∞

0

𝑑𝜏 (40) 
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With realistic and dynamic inflow conditions prescribed at the MS inlet, other flow variables such 

as pressure, vorticity and subgrid-scale turbulence quantities are initialised or derived from the 

governing equations at each time step. The precursor technique has the advantage of using time-series 

data from a time dependent LES to depict the inflow turbulence for the MS domain. As a result, it would 

have the necessary fluctuations with temporal and spatial correlations and able to reconstruct a 

physically realistic, time-dependent inflow that preserves the spatial coherence, turbulence intensity, 

and vortex structure present in the IC domain. 

By mapping the precursor flow data onto the MS inlet boundary, the flow dynamics in MS domain 

should correspond with the region after the selected plane in IC domain. The validation on the precursor-

based inflow specification in the current study uses the plane at 𝑥/𝑐 = 0 from the IC domain. This plane 

is located immediately downstream of the wing trailing edge, where the wingtip vortex has just begun 

to roll up and the flow field remains highly complex and transitional.  

 

 

Figure 4.3 Validation on the following planes in the main simulation (MS). 

The vortex development in the MS domain after the precursor inlet conditions will be validated 

against those corresponding planes in the IC domain, as illustrated in Figure 4.3. If the MS solution 

using the 𝑥/𝑐 = 0 as inflow condition can correctly predict the vortex trajectory, core size, and velocity 

structure at subsequent downstream planes, it confirms that the precursor data preserve the essential 

dynamics of the vortex and can reliably serve as inflow conditions for wake vortex surfing at larger 

separations. The mapping from any succeeding downstream plane is expected to pose lesser challenges 

as the flow has developed into a more organised and established vortex form. 

 

4.3.1 Validation of Precursor Inlet 

The wake vortex generated in the IC domain is visualised using the 𝑄-criterion as shown in the 

Figure 4.4. The required flow field data on wingtip vortices are acquired at 𝑥/𝑐 = 0  and the 

instantaneous velocity components 𝑢𝑥,𝑦,𝑧 are among the key quantities to be mapped onto the inlet of 

the MS domain. With the precursor inlet data from 𝑥/𝑐 = 0, the turbulence quantities on the subsequent 
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planes with one to three chord length downstream will be used to evaluate the fidelity of the reproduced 

vortex dynamics.   

 

Figure 4.4 Wake vortex in IC domain visualised with 𝑸-criterion=100, coloured by velocity 

magnitude 𝒖. 

The use of such upstream plane in the IC may not be the optimal choice as precursor inlet, mainly 

due to the higher computational demands for subsequent MS domain repetitions. However, it provides 

a quick overview of the results and for demonstration of the methodology. In addition, the resulting MS 

domain vortex evolution is supported by the previous validation work [8], which has already confirmed 

the accuracy of the near field vortex dynamics. This further ensures that the inlet mapping approach 

remains credible even when applied at a plane where the vortex is not yet fully developed.  

The CFD results on the MS domain using precursor-based inlet boundary extracted from the IC 

domain 𝑥/𝑐 = 0 plane is illustrated in Figure 4.5, visualised by 𝑄-criterion and coloured by velocity 

magnitude. From a qualitative standpoint, the wake vortex flow field observed in the MS domain 

(Figure 4.5) closely resembles that of the IC domain (Figure 4.4), indicating that the mapping of time-

dependent velocity field retains the essential vortical features. Overall, the MS solution does not exhibit 

any noticeable attenuation of downstream turbulence profile or velocity magnitude. However, the main 

limitation of this approach is the substantial storage required to retain the full time series of flow data. 
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Figure 4.5 Wake vortex in MS domain with precursor vortex inflow boundary, visualised with 

𝑸-criterion=10, coloured by velocity magnitude 𝒖. 

For comparison, a separate MS domain was constructed with inlet prescribed with the vortical mean 

velocity field 𝑢̅𝑖,𝑗,𝑘 , i.e., a time-invariant inflow profile. As shown in Figure 4.6, there are vortices 

induced after the wing body region at the initial transient phase (left), but it quickly dissipates and 

results in a noticeably smoother vortex evolution. While the large-scale structure and approximate core 

location are still captured, the absence of fluctuation content suppresses the development of small-scale 

turbulence and leads to an overly diffused vortex representation. This discrepancy highlights that 

although mean velocity inflow is capable of capturing the large-scale vortex characteristics and 

produces a reasonably well approximation on the vortex core, it fails to reproduce the realistic unsteady 

vortex dynamics required for accurate downstream predictions in wake-encounter and formation flight 

simulations. 

 

 

Figure 4.6 Wake vortex in MS domain with mean vortex inflow boundary, at different time 

stamp – 0.05𝒔 (left) and 0.1𝒔 (right), visualised with 𝑸-criterion=100, coloured by velocity 

magnitude 𝒖. 

From the above comparison, the precursor-based approach clearly stands out for its capability to 

preserve the intricate turbulent structures of wingtip vortices behaviour for downstream aerodynamic 

simulations. Nevertheless, a more rigorous examination of the vortex turbulent metrics is necessary to 

validate the accuracy of the precursor inlet boundary condition. Figure 4.7 presents the tangential 

velocity profile normalised by the freestream velocity, plotted across the vortex core in the spanwise 

direction. These profiles provide critical indicators of vortex behaviour including vortex core centre 

position, core radius, and vortex strength, by determining the trough, distance between peaks and the 

peak amplitude respectively on the same plot.  
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(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 1 

  

(c) 𝑥/𝑐 = 2 (d) 𝑥/𝑐 = 3 

Figure 4.7 Validation on normalised tangential velocity magnitude, 𝒖𝜽/𝒖∞ across vortex core 

centre. 

Despite the turbulent structures showing a high degree of similarity, the precursor MS is having 

slight discrepancies compared to the IC tangential velocity profile at 𝑥/𝑐 = 0. The error is likely due 

to the temporal offset in data recording, where the precursor vortical data recording begins only after 

the IC domain has achieved steady state flow conditions. Therefore, the initial velocity data used to 

initialise the MS inlet boundary condition does not capture the transient phase of the IC simulation from 

its true starting time. This temporal discrepancy can lead to inconsistencies in the initial conditions 

imposed on the MS, thereby affecting the development of downstream vortex structures. Overall, the 

precursor MS is having a marginally lower magnitude in term of tangential velocity profile at 𝑥/𝑐 = 0 

but restores to an almost identical tangential velocity profile thereafter (𝑥/𝑐 = 1 to 3). Interestingly, the 

MS with mean velocity inflow conditions closely matches this profile up to two chord lengths 

downstream, after which it gradually shifted less inboard. This lateral deviation is primarily due to the 

lack of fluctuations, resulting in an underestimation of the turbulent forces that drive the vortex core to 

shift more inboard. 

When comparing axial velocity profiles as plotted in Figure 4.8, both MS axial velocities align well 

with the IC profile. The same lateral deviation as the tangential velocity plot is noticed on the MS with 

mean flow inlet condition after two chord lengths. All profiles exhibit an axial velocity deficit due to 

the induced drag and viscous effects associated with the formation and evolution of the vortex core. 
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This deficit occurs because the air accelerates around the vortex core, resulting in lower axial velocities 

within the core region [138]. These profiles generally align with the findings of Devenport et al. [106], 

where the velocity deficit restores to freestream velocity at about one to two core radii from the vortex 

centre. 

 

  

(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 1 

  

(c) 𝑥/𝑐 = 2 (d) 𝑥/𝑐 = 3 

Figure 4.8 Validation on normalised axial velocity magnitude, 𝒖𝒙/𝒖∞ across vortex core centre. 

While the MS tangential and axial velocity matches well with the IC profile, there is a notable 

discrepancy in the fluctuation intensity of the velocities across the vortex core between the MS and the 

IC, as shown in Figure 4.9. As expected, the MS case prescribed with a steady mean-flow inlet exhibits 

no fluctuations, resulting in a flat profile along the 𝑥-axis. Conversely, the precursor-driven MS retains 

the fluctuating behaviour but still shows discernible differences relative to the IC reference. The 

discrepancy may again stem from the temporal offset errors in the initiation time of the mapping data. 

As the simulation data are not synchronised on both domains, the time dependent fluctuations may vary 

quite differently.  
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(a) 𝑥/𝑐 = 0 (b) 𝑥/𝑐 = 3 

Figure 4.9 Velocity fluctuations, 𝒖𝒙,𝒚,𝒛
′  across vortex core centre at the inlet and downstream. 

To validate the hypothesis, a single point on the downstream plane at 𝑥/𝑐 = 3 with the highest 

tangential velocity is selected. This data point lies along the circumference of the vortex core radius. 

The normalised three-dimensional velocity fluctuations data of the point is plotted over time to examine 

its fluctuation profile in both the IC and precursor MS. The actual start time of the MS is used as the 

baseline for comparison. As shown in Figure 4.10, the IC velocities fed into the MS inlet lack a transient 

phase, as the data recording only started after 50 chord-flow times in the IC domain. In the MS domain, 

the point experienced freestream velocity and transient phase for approximately the first seven chord-

flow times before the vortex stabilised. Thereafter it displayed a turbulent pattern that closely matched 

the IC domain, with only minor discrepancies at certain times. This explains the deviation of the velocity 

fluctuations across the vortex core in downstream planes in Figure 4.9.  
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Figure 4.10 Velocity fluctuations normalised by mean velocity, 𝒖’/𝒖̅ across the vortex core at 

𝒙/𝒄 = 𝟑. 

For the inlet plane, the discrepancy can be attributed by the limitations of LES. The finite volume 

framework employed the predominant second-order accurate central differencing scheme in gradient 

and Laplacian calculations, complemented by divergence schemes using upwind and limited linear 

methods. The central differencing schemes are effective for resolving smooth gradients, less dissipative 

and minimising numerical errors compared to some upwind schemes [164]. However, it can 

underestimate the intensity of small-scale turbulence fluctuations present in the inflow conditions. As a 

result, the initial turbulence characteristics at the inlet may not be fully captured, leading to 

discrepancies in the early stages of vortex development between the MS and IC domains. Upwind 

methods are typically employed in LES to handle highly advective flows and sharp gradients, ensuring 

that the numerical solution propagates in the direction of flow, thus preventing numerical oscillations 

and maintaining stability. However, upwind schemes can introduce additional numerical diffusion, 

which may smooth out small-scale turbulence features that are critical for accurately capturing the 

vortex dynamics, leading to the discrepancies observed in Figure 4.9a. 

Understanding the temporal evolution of velocity fluctuations on the inlet boundary is important for 

the precursor MS domain. The normalised fluctuations profile at the point with the highest tangential 

velocity magnitude, 𝑢𝜃,𝑚𝑎𝑥 on the inlet plane (𝑥/𝑐 = 0) is plotted in time domain in Figure 4.11. As 

the precursor MS is taking the exact velocity dataset and grid points from the IC, suggesting there 

should be no interpolation issues between the two domains. Although the time-series graphs of 

precursor MS maintain a consistent trend throughout, there is a marginally smaller amplitude observed. 

The amplitude drop is likely due to the LES solver inherently filtering out some of the smaller-scale 

turbulence. This phenomenon does not affect the overall inlet mapping process, but it emphasises the 

challenges of accurately transferring and preserving the turbulent features of wake vortex across 

different simulation domains. 
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Figure 4.11 Time domain plot of the three-dimensional normalised velocity fluctuations, 𝒖’/𝒖̅. 

Figure 4.12 shows an example of IC and precursor MS data being Fourier transformed from time 

domain and plotted in the frequency domain. From a validation perspective, the three-dimensional 

turbulence appeared to have a similar spectral profile in the frequency spectrum, with dominant energy 

concentrated below 500 Hz and a secondary band between approximately 2–2.5 kHz, albeit with 

different amplitude levels. The peaks in high-frequency spectrum (2–2.5kHz) indicate the turbulent 

fluctuations associated with small-scale eddies within the attached turbulent boundary layer [165]. The 

frequency domain analysis shown in Figure 4.12 demonstrates that the main simulation with the 

precursor-based inlet condition is capable of reproducing the complex yet detailed amplitude and 

frequency characteristics of the velocity fluctuations. 
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Figure 4.12 Frequency domain plot of the three-dimensional normalised velocity fluctuations, 

𝒖’/𝒖̅ in amplitude, 𝒂𝒊,𝒋,𝒌 (top) and phase, 𝝓𝒊,𝒋,𝒌 (bottom) spectrum. 

These small-scale eddies consist of primarily high-frequency fluctuations which will be diminished 

as the flow field is separated from the boundary layer, as shown in Figure 4.13 and Figure 4.14. 

Furthermore, the finer spatial resolution near the boundary layer can resolve smaller turbulent 

structures, thereby amplifying the noise at high-frequency spectrum. As the wake vortex propagating 

downstream, the frequency spectrum of velocity fluctuations is predominantly characterised by lower-

frequency, higher-amplitude oscillations caused by the unsteady separation. The high-frequency 

content originating from small-scale turbulent structures near the boundary layer have progressively 

dissipated and is effectively absent in the more downstream region (i.e., 𝑥/𝑐 = 3).  

 

 

Figure 4.13 Contour in the LES IC domain, coloured by velocity fluctuations 𝒖’, view from the 

wingtip. 
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Figure 4.14 Velocity fluctuations contour at planes 𝒙/𝒄 = 0, 1, 2, after trailing edge. 

To validate on the fluctuation characteristics, the amplitude of velocity fluctuation at 𝑥/𝑐 = 3 is 

plotted in the frequency domain, as presented in Figure 4.15. The resulting spectrum shows a 

significantly simplified fluctuations distribution as compared to Figure 4.12, where the dominant energy 

is concentrated at low frequencies while the high-frequency components have largely dissipated. This 

result validates that the velocity fluctuations in the further downstream planes possess a considerably 

simpler spectral profile. As a result, prescribing the inlet condition with a downstream location becomes 

a more practical approach, while it also reduces the upstream computational cost required for the 

simulation. 

 

 

Figure 4.15 Frequency domain plot in amplitude spectrum for the highest tangential velocity 

𝒖𝜽,𝒎𝒂𝒙  point at downstream plane, 𝒙/𝒄 =  𝟑. 

 

4.4 Synthetic Method 

Another approach for prescribing inflow conditions in the MS domain involves artificially 

generating time-dependent velocity fluctuations, also known as the synthetic method [75, 166]. The 

synthetic method only requires a single snapshot of mean velocity data from the IC domain that is 

subsequently energised by the synthetic fluctuation term. The mean velocity field is obtained via time-

averaging of the resolved LES solution. Specifically, the mean velocity is defined as, 
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where 𝑡0 denotes the start of the averaging period after the flow has reached statistical stationarity 

(approximately 50 chord-flow times), and 𝑇  represents the averaging window following the initial 

transient period. In the present study, the averaging is applied to the velocity field in situ using the 

fieldAverage function object in OpenFOAM. 

 The synthetic fluctuation formulation is derived based on the Fourier representation of a turbulent 

velocity fluctuation signal. A velocity component can be decomposed into its mean and fluctuating 

components as, 

where 𝑢̅  represents the temporal mean velocity and 𝑢’(𝑡)  represents the turbulent fluctuation. The 

temporal fluctuations of the point with highest tangential velocity 𝑢𝜃 across the selected plane in the IC 

domain is first recorded and analysed in the time domain and subsequently transformed into the 

frequency domain via a Fourier transform [167]. The velocity fluctuations components with Fourier 

decomposition are as follows, 

Through the spectral analysis, the key parameters including the frequency 𝑓𝑖,𝑗,𝑘, amplitude 𝑎𝑖,𝑗,𝑘, 

and phase lag 𝜙𝑖,𝑗,𝑘  of fluctuations are extracted to characterise the temporal behaviour of velocity 

perturbations. The parameters extracted through the Fourier transformation were then used to formulate 

a series of sinusoidal expressions to synthesise velocity fluctuations on the mean flow field at each 

spatial node, enabling the velocity perturbations to be reconstructed using a series of harmonic functions 

as follows, 

With this formulation, the synthetic inflow velocity is represented as, 

where the summation of the sinusoidal terms is the arbitrary synthesised fluctuation profile generated 

based on the turbulence behaviour of the point with highest tangential velocity across the 𝑦-𝑧 plane. 

The inclusion of phase information is important because the amplitude spectrum alone only describes 

the energy distribution among frequencies but does not preserve the temporal arrangement of the 

fluctuation components. Therefore, both amplitude and phase information are retained during 

reconstruction.  

 
𝑢̅𝑥,𝑦,𝑧(𝑡) =

1

𝑇
∫ 𝑢𝑥,𝑦,𝑧(𝑡)

𝑡0+𝑇

𝑡0

𝑑𝑡 (41) 

 
𝑢(𝑡) = 𝑢̅ + 𝑢′(𝑡) (42) 

 
𝑢𝑥,𝑦,𝑧

′ (𝑡) = ∑ 𝑎𝑖,𝑗,𝑘𝑒
𝑖(2𝜋𝑓𝑖,𝑗,𝑘𝑡+𝜙𝑖,𝑗,𝑘)

𝑛

𝜅=1
 (43) 

 
𝑢𝑥,𝑦,𝑧

′ (𝑡) = ∑ 𝑎𝑖,𝑗,𝑘 cos(𝑓𝑖,𝑗,𝑘𝑡 + 𝜙𝑖,𝑗,𝑘)
𝑛

𝜅=1
 (44) 

 
𝑢𝑥,𝑦,𝑧(𝑡) = 𝑢̅𝑥,𝑦,𝑧 + 𝑢𝑥,𝑦,𝑧

′ (𝑡) (45) 
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These fluctuations profiles are superimposed on the mean velocity field to reproduce the essential 

temporal and spatial characteristics of turbulence. Unlike the precursor approach, the synthetic method 

requires substantially lesser computer memory as it does not store the large time-series datasets. Instead, 

the turbulent fluctuations are regenerated dynamically at every LES time-step. Although the synthetic 

inlet method introduces a vortex profile that is spatially stationary and therefore does not reproduce the 

natural vortex-meandering behaviour, this limitation is acceptable in the present context. Garmann and 

Visbal [168, 169] demonstrated that tip-vortex meandering effect is negligible for stationary wings, 

particularly in steady, low-turbulence freestream conditions. Thus, the omission of meandering has 

minimal influence on the accuracy of the inflow representation for fixed-wing vortex simulations. In 

addition, the method inherently allows the enforcement of continuity constraints during the generation 

procedure, which improves inflow stability and numerical consistency [160].  

This procedure regenerates turbulence with controllable amplitude, frequency content, and temporal 

coherence, while avoiding the storage burden associated with precursor datasets. Furthermore, the 

Fourier-series representation of fluctuations obtained from a periodic LES can be combined with mean 

velocity fields generated using alternative modelling approaches such as RANS or vortex methods 

(VM) [162, 170] to produce dynamically consistent inflow conditions tailored to different applications. 

This integration can transform the mean velocity profile into the desired dynamic velocity data for the 

MS inlet boundary. 

The performance of the synthetic inlet conditions will be assessed using the same validation 

procedure applied to the precursor method. Taking the reference data from 𝑥/𝑐 = 0 in the IC domain, 

and the resulting flow development of the downstream planes in the synthetic MS are compared against 

the corresponding stations in the IC domain, as illustrated in Figure 4.3. This validation provides a 

direct basis for examining the fidelity of the synthetic method in reproducing the vortex inflow 

characteristics.  

 

4.4.1 Validation of Synthetic Inlet 

To generate the synthetic inlet fluctuations, the velocity signals extracted from the IC domain were 

transformed from the time domain into the frequency domain using a Fourier transform, as shown in 

Figure 4.16. Frequencies with discernible amplitude and the corresponding phase lag were manually 

selected for reconstruction, while components with negligible amplitudes were omitted. Using these 

extracted parameters, the inflow fluctuations were regenerated through the Fourier-series formulation 

in Eqs. (44) and (45) 
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Figure 4.16 Frequency domain plot, corresponding to the time domain plot in Figure 4.17. 

In Figure 4.17, the synthesised velocity fluctuations profile on the mean flow field velocity is plotted 

together with the original fluctuations profile from IC time domain. The comparison diagram shows 

that the synthesised time series plots are having consistent fluctuations magnitude bounded within the 

upper and lower limit of the fluctuations from IC. At certain points in the plots, the synthetic fluctuations 

also exhibited some dominant trends that match the fluctuations observed in the IC profile but there are 

also areas where the profiles do not align as closely. Unexpectedly, the cumulative effect of the ultra-

low-amplitude components can lead to noticeable differences in the fluctuation profile. Despite some 

discrepancies in the graphs, this proves the applicability of synthetic method for the inlet condition. 

 

 

Figure 4.17 Time series fluctuation profile by synthetic method on of highest tangential velocity 

𝒖𝜽,𝒎𝒂𝒙 point. 
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Given the substantial variation in velocity components across the vortex core (see Figure 4.9), it 

may be desirable to express the fluctuations component as a percentage of its respective directional 

mean velocity magnitude. This normalisation ensures that the imposed fluctuations scale appropriately 

with the local flow intensity. To evaluate the feasibility of this approach, the instantaneous velocity 

fluctuations across the IC vortex core were normalised by the mean velocity magnitude at each grid 

point. The results were plotted along both the 𝑦- and 𝑧-axes, in Figure 4.18, to account for directional 

differences in the fluctuation behaviour. 

 

  

(a) 𝑥-component velocity fluctuations 

  

(b) 𝑦-component velocity fluctuations 

  

(c) 𝑧-component velocity fluctuations 

Figure 4.18 Velocity fluctuations from IC normalised by mean velocity magnitude, 𝒖’/𝒖̅ across 

the vortex core in 𝒚-direction (left) and 𝒛-direction (right) at plane 𝒙/𝒄 =  𝟎. 

From Figure 4.18, it shows that the fluctuations magnitude is not a constant variable in relation to 

the mean velocity magnitude, especially within the vortex core. For the axial component, the normalised 

fluctuation intensity 𝑢𝑥
′ /𝑢̄𝑥  remains within approximately ±8%, indicating a relatively stable 

relationship. On the other hand, the normalised lateral and vertical velocity fluctuations (𝑢𝑦
′  / 𝑢̅𝑦 and 

𝑢𝑧
′  / 𝑢̅𝑧) show significantly high intensities near the core centre. This amplification arises from the very 

small mean lateral and vertical velocities in the core region, combined with strong turbulent activity 

and the intrinsic unsteadiness associated with vortex wandering. Consequently, the normalised 

fluctuations become highly erratic and lose physical representativeness. 
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These observations confirm that no single global scaling constant can be applied across the vortex, 

and therefore a direct normalisation-based synthesis strategy is not viable for this flow. The pronounced 

spatial variability of turbulence intensity within the rotational core highlights the inherent difficulty in 

reproducing the correct fluctuation field using purely synthetic inflow generation. A more robust 

approach would likely require conditional or region-specific fluctuation modelling, potentially 

incorporating separate treatments for the vortex core and for the outer flow, or leveraging additional 

physics-based constraints derived from precursor LES data. 

 

4.5 Synthetic Inlet with Scaling Factor 

The analysis from the prior validation on precursor method in Section 4.3.1 [76] indicated that it is 

more beneficial to employ data from a more downstream plane, due to the reduced high-frequency 

turbulent content and the smaller MS domain size required. Both contributing to lower computational 

cost for repeated MS simulations. Moreover, the assessment on the synthetic method using vortex data 

from plane 𝑥/𝑐 = 0 revealed notable instability in the reconstructed fluctuations and inconsistency in 

the synthesised turbulent structures, making the upstream plane unsuitable for inflow generation. 

Therefore, the present study adopts the 𝑥/𝑐 =  3 plane in the IC domain as the inflow specification 

plane. At this location, the high-frequency turbulent content is significantly diminished, and the vortex 

structure has evolved into a more stable and coherent form, thereby providing a more robust and 

representative dataset for inlet conditioning. The subsequent downstream planes (𝑥/𝑐 = 4, 5, and 6) are 

then used to validate the propagation and stability of the mapped vortex structures. The flow field in 

the IC domain, visualised using the 𝑄-criterion and coloured by velocity magnitude 𝑢, is presented in 

Figure 4.19. 

 

 

Figure 4.19 Wake vortex in IC domain visualised with 𝑸-criterion = 100, coloured by velocity 

magnitude, 𝒖. 
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Given the chaotic and highly turbulent nature of wake vortex, it is almost impractical to have a one-

solution-fit-all scaling factor across the plane. Therefore, this study simply focuses on the scaling factor 

that is valid for the vortex core area, where the turbulence representation is most critical. The fluctuation 

term in Eq. (44) is then combined with the scaling functions. The first method is by mean velocity 𝑢̅ 

proportional scaling, to be presented in the later Section 4.5.1 [75, 76]. This method is to scale the 

temporal fluctuations profile with a factor proportional to the local mean flow intensity. Another method 

is by spatial correlation factor 𝑅(𝜉) [171, 172], to provide the fluctuation scale by radial position [173]. 

The spatial correlation factor was envisioned to compensate for the deviation between the mean velocity 

magnitudes and the corresponding fluctuation components, thereby improving the realism of the 

synthesised turbulence.  

The two synthetic inlet conditioning strategies are summarised in Figure 4.20, where the 

effectiveness of both methods will be validated against downstream flow fields relative to the inlet to 

ensure that the synthesised turbulence not only reproduces the local vortex characteristics but also 

evolves consistently with the expected downstream dynamics. Ultimately, the objective of this work is 

to develop a synthetic model tailored for wake vortex flows that enables efficient LES with significantly 

reduced computational cost while maintaining an acceptable accuracy in capturing vortex coherence 

and turbulence fidelity. Both methods are described in the following sections respectively.   

 

Figure 4.20 Overview of the inlet conditioning techniques in this thesis. 

 

4.5.1 Fluctuations with Mean Velocity Scaling 

On the 𝑥/𝑐 = 3 plane of the IC domain, the point with peak tangential velocity 𝑢𝜃,𝑚𝑎𝑥 was selected 

to characterise the temporal fluctuations behaviour of the wake vortex. This data point lies along the 
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vortex core circumference where the vortical flow is most energetic [106] and the axial velocity 

component has restored from deficit back to close to freestream conditions [113]. This has provided a 

strong signal-to-noise ratio for core vortex motions.  

In cases where multiple local maxima are present due to numerical noise or secondary vortical 

structures, the point selection is based on the predefined vortex core circumference while excluding 

points in close proximity to the 𝑦- or 𝑧-axis to avoid bias arising from imbalanced lateral and vertical 

velocity contributions. This ensures that the selected point is associated with strong signal-to-noise ratio 

for primary vortex structure rather than secondary fluctuations and provides a well-balanced 

representation of the three-dimensional velocity components.  

The low frequency meandering and core displacement also makes the vortex core spatially coherent, 

so the peak tangential velocity point can capture the characteristics of temporal fluctuations very well 

and it is a good single point proxy for the large-scale core dynamics.  

 The temporal velocity fluctuation signals were captured normalised by the local mean velocity and 

plotted over minimum five times the integral time scale 𝑇𝑢, as recommended by established turbulence-

sampling guidelines [163]. The normalised temporal fluctuation signal for the streamwise component 

is presented in Figure 4.21a. The data were then transformed from the time domain to the frequency 

domain using the Fast Fourier Transform (FFT) toolkit in Python (NumPy), yielding the amplitude and 

phase spectra shown Figure 4.21b and Figure 4.21c, respectively.  

 

(a) Normalised velocity fluctuations in the time domain plot. 

 

(b) Fourier transform into the frequency domain plot. 

 

(c) Phase plot in the frequency domain. 

Figure 4.21 Velocity fluctuations of 𝒙-components in time and frequency domain plot at 𝒙/𝒄 =

𝟑. 
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From the transformed data, the dominant amplitudes in the frequency domain were identified and 

the corresponding phase information was extracted from the complex FFT coefficients. The same 

procedure was applied to the 𝑦- and 𝑧- components. To improve the resolution of synthetic fluctuation 

signal, any amplitudes exceeding 0.1% of the mean velocity value were extracted for inclusion in the 

summation of sinusoidal terms used in calculating the local velocity, as expressed in the following 

equation, 

 

 

 In OpenFOAM, the synthetic inlet solver is modified to incorporate temporal fluctuations with 

inputs from user for amplitude, frequency and phase shift for all three directional velocity vectors. The 

solver will compute the velocity fluctuation terms based on the sinusoidal equations at each time step 

and the corresponding local velocity magnitude, to restore the turbulent profile of the wake vortex with 

multi-frequency oscillatory behaviour. 

 

4.5.2 Fluctuations with Spatial Correlation Scaling 

 

  The other solution to extend the use of a single point proxy from the peak tangential velocity point 

is to incorporate spatial correlation coefficients 𝑅(𝑟) [174, 175]. In a wingtip vortex with a well-defined 

mean structure, these coefficients can represent the variation of velocity fluctuations across the core 

radius. The addition of spatial correlation term introduces a spatially varying factor that reflects the 

coherence of the vortex structure and provides a physically consistent scaling of the fluctuation 

amplitude across the core. The correlation of velocity fluctuations is computed from the velocity field 

of the IC simulation, as formulated below [171, 174], 

 𝑅(𝑟) =
⟨𝑢′(𝑟𝑐 ,  𝑡) ∙ 𝑢′(𝑟𝑐 + 𝑟,  𝑡)⟩

⟨𝑢′2(𝑟,  𝑡)⟩
 (47) 

where the numerator represents the covariance between two spatial locations and the denominator 

normalises the correlation to provide values between -1 and 1. In the context of wingtip vortices, this 

formulation allows the spatial variation of turbulent fluctuations away from the vortex core to be 

quantified and subsequently incorporated into the synthetic inlet reconstruction. The spatial correlation 

function in this study is expressed as 𝑅(𝜉), a function of dimensionless vortex radius 𝜉, representing 

the radial position with respect to the vortex core radius (𝜉 = 𝑟/𝑟𝑐) from the vortex core centre [172]. 

 
𝑢𝑥,𝑦,𝑧(𝑡) = 𝑢̅𝑥,𝑦,𝑧 + [𝑢̅𝑥,𝑦,𝑧 ∙ ∑ 𝑎𝑖,𝑗,𝑘 cos(𝑓𝑖,𝑗,𝑘𝑡 + 𝜙𝑖,𝑗,𝑘)

𝑛

𝜅=1
] (46) 
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Normalising the radial distance using vortex core radius allows the correlation distribution to be applied 

consistently relative to the vortex structure. 

 𝑅(𝜉) =
⟨𝑢′

𝑥,𝑦,𝑧(𝑥,  𝑦,  𝑧,  𝑡) ∙ 𝑢′
𝑥,𝑦′,𝑧′(𝑥,  𝑦 + 𝑟𝑦 , 𝑧 + 𝑟𝑧,  𝑡)⟩

⟨𝑢′
𝑥,𝑦,𝑧
2 (𝑥,  𝑦,  𝑧,  𝑡)⟩

 (48) 

where 𝑢′
𝑖,𝑗,𝑘(𝑥,  𝑦,  𝑧,  𝑡) represent the velocity fluctuation vector at grid point 𝑖, corresponding to the 

location of maximum tangential velocity 𝑢𝜃,𝑚𝑎𝑥 evaluated over time. The terms 𝑟𝑦 and 𝑟𝑧 denote the 

spatial discretisation in the 𝑦- and 𝑧- directions with respect to the radial distance from the vortex core 

centre and point 𝑖. The angle bracket 〈 ∙ 〉 indicates the temporal averaging of the product of the dataset. 

The two-point spatial correlation is used to moderate the scale of fluctuating velocities across different 

radial positions of the wake vortex, in other words, along the radial line plotted from the vortex core 

centre crossing the peak tangential velocity point and extended towards 𝜉 = 3, as shown in Figure 4.22. 

 

 

Figure 4.22 Plotting of the radial path from vortex core centre via the peak tangential velocity 

point. 

Based on the data examined on the points along the radial path, the phase-averaged spatial 

correlation coefficients are computed and plotted into line chart for visualisation. From the spatial 

correlation plotted at different streamwise position in Figure 4.23, it is observed that the wake has not 

yet fully developed into a coherent vortex structure in the very near field (𝑥/𝑐 = 1). At this location, 

the streamwise correlation exhibits oscillatory behaviour, while the azimuthal correlation remains 

predominantly negative, both indicate to an undeveloped and highly unsteady vortex roll-up. As the 

vortex matures downstream, the spatial correlation progressively strengthens and transitions toward 

more coherent behaviour. In addition, the spatial correlation profile varies distinctly across the radial 

position, it is noticed that the spatial correlation for the axial velocity 𝑅𝑥(𝜉)  appeared to be different 

from the lateral and vertical velocity components 𝑅𝑦,𝑧(𝜉). 
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(a) 𝑥/𝑐 = 1 (b) 𝑥/𝑐 = 3 (c) 𝑥/𝑐 = 5 

Figure 4.23 Spatial correlation of velocities along the radial path. 

From the line chart, the spatial coherence of axial velocity fluctuations 𝑢𝑥
′  at the vortex core is near 

to zero. The correlation then experiences a Gaussian rise and peak at near 𝜉 = 1. After the peak, the 

spatial correlation coefficient undergoes a damped cosine decay, where there is cross zero oscillatory 

behaviour as the flow field transitions into the freestream conditions, similar observations were reported 

in wind farm and acoustic fields [175, 176]. Based on the profile, the pre-peak and post-peak 

information had modelled them with different terms as expressed in the following,  

 𝑅𝑥(𝜉) = (1 − 𝑤(𝜉)) [
1 − 𝑒−𝜉2/𝜎2 

1 − 𝑒−1/𝜎2 
]

𝑝

+ 𝑤(𝜉) [
𝑒−𝜆(𝜉−1)𝑐𝑜𝑠(𝛽(𝜉 − 1) + 𝜙)

𝑐𝑜𝑠 𝜙
] (49) 

where 𝑤(𝜉) =
1

1+𝑒−𝑘(𝜉−1) is a typical sigmoid function to seamlessly switch between the pre-peak and 

post-peak terms, with parameter 𝑘 to control the transition sharpness. For the pre-peak region where it 

is within the core 𝜉 < 1, the 𝑤(𝜉) is close to 0 and the spatial correlation is primarily governed by the 

pre-peak component. This is the Gaussian cumulative distribution profile that is commonly used in 

statistics or Gaussian vortex profile such as Lamb-Oseen model [108]. This term models the initial 

Gaussian rise of correlation factor from the core centre towards the core circumference. The numerator 

represents the cumulative effect of the vortex structure, parameterised by its relative width 𝜎. This 

function is normalised by its value at the core radius where 𝜉 = 1 to ensure unity and raised to a pre-

peak exponent 𝑝 to suppress a larger portion of the initial rise to remain near zero before the profile 

turning upwards. 

When the dimensionless radial value 𝜉 is transitioned to above one, the correlation function is then 

dominated by the damped oscillatory post-peak component. The exponential decay term 𝑒−𝜆(𝜉−1) 

dictates the rate of spatial decay, where higher 𝜆 produced faster loss of coherence. Whereas the cosine 

term introduces coherent oscillations with spatial oscillation wavenumber 𝛽 and phase 𝜙 to shift the 

sinuous profile, normalised by cos 𝜙 to ensure the amplitude continuity at 𝜉 = 1. 

 Unlike the correlation on axial velocity fluctuation, the fluctuation correlation on the tangential 

velocity components exhibited a non-zero coefficient at the very vortex core location, as reported in the 

Section 4.4.1 and Figure 4.18 Velocity fluctuations from IC normalised by mean velocity magnitude, 
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𝒖’/𝒖̅ across the vortex core in 𝒚-direction (left) and 𝒛-direction (right) at plane 𝒙/𝒄 =  𝟎. [76]. The 

fluctuations of both the tangential components 𝑢𝑦
′  and 𝑢𝑧

′  exhibited similar behaviour like a general 

damped cosine wave with peak at around 𝜉 = 1 location and in some cases exceeding unity (𝑅𝑦,𝑧(𝜉) >

1). This is due to the selected point with maximum tangential velocity does not necessarily coinciding 

with the locations of maximum lateral or vertical velocities, nor their respective fluctuation amplitudes. 

Consequently, other points within the vortex core may exhibit higher correlation coefficients than the 

reference point. The form of the spatial correlation for tangential component is expressed as, 

 𝑅𝑦,𝑧(𝜉) = 𝐴𝑗,𝑘𝑒
−𝜆𝑗,𝑘𝜉 𝑐𝑜𝑠(𝑘𝑗,𝑘𝜉 + 𝜙𝑗,𝑘) +  𝐶𝑗,𝑘 (50) 

where the function model captures the wave behaviour where amplitude rises and diminishes 

exponentially as the radial distance increases. 𝐴 is the initial amplitude to set the scale of the oscillation. 

Similar to the axial fluctuation correlation, the exponential decay term 𝑒−𝜆𝜉  is to represent the effects 

of dissipation or diffusion of coherence in the system. The oscillatory term 𝑐𝑜𝑠(𝑘𝜉 + 𝜙) describes the 

periodic, wave-like nature of the profile, with 𝑘 being the wavenumber and 𝜙 being the phase shift. 

Lastly the constant offset term 𝐶 which accounts for a non-zero residual in the data. 

Considering the velocity fluctuation distribution across the vortex core as shown in Figure 4.24, 

directly applying the spatial correlation to the 𝑦- and 𝑧-components individually using Eq. (50) would 

produce inaccurate results. For instance, along the 𝑦-axis where the 𝑢̅𝑦 and its fluctuations 𝑢𝑦
′  are near 

zero, the correlation would still impose high fluctuation amplitudes as the model depends solely on 

radial distance, not the relative position to the vortex core centre. 

 

 

(a) 𝑥-component of velocity and fluctuations 

 

(b) 𝑦-component of velocity and fluctuations 
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(c) 𝑧-component of velocity and fluctuations 

Figure 4.24 Distribution of three-directional mean velocities (left) and fluctuations (right) 

around the vortex core area. 

Hence, to better represent the local vortical fluctuations correlations, the two directional components 

were combined into a single tangential component by vector interpretation. The product is plotted in 

Figure 4.25, providing a clearer depiction of the spatial correlation of tangential velocity fluctuations. 

Its overall profile remains similar as the lateral and vertical components but with a higher magnitude, 

and therefore Eq. (50) remains applicable. 

 

 

Figure 4.25 Spatial correlation of tangential velocity fluctuations at 𝒙/𝒄 = 𝟑. 

The model parameters for each velocity components in 𝑅(𝜉) terms – from Eqs. (49) and (50) were 

optimised using a nonlinear least-squares fitting in Python using the curve_fit function  from the 

SciPy library [177]. For each turbulent component, the fitting procedure was initialised with a 

reasonable estimate. The optimisation algorithm then iteratively adjusted these parameters to minimise 

the sum of squared residuals between the modelled damped cosine function and the experimental spatial 

correlation data. The best fit parameters based on the precursor simulation result on the 𝑥/𝑐 = 3 plane 

are recorded as follows, 

 

Table 4.1 Best fit parameters for the spatial correlation function at 𝒙/𝒄 = 𝟑. 

Axial  Tangential 

𝜎 𝑝 𝑘 𝜆 𝛽 𝜙  𝐴 𝜆 𝑘 𝜙 𝐶 

0.64 1.76 7.62 1.90 2.94 -0.52  5.31 1.25 0.78 -1.48 0.04 

 



4.5. Synthetic Inlet with Scaling Factor 

 

104 

 

As the resulting profiles are expressed in a mathematical model, the values in the Table 4.1 were 

adopted to complete the prescription of each 𝑅(𝜉) term and to generate inflow turbulence for the MS 

inlet boundary. The results are plotted in Figure 4.26 for validation and the results are highly matching, 

with 𝑅2 value of 99.6% and 97.7% for the axial and tangential components respectively. 

 

 

Figure 4.26 Validation of the spatial correlation model. 

Subsequently, based on the spatial orientation with respect to the core centre in the 𝑦-𝑧 plane, the 

solver determines the azimuthal coordinate around the vortex core by evaluating the polar angle of each 

point, where  𝜃 = 𝑡𝑎𝑛−1(∆𝑦/∆𝑧). The tangential component is then decomposed back into the 𝑦 and 

𝑧 directions using trigonometric relations, 

 𝑅𝑦(𝜉) = −𝑅𝜃(𝜉) 𝑠𝑖𝑛 𝜃 (51) 

 𝑅𝑧(𝜉) = 𝑅𝜃(𝜉) 𝑐𝑜𝑠 𝜃 (52) 

This transformation allows the synthesised velocity fluctuations to be reconstructed in the Cartesian 

coordinate system while preserving the azimuthal symmetry for the simulation. The need for this 

decomposition arises because the point of peak tangential velocity generally occurs at an arbitrary 

location around the vortex circumference and does not lie on either the 𝑦- or 𝑧-axis, where the 𝑢𝑧 and 

𝑢𝑦 are at the maximum respectively. By decomposing the tangential term, the spatial correlation would 

restore the more accurate value at each location. Even though the wake vortices are not axisymmetric, 

the decomposition of tangential components by azimuthal coordinates reveals the dominant modes and 

reduces complexity for the anisotropic turbulence near the vortex core. With the spatial coherence 

factors, the synthetic velocities on the MS inlet boundary can be computed with the following 

expression, 

 
𝑢𝑖,𝑗,𝑘(𝑡) = 𝑢̅𝑖,𝑗,𝑘 + [∑ 𝑎𝑖,𝑗,𝑘 cos(𝑓𝑖,𝑗,𝑘𝑡 + 𝜙𝑖,𝑗,𝑘)

𝑛

𝜅=1
∙ 𝑅𝑥,𝑦,𝑧(𝜉)] (53) 

where the amplitude in the sinusoidal term is the absolute magnitude of the fluctuation. With either 

synthetic inlet condition methods, provided that the mean flow field is accurately modelled, the 

synthetic formulation can generate time-dependent inflow conditions even with mean flow data 
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obtained from different modelling frameworks such as Reynolds-Averaged Navier–Stokes (RANS) or 

vortex methods (VM) [162, 170]. 

The proposed synthetic fluctuation formulation is developed based on the turbulence characteristics 

extracted from the reference LES case considered in this study. Therefore, the objective is to 

demonstrate the feasibility of reconstructing vortex-specific turbulent inflow conditions and reducing 

the dependency on storing large precursor datasets, rather than establishing a universal turbulence 

model applicable to all Reynolds number regimes. The spectral characteristics and spatial correlation 

functions used in the formulation may vary with flow conditions, and further investigations involving 

different Reynolds numbers and vortex configurations are required to assess the broader applicability 

of the proposed methodology. 

 

4.5.3 Results of Synthetic Inlet with Scaling Factor 

The synthetic methods are characterising the temporal velocity fluctuations using the representative 

points with peak tangential velocity. Hence it is crucial to validate the synthesised fluctuations on the 

MS domain inlet against the precursor IC data, to ensure the synthetic method reproduced the intended 

temporal behaviour. The time series data of 𝑢𝑥
′  , 𝑢𝑦

′   and 𝑢𝑧
′  from both MS domain with inlet 

conditioning by synthetic method A – scaled by the magnitude of local mean velocity 𝑢̅𝑥,𝑦,𝑧, and method 

B – scaled by the spatial correlation coefficient 𝑅𝑥,𝑦,𝑧(𝜉) were plotted and examined in Figure 4.27. 

Although minor amplitude shifts were observed, they are likely attributed to the exclusion of small 

fluctuation components during Fourier reconstruction, and very minor deviations in the baseline mean 

velocity field. Nonetheless, both methods successfully synthesise the oscillatory characteristic of the 

wake vortex, reproducing the satisfactorily accurate amplitude, frequency, and damping trends. These 

results confirm that the synthetic inlet framework can accurately generate the necessary velocity 

fluctuations at the inlet boundary. 
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Figure 4.27 Validation on the velocity fluctuations of the representative point on the synthetic 

inlet (𝒙/𝒄 = 𝟑). 

  With the augmented fluctuations at the inflow boundary, combined with the applied scaling factor, 

the wake vortex development in the MS domain is expected to closely replicate the vortex coherence 

and turbulent characteristics observed in the IC domain. To examine the fidelity of the wake vortex 

turbulence structures, a snapshot of the partial wake vortex from the IC domain is captured and 

illustrated in Figure 4.28a, coloured by tangential velocity magnitude 𝑢𝜃 . The corresponding LES 

results in the MS domains are presented in Figure 4.28b and c, allowing a direct comparison 

qualitatively. 

 

 

(a) IC domain with wake vortex induced by physical wing geometry. 
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(b) MS with synthetic inlet by method A – mean velocity scaling. 

 

(c) MS with synthetic inlet by method B – spatial correlation scaling. 

Figure 4.28 Wake vortex (core region) in the IC and MS domains with synthetic inlet conditions, 

visualised with 𝑸-criterion=100, coloured by tangential velocity magnitude 𝒖𝜽. 

Comparing the results in Figure 4.28, both inlet strategies successfully capture the overall vortex 

core structure of the wake vortex. The synthetic inlet with mean velocity scaling exhibited with a more 

realistic turbulent structure and a closer match to the tangential velocity distribution around the vortex 

core. To validate the effectiveness of the synthetic inlet of vortical flow more, the flow-field parameters 

on the downstream planes with one to three chord length are assessed quantitatively against the 

corresponding location in the IC domain. The tangential velocity profiles across the vortex core in both 

MS domains are plotted together with the IC results in Figure 4.29. Synthetic method A matches the IC 

profile well (𝑅2 > 95% up to two chords downstream) but overpredicts at 𝑥/𝑐 = 6 with 𝑅2 drops to 

72%. Method B has a slightly lower near field 𝑅2 (~90%) but better matches tangential velocity at 

𝑥/𝑐 = 6 (𝑅2 = 78%). Both methods track the vortex core centre and the vortex core size accurately, 

with less than 2% chord-length deviation. Overall, both approaches achieve a high level of fidelity in 

reproducing the wake vortex evolution while highlighting the trade-offs between near-field accuracy 

and downstream prediction. 
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(a) synthetic inlet (𝑥/𝑐 = 3) (b) 𝑥/𝑐 = 4 

  

(c) 𝑥/𝑐 = 5 (d) 𝑥/𝑐 = 6 

Figure 4.29 Validation on the tangential velocity profile across vortex core. 

The instantaneous velocity fluctuations are further examined on 𝑥-𝑧 planes at several lateral stations 

to assess the spatial distribution of fluctuation turbulence. Three slices are selected at 𝑦/𝑐 = 0, 0.1 and 

0.2, correspondingly respectively to the wingtip location, cutting directly through the vortex core centre, 

and a more inboard position behind the wing geometry. Figure 4.30a presents the contour plots of 

velocity fluctuations from the precursor IC domain, while Figure 4.30b and c show the corresponding 

results from the MS domain using synthetic methods A and B, respectively. 

From the results, method A exhibits stronger velocity fluctuations within the vortex core region, 

whereas method B better preserves the fluctuation intensity in the outer regions of the vortex. This 

behaviour may be attributed to the scaling formulation – mean velocity scaling tends to amplify 

fluctuations in regions of strong mean flow [75], while spatial correlation scaling maintains a more 

gradual radial decay [175], consistent with the local coherence structure of the vortex.  

Among the three lateral planes, the strongest turbulence intensity is observed at 𝑦/𝑐 = 0.1, which 

coincides with the vortex centre in each of the simulation domain. Whereas the planes at 𝑦/𝑐 = 0 and 

0.2 show comparable but weaker intensities due to reduced shear effects. These findings suggest that 

either normalised fluctuation or spatial-correlation method does effectively capture the radial 

distribution of turbulence, while the mean velocity scaling approach offers a simpler yet sufficiently 

accurate for representing near-core turbulence. 
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(a) IC domain with wake vortex fluctuations induced by wing geometry. 

  

(b) MS with synthetic inlet by 𝑢̅ scaling. (c) MS with synthetic inlet by 𝑅(𝜉) scaling. 

Figure 4.30 Contour of velocity fluctuations across x-z plane at different y-position. 

 

4.6 Summary and Recommendations 

This chapter has investigated and evaluated advanced inlet boundary conditioning strategies for 

freestream vortical flows in LES, with specific focus on wingtip vortices relevant to wake vortex surfing 

applications. While there are several well-established inlet conditioning methods such as precursor 

mapping, synthetic turbulence, and recycling-rescaling, the direct applications are in the context of wall-

bounded or confined flows. The research on freestream vortical structures remains a challenging gap 

due to the highly fluctuating turbulences near the vortex core, and varying velocity profile across the 

vortex core. The specifications of these characteristics at the chosen plane for inflow conditioning are 

critical to maintain the physical fidelity in downstream simulations of formation flight.  
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The earlier part of this chapter examined the precursor method to map the time series data of the 

wake vortex induced by wing geometry in the IC domain onto the inlet of the MS domain. The results 

demonstrated the accuracy of the precursor method in reproducing the highly realistic turbulent 

structures and robust flow characteristics such as the vortex core dimension, position and the circulation 

strength. The precursor method also replicated the turbulent profile in the downstream flow, with 

negligible attenuation in velocity fluctuations. The primary limitation of this approach is the significant 

data storage requirement and the computational cost of generating long precursor sequences. 

Based on the analysis of the turbulence behaviour in the precursor flow field, the necessary 

parameters were captured to formulate the Fourier series expression which can synthetically regenerate 

the velocity fluctuations based on the mean-flow-field information. However, the study revealed 

fundamental challenge where the vortex core fluctuations vary strongly with radial position, and no 

single scaling law or correlation function can accurately reconstruct the fluctuation field across the 

entire inlet plane. Although the synthetic method reproduced several dominant fluctuation modes and 

demonstrated feasibility, its accuracy remains insufficient for fully capturing the spatially varying 

turbulence structure of wingtip vortices. This motivates future work toward hybridisation or 

conditionally applied synthetic models that separately treat the vortex core and the outer flow regions.  

A key insight from this chapter is that using a more downstream precursor plane (e.g., 𝑥/𝑐 = 3 or 

later) improves the stability and accuracy of the mapped inflow, as the vortex has evolved into a 

coherent structure with reduced high-frequency turbulent content. This reduces both mapping errors 

and the required MS domain length, improving overall computational efficiency for repeated trailing-

aircraft simulations. 

Overall, this chapter confirms that precursor-based inlet mapping offers the highest fidelity for LES 

of freestream vortices. Whereas the synthetic conditioning approach demonstrates the feasibility of 

generating vortex turbulence without storing extensive precursor datasets. While these approaches 

significantly reduce computational cost, additional challenges remain, particularly when extending to 

more complex scenarios involving multiple interacting vortices or full aircraft wake fields, where 

accurately capturing inter-vortex correlations and spatially varying turbulence structures will be critical. 

In addition, since the fluctuation characteristics are derived from a reference LES case, further 

investigations across different Reynolds numbers and operating conditions are required to establish the 

general applicability and robustness of the proposed formulation. 

The novelty of the proposed synthetic conditioning approaches lies in their adaptation for wingtip 

vortex LES, where the turbulence characteristics exhibit strong spatial variation due to vortex-induced 

flow structures. Unlike conventional synthetic turbulence methods developed for uniform freestream 

inflows, the proposed approaches incorporate vortex-specific features through mean velocity scaling 

and spatial correlation-based reconstruction to improve the representation of turbulent fluctuations 

within and outside the vortex core. This research lay the foundation for subsequent studies involving 
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parametric evaluation of trailing-aircraft positions using the MS domain without recomputing upstream 

vortex generation. 

 



4.6. Summary and Recommendations 

 

112 

 

  



Chapter 5 

113 

 

 

Chapter 5   

Large Eddy Simulation for Formation 

Flight Predictions  

 In the formation flight simulation, the previously validated LES model in OpenFOAM is used to 

analyse the aerodynamic interactions between the leading and trailing wings. The leading wing 

corresponds to the validated configuration at NACA 0012 with 𝛼 = 10°, while the trailing wing with 

identical NACA 0012 aerofoil profile, chord 𝑐 = 0.14𝑚, wingspan, 𝑏 = 0.3𝑚 and 𝛼 = 0°, is placed in 

the downstream position as shown in Figure 5.1. Before assessing the formation flight effects, an 

isolated LES computation of the trailing wing is performed to establish the baseline aerodynamic 

coefficients. Any subsequent deviation in the lift, drag or moment during formation flight is therefore 

attributed solely to the influence of the wake vortex system generated by the leading wing, and thus 

interpreted as the vortex surfing effect. 

 

 

Figure 5.1 Leading and trailing wings in formation. 

As the behaviour of wingtip vortices in the near field where 𝑥/𝑐 < 6.43 (𝑥/𝑏 < 3) remains nearly 

constant in both magnitude and structure [111, 178], the impact of vortex surfing on the trailing wing 

along the longitudinal axis is minimal in the close formation [179]. However, due to the slight 

degradation of the vortex in the LES model shown in validation work above, an additional assessment 

across different longitudinal separation (𝑥/𝑐 ) from the leading wing is required to determine the 

appropriate separation for formation flight analysis. 
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Accordingly, a series of simulations is conducted where the trailing wing is positioned at varying 

streamwise separations 𝑥/𝑐 behind the leading wing, while maintaining zero lateral and vertical offsets 

(𝑦/𝑐 = 0, 𝑧/𝑐 = 0). This configuration represents the theoretically optimal arrangement for induced-

drag reduction, as recommended by Lissaman and Shollenberger [14]. Once the longitudinal 

dependence is established, the trailing wing will be fixed at the selected 𝑥/𝑐 plane and subsequently 

repositioned laterally and vertically to map the full aerodynamic benefit field within the vortex upwash 

region. An illustration of the wake-vortex surfing configuration with the trailing wing located at 𝑥/𝑐 =

4.29 is provided in Figure 5.2. 

 

 

Figure 5.2. Stream tracer on wingtip vortices in formation.  

 

5.2 Wake Surfing Effect 

  The CFD results on the aerodynamic coefficients of the leading and trailing wings at various 

longitudinal separation, 𝑥/𝑐 is presented in Figure 5.3. In the close formation flight, the leading wing 

with 𝛼 = 10° does not experience any noticeable change in terms of the lift and drag characteristics 

when compared with its solo flight baseline. This indicates that the follower-induced aerodynamic 

interference is minimal. Conversely, the trailing wing with a symmetrical aerofoil profile at 𝛼 = 0° 

produces nearly zero lift in an isolated flight but gains substantial aerodynamic benefits when operating 

within the upwash field of the leader’s tip vortex. 

 When the lateral and vertical offsets are fixed at 𝑦/𝑐 = 0 and 𝑧/𝑐 = 0, the wake surfing effect is 

solely influenced by the longitudinal spacing. As the trailing wing moves progressively downstream, 

the aerodynamic benefits diminish slightly due to the loss of vortex strength as energy dissipates over 

time. However, this reduction is relatively small comparing to the aerodynamic gains made from the 

induced upwash generated by the wake vortex. 
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(a) Lift coefficient, 𝐶𝐿 (b) Drag coefficient, 𝐶𝐷 (c) Lift-to-drag ratio, 𝐿/𝐷 

Figure 5.3. Aerodynamics performance against longitudinal separation in formation. 

Based on Hummel’s findings [16, 180], the aerodynamic response of a trailing wing in formation is 

comparatively less responsive in the longitudinal separation than to the lateral spacing and vertical 

displacement. To investigate the effects of vortex surfing across different lateral and vertical spacing, 

the trailing wing is repositioned over a matrix of lateral and vertical coordinates (𝑦/𝑐 , 𝑧/𝑐 ), as 

illustrated in Figure 5.4. All cases are evaluated at a fixed longitudinal spacing of approximately 𝑥/𝑐 =

4.29, or 𝑥/𝑏 = 2, which slightly farther downstream from the validated plane earlier (𝑥/𝑐 = 3) in 

Section 3.4.  

 

 

Figure 5.4. Lateral and vertical spacing for the leading-trailing wing. 

The aerodynamic performance of the trailing wing under wake surfing effect across different 

positions is summarised in Figure 5.5. As the trailing wing traverses laterally across the vortex field, it 

encounters varying levels of induced upwash and vortex strength. Because the vortex core centre of the 

leading wing resides approximately 0.1𝑐 inboard of the wingtip, positions beyond this point experience 

an adverse aerodynamic effect. The corresponding pressure distribution contours extracted along the 

spanwise direction are shown in Table 5.1, providing physical insight into the wake-wing interactions 

at representative lateral offsets. 
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(a) Lift coefficient, 𝐶𝐿         (b) Drag coefficient, 𝐶𝐷 (c) Lift-to-drag ratio, 𝐿/𝐷  

Figure 5.5 Aerodynamics performance of trailing wing in different 𝒚 and 𝒛 positions at 𝒙/𝒄 =

𝟒. 𝟐𝟗. 

When positioned at 𝑦/𝑐 =  −0.43, the wingtip of trailing wing interferes heavily across the vortex 

core, producing a highly distorted pressure field, which is marked by elevated pressures along the 

leading edge and lower surface, and severely degrades both lift and drag characteristics. At 𝑦/𝑐 =

−0.21, a small margin of the wingtip overlaps with the vortex core, but the pressure on the suction 

surface is of the strongest amongst all. As a result, it leads to the highest lift coefficient observed among 

all lateral positions in Figure 5.5a. So that the lift coefficient is maximum when the wingtip is 

overlapping by 10% of the span (𝑦/𝑐 = −0.21) or when the wingtip is closest to the vortex core centre. 

As the trailing wing moves outward past the vortex core (𝑦/𝑐 >  −0.21), the surfing benefit decays 

progressively, with lift enhancement reduced by nearly 50% between 𝑦/𝑐 = 0 and 𝑦/𝑐 = 0.21. 

 In terms of drag, the trailing wing experiences the strongest benefit when located near the vortex 

core centre, as plotted in Figure 5.5b. This reduction stems from the axial velocity deficit embedded 

within the core, which effectively lowers the relative dynamic pressure seen by the trailing wing. 

Moving either inboard or outboard from this region diminishes the beneficial deficit effect and therefore 

increases drag. When considering both lift enhancement and drag reduction, the resulting lift-to-drag 

ratio reaches its optimum at 𝑦/𝑐 = −0.21, where the trailing wing simultaneously exploits the local 

upwash and experiences minimal axial-deficit-induced drag. Nevertheless, across all lateral positions 

studied, the trailing wing consistently performs better than in solo flight, confirming that positive 

aerodynamic gains persist throughout most of the vortex field, albeit with varying magnitude. 
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Table 5.1 Pressure contour on the trailing wing along 𝒚-axis, at 𝒙/𝒄 = 𝟒. 𝟐𝟗, 𝒛/𝒄 = 𝟎. 
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Looking at the performance in different vertical offset (𝑧/𝑐) in a formation flight, both the lift and 

drag coefficients are inferior when the trailing wing is at a higher z position, irrelevant to the lateral 

spacing. This is primarily attributed to the downwash field generated by the lifting action of the leading 

wing. As the bound circulation sheds into a pair of trailing vortices, the induced velocity field convects 

downward [41], causing the wake vortex to descend progressively with downstream distance. 

Consequently, trailing wings which fly above the waterline of the leading wing encounter a substantially 
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weakened upwash field and therefore derive noticeably smaller aerodynamic gains. Conversely, 

locations below or near the wake centreline experience stronger induced upwash and thus more 

favourable lift-to-drag performance. 

 

5.3 Inlet Conditioning for Wake Vortex Surfing 

With the inlet conditioning methodologies established and validated in Chapter 4, the framework is 

now extended to the more complex two-wing formation flight. The objective of this section is to assess 

the robustness of the precursor and synthetic inlet conditioning approaches when applied to an 

interacting vortex environment, and to evaluate their impact on the aerodynamic performance of the 

trailing wing relative to a fully continuous simulation. 

The precursor and synthetic inlet conditioning methodologies provide a computationally efficient 

strategy for reconstructing wake vortex inflow conditions without simulating the entire upstream 

domain. While the validity was demonstrated for isolated wake development in freestream conditions, 

their capability in representing vortex-wing interaction within a formation remains to be established. 

Formation flight introduces additional sensitivity to inflow structure, particularly in terms of vortex core 

strength, spatial coherence and turbulence fluctuations, all of which directly influence the induced lift 

and drag characteristics. 

The leading wing configuration is identical to the validated case presented earlier in Section 3.4, 

which is based on a NACA 0012 aerofoil with 𝛼 = 10°. This leading wing has proven its capabilities 

in generating a well-defined pair of counter-rotating tip vortices which are then utilised by the trailing 

wing. The trailing wing is modelled with a full wingspan of 𝑏 = 0.3𝑚 and angle of attack of 𝛼 = 0°. 

As proven in the previous study presented in Section 5.2 and Figure 5.3 [8], the symmetrical wing with 

zero angle of attack at solo flight has proven its aerodynamics characteristics are almost fully influenced 

by the upstream vortex system. The formation setup is as shown in Figure 5.6a for the conventional 

simulation with continuous domain. The inflow plane for the formation simulation is prescribed at plane 

𝑥/𝑐 = 3  from the leading wing, as illustrated in Figure 5.6b and Figure 5.6c. The longitudinal 

separation between the leading and trailing wings is systematically varied in order to examine the 

sensitivity of aerodynamic performance to both formation spacing and inlet reconstruction frameworks. 
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(a) Continuous domain reference simulation 

 

(b) Main simulation with precursor inlet conditioning method 

 

(c) Main simulation with synthetic inlet conditioning method with spatial correlation scaling 

Figure 5.6 Illustration of the flight formation setup at 𝒙/𝒄 = 𝟔, 𝒚/𝒄 = 𝟎, 𝒛/𝒄 = 𝟎. 

The aerodynamic forces acting on the trailing wing with varying longitudinal positions in the 

formation are plotted in Figure 5.7. In general, the lift coefficient of the trailing wing (Figure 5.7a) 

decreases marginally as the separating distance from the leading wing increases. This trend is physically 
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consistent with the gradual weakening and radial diffusion of the vortex pair, which reduces the upwash 

component available to augment the trailing wing’s effective angle of attack. The reduction in induced 

vertical velocity diminishes the beneficial vortex-induced lift augmentation as the downstream distance 

increases. 

The precursor method and the synthetic method scaled by spatial correlation produce lift coefficients 

closely matching those obtained from the continuous-domain LES reference. In contrast, the synthetic 

method employing mean velocity scaling consistently predicts higher lift values. This overprediction 

can be attributed to amplified velocity fluctuations outside the vortex core region. Since mean velocity 

scaling does not explicitly preserve the spatial coherence of turbulent structures, it may artificially 

enhance local vertical velocity components, leading to an exaggerated upwash effect on the trailing 

wing.  

On the other hand, the drag coefficient shown in Figure 5.7b reveals a more pronounced sensitivity 

to inlet conditioning methodology. In the continuous domain reference, the drag coefficient increases 

gradually with downstream separation and reach a maximum near 𝑥/𝑐 = 7 before a slight reduction 

further downstream. In comparison, the precursor inlet exhibits the highest resemblance from the 

continuous domain reference, closely following both the magnitude and trend of the reference drag 

curve. This result is expected as the precursor method directly inherits the developed velocity field from 

the upstream simulation, thereby preserving the coherent vortex structure and induced velocity 

gradients at the inlet plane. Both synthetic methods provide a reasonable prediction on the drag 

coefficient in the near inlet area (𝑥/𝑐 = 3.5). However, a substantial reduction in the drag is observed 

downstream, where the values remain consistently lower across the streamwise positions. The 

substantial reduction in drag indicates that the synthetic inflow is not able to preserve the same 

structures of the wake vortex during convection. As a result, the induced velocity field interaction with 

the trailing wing diminishes more rapidly and lead to a lesser drag impact. 

 

 

       (a) Lift coefficient (b) Drag coefficient   (c) Lift-to-drag ratio 

Figure 5.7 Aerodynamics performance of trailing wing along longitudinal position in different 

inlet conditioning methods. 
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The combined effects on lift and drag are reflected in the lift-to-drag ratio as presented in Figure 

5.7c. The results in the continuous domain indicate that the trailing wing is achieving a higher efficiency 

when it is positioned with a closer longitudinal separation from the leading wing, where the upwash 

effect of the vortex system is prominently stronger. This outcome is consistent with the reported 

formation flight theory [36]. As the downstream distance increases, vortex diffusion weakens the 

induced velocity field, leading to a successive reduction in aerodynamic benefit.  

The precursor method provides the closest representation of the reference efficiency trend, while 

deviations in the synthetic methods arise primarily from discrepancies in drag prediction. In particular, 

the synthetic method by spatial correlation is having a better accuracy than the mean velocity scaling 

approach, where the latter produces elevated 𝐿/𝐷 values due to combined lift overprediction and drag 

underestimation. 

The discrepancies observed in the results of synthetic inlet methods are primarily due to the 

limitations in reconstructing the full vortex turbulence coupling present in the precursor inflow. The 

approximate fluctuations characteristic does not preserve the subtle features such as the secondary 

induced velocities and vortex core deformation. These higher order flow structures play a critical role 

in determining local velocity gradients near the trailing wing and affect the boundary layer development 

and drag computations. Despite the limitations, the inlet conditioning methods enable high-fidelity 

simulation of formation flight without requiring extended upstream computational domains, offering 

significant savings in grid size and computational time by more than 50% while retaining predictive 

accuracy. These savings reinforce the importance of the synthetic inlet generation, particularly for 

multi-body aerodynamic interaction problems.  

Using the same inflow plane at 𝑥/𝑐 = 3 from the initial domain as the inlet boundary, the trailing 

wing in the formation is fixed at a longitudinal position of three chord length in the downstream 

direction (i.e., equivalent to 𝑥/𝑐 = 6 from the leading wing) and is systematically translated across the 

cross-sectional plane along the 𝑦- and 𝑧-axis. The resulting aerodynamic characteristics of the trailing 

wing in various formational positions are plotted in Figure 5.8. From Figure 5.8, it is evident that the 

lift coefficient increases marginally as the trailing wing shifts laterally outboard. This trend is physically 

consistent with vortex-induced upwash distribution. When positioned slightly outboard of the vortex 

core, the trailing wing resides within a region of favourable upward induced velocity, which increases 

the effective angle of attack and thereby enhances lift generation. In contrast, the drag coefficient 

exhibits a local peak at positions slightly inboard, corresponding approximately to the vicinity of the 

vortex core centre. This behaviour is expected due to the intensified velocity gradients and rotational 

flow near the core, which increase induced drag and modify boundary layer development. As the lateral 

spacing increases further from the core, the induced velocity gradients weaken, leading to a gradual 

reduction in drag. 
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Even with the trailing wing positioned at 𝑥/𝑐 = 6 downstream of the leading wing, the combined 

lift-to-drag ratio remains consistently around 10 across most lateral positions. This performance is 

comparable to that at 𝑥/𝑐 = 4.29, where the 𝐿/𝐷 ratio ranges between 10 and 14, as shown in Figure 

5.5. In contrast, the symmetric wing in the baseline solo flight case at 𝛼 = 0∘exhibits an 𝐿/𝐷 ratio close 

to zero (Figure 5.3). These results therefore indicate a clear net aerodynamic benefit arising from vortex 

surfing. 

Even the trailing wing is positioned at 𝑥/𝑐 = 6 downstream from the leading wing, the combined 

lift-to-drag ratio remains constantly around 10 across most lateral positions. This performance is 

comparable to that at 𝑥/𝑐 = 4.29, where the 𝐿/𝐷 ratio ranges between 10 and 14, as reported in Figure 

5.5. Since this symmetrical wing in the baseline solo flight case at 𝛼 = 0∘ exhibits an 𝐿/𝐷 ratio close 

to zero in Figure 5.3, these results therefore indicate a clear net aerodynamic benefit arising from vortex 

surfing. Notably, the aerodynamic gains are more sensitive to lateral displacement than to vertical 

positioning. Across the vertical offsets shown in Figure 5.8a-c, the variations in lift, drag, and efficiency 

is comparatively moderate. This reduced sensitivity in the vertical direction can be explained by the 

dominant horizontal structure of the vortex-induced velocity field, where the strongest gradients occur 

radially in the lateral plane rather than vertically within the limited offset range considered.  

 

Figure 5.8 Aerodynamics performance of trailing wing at 𝒙/𝒄 = 𝟔, at different lateral and 

vertical positions with precursor and synthetic inlet conditions. 

 

         (a) 𝑧/𝑐 = 0.1 (b) 𝑧/𝑐 = 0.0      (c) 𝑧/𝑐 = −0.1 
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Beyond lift and drag performance, the rolling moment experienced by the trailing wing is of critical 

importance for formation flight stability. Asymmetric induced velocities across the span generate lift 

imbalances, resulting in non-zero rolling moment coefficients. This effect is particularly relevant in 

vortex surfing applications, where aerodynamic gains must be balanced against potential instability. 

The rolling moment coefficients 𝐶𝑙 are shown in Figure 5.9, illustrating how the trailing wing behave 

during the vortex encounter.  

 

(a) 𝑧/𝑐 = 0.1 (b) 𝑧/𝑐 = 0.0   (c) 𝑧/𝑐 = −0.1 

Figure 5.9 Rolling moment coefficient 𝑪𝒍 of the trailing wing at different lateral and vertical 

positions with precursor and synthetic inlet conditions. 

It is noticed that the rolling moment coefficient peaks near 𝑦/𝑐 = −0.1. This corresponds to the 

lateral position where the trailing wingtip lies closest to the vortex core centre. At this location, the 

trailing wing experiences the intensified upwash and the maximum lift asymmetry. As a result, the wing 

peaks in the rolling moment, which is consistent with previous experimental and numerical 

investigations [12].  

As the trailing wing shifts further away from the vortex core, the induced velocity imbalance 

weakens, and the rolling moment magnitude decreases accordingly. This reduction improves roll 

stability and reduces structural loading. Conversely, when the trailing wing crosses beyond the vortex 

core centre, the local induced flow transitions from upwash to downwash at the wingtip. This reversal 

in induced velocity generates a rolling moment in the opposite rotational direction. Although the 

magnitude of the moment decreases, the rapid transition in loading direction introduces significant 

structural and control implications. The asymmetric downforce acting on one semi-span can produce 

abrupt changes in bending moment distribution and lead to elevated structural stress and dynamic 

instability [109]. Continuously shifting the wing inboard will further reduce the rolling moment until it 

dips into the negative regime at a certain point. This is where the induced downwash dominates over 

the beneficial upwash on one side of the wing, producing a net adverse rolling tendency. This behaviour 

is observed on the trailing wing when positioned at 𝑦/𝑐 = −0.3, 𝑧/𝑐 = 0.  

When the lift, drag, and rolling moment coefficients are considered collectively, a favourable 

operational region emerges. This region corresponds to lateral positions slightly outboard of the vortex 



5.4. Summary and Recommendations 

 

124 

 

core, where lift-to-drag ratio is remarkable and with acceptable rolling moment levels. Positions too 

close to the core maximise lift but incur substantial rolling instability, whereas positions beyond the 

core enhance stability but sacrifice aerodynamic gains. This balance aligns with observations from Cutts 

and Speakman [20], who reported that pink-footed geese preferentially occupy outboard vortex 

positions to optimise aerodynamic efficiency while maintaining roll stability. The present LES results 

provide quantitative CFD based support for these biological flight patterns. 

 

5.4 Summary and Recommendations  

The aerodynamic forces on both leading and trailing wing in the formation flight were examined, 

and the effects of the trailing wing positioning were investigated. In general, the aerodynamic properties 

of the leading wing are not affected by the formation, even with a tight longitudinal separation of 𝑥/𝑏 =

1. In contrast, the trailing wing flies in the updraft region of the wake is benefiting from the formation 

with higher lift and yet lower drag. As the vortex dynamics is relatively consistent in the near field, the 

aerodynamic impacts on the trailing wing are not much affected by the longitudinal separation. 

Nevertheless, the aerodynamic of trailing wing is more susceptible to the lateral and vertical spacing. 

The optimal position with the resolution in this study is at 𝑦/𝑏 = −0.1  and 𝑧/𝑏 = 0 , which has 

obtained a lift-to-drag ratio of about 14. As the trailing wing moving further away from the vortex core, 

it reduced the aerodynamic interactions and hence lesser gains. This optimal position may be altered 

slightly if more simulation is run with finer resolution in the formation spacing.  

The formation flight with various inlet conditioning methodologies in LES were conducted to 

demonstrate the capability in reproducing the aerodynamic force trends and higher-order stability 

characteristics. The precursor-based inlet conditioning demonstrated the most consistent agreement 

with the continuous domain reference results, as the inflow field directly inherits the dynamically 

evolved vortex structure. Although discrepancies are observed, the synthetic inlet method incorporating 

spatial correlation scaling provides a better representation compare to the method scaled by mean 

velocity magnitude. This confirms that preservation of spatial coherence, in addition to mean velocity 

magnitude, is critical for accurate prediction of vortex-wing interaction. Overall, the studies established 

a robust framework for analysing vortex induced aerodynamic interaction in formation flight and 

identifies a favourable near field operating region that balances aerodynamic gain with rolling stability 

considerations. 

The current study primarily focused on the close formation in the near field wake region. For 

practical implementation in extended formation flight, future research may look at a more efficient 

methodology for modelling the wingtip vortices evolution in the far field, to provide a more 

computationally viable solution for simulating large aircraft separations of industrial relevance.  
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Chapter 6   

Conclusion 

The optimisation of formation flight performance relies on accurately identifying the “sweet spot” 

in which the trailing aircraft can benefit from the wake vortex surfing effect. Hence, a robust modelling 

framework to accurately predict the wingtip vortices and its downstream development with high fidelity 

is much needed. This research integrates different techniques such as wind tunnel experiments, CFD 

models including URANS and LES, and an efficient low-order model UVLM to advance both the 

physical understanding and practicality of wake vortex modelling for formation flight. 

The wind tunnel experiments in Chapter 2 have distinctly visualised and characterised the wingtip 

vortex development of different wing configurations. The novel perspective upright correction method 

provides an efficient yet accurate approach to extract the vortex geometry from a single, non-orthogonal 

camera view. The proposed methodology allows the camera or inspection device to be mounted and 

positioned at any possible location as long as the checkered paper for baseline initialisation can be 

captured within its view. This technique greatly simplifies experimental setup, minimises flow 

disturbance compared to conventional multi-camera alignment, and provides improved measurement 

accuracy over the native tilted images. Despite the limitation of the apparatus on measuring the airflow 

velocity, the experiments verified that blended winglets reduce the visible wake spiral size and induce 

a slightly larger but weaker vortex core, consistent with the Lamb–Oseen diffusion mechanism. These 

findings provide foundational insight for subsequent numerical validation. 

In Chapter 3, the numerical simulation using both URANS and LES is conducted to validate the 

accuracy of the different turbulence models in predicting the aerodynamics of the wake vortices. Several 

techniques including adaptive mesh refinement and vorticity confinement model were assessed. 

However, with consideration in balancing the computational complexity and solution accuracy, the 

mesh refinement strategy was adopted in which specifically having grid size of about 1.1% of the 

characterising length concentrated around the vortex core region. The URANS model of 𝑘-omega shear 

stress transport (𝑘-𝜔 𝑆𝑆𝑇) model demonstrated a reasonable accuracy in estimating the vortex core 

centre location and axial velocity deficit, but it is unable to maintain the vortex physics, resulting in a 

more rapid dissipation on the vortex strength and an increased dispersion of the core diameter. On the 

other hand, the LES framework with Smagorinsky sub-grid scale model has validated its efficacy in 
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accurately predicting the wake vortex strength and persistence, which provides a better agreement with 

the literature data.  

The established LES framework also exhibited a positive outcome when comparing to the 

experimentally upright corrected results. The vortex spiral profiles from both the LES and wind tunnel 

experiment are highly coincided across various wing configurations, angles of attack, and multiple 

downstream planes, which further affirming the reliability of the LES model. While the wind tunnel 

experiments primarily capture qualitative data on the wake spiral outline, the LES framework 

complements this by providing quantitative data such as velocity, turbulence stresses and the real vortex 

core which is defined by the maximum tangential velocity. The comparison between the real vortex 

core and the wake spiral shape revealed that a visually larger wake spiral shape does not necessarily 

indicate a bigger vortex core size. This finding has provided significant insights into the properties of 

the vortex core and underscored the importance of numerical modelling in conducting in-depth analysis. 

Hence, it is recommended to adopt the validated LES framework for the formation flight modelling.  

To investigate the wake vortex surfing effect in extended formation, a considerably longer and 

larger simulation domain is needed. The size of domain makes LES prohibitively expensive in terms of 

computational resources and time, let alone the repetitive simulation for numerous trailing aircraft 

positioning. To rationalise the simulation resources for formation flight, Chapter 4 presented the inlet 

boundary condition mapping approaches including precursor and synthetic methods. This technique 

enhances the computational efficiency of repetitive simulations within the MS domain. The precursor 

method mapped the time series data of the wake vortex induced by wing geometry in the IC domain 

onto the inlet of the MS domain. The results demonstrated the effectiveness of the precursor method in 

reproducing the highly realistic turbulent structures and robust flow characteristics such as the vortex 

core dimension, position and the circulation strength. The precursor method also replicated the turbulent 

profile in the downstream flow, with negligible reduction in velocity fluctuations.  

For the synthetic method, the necessary parameters from the IC domain are extracted to formulate 

the Fourier series expression which can synthetically regenerate the velocity fluctuations based on the 

mean flow-field information. From the study, it is advisable to adopt a flow-field plane further 

downstream in the IC domain as it can reduce the MS domain size where the object of interest is located 

at. In addition, the wake vortex projected further downstream generally features larger core diameter 

and lower fluctuations frequency, thereby reducing the likelihood of mapping errors and discrepancies. 

However, the equation cannot accurately represent every point on the inflow plane, as the intensity of 

velocity fluctuations varies greatly within the vortex core region. Scaling methods using the mean 

velocity magnitude and spatial correlation coefficients are demonstrated and have satisfactorily 

reconstructed the velocity fluctuations components. The current work however focuses on the near field 

primarily for comparison and validation purposes. Future research will focus on further deriving the 
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fluctuations within vortex core, investigating on a better model to represent the velocity fluctuations 

level across the vortex core radius and beyond.  

In the LES simulations of close range formation flight detailed in Chapter 5, the aerodynamic 

properties of the leading wing are proved to be unaffected by the formation, even with a tight 

longitudinal separation of less than a wing chord distance. In contrast, the trailing wing in formation 

benefits from flying in the updraft region of the wake, experiencing enhanced lift and reduced drag. As 

the vortex dynamics remain relatively consistent in the near field, the aerodynamic effects on the trailing 

wing are minimally impacted by the longitudinal separation. In contrast, the aerodynamic of trailing 

wing is more susceptible to the lateral and vertical spacing. The optimal position identified with the 

resolution in this study is with 10% wingspan overlapped laterally and on the same flight level 

vertically, which resulted in an increased lift-to-drag ratio of up to 14 for the symmetrical trailing wing 

at 𝛼 = 0°. This optimal position may be altered slightly if the simulations are performed with finer 

resolution in the formation spacing. When the trailing wing deviates from the optimal position, the 

aerodynamic benefit decreases as the wing shifts away from the vortex core and the associated upwash 

region. Nonetheless, the reduction in aerodynamic gain remains relatively modest compared to the 

overall gains achieved through formation flight. Even with a lateral shift of  ±20% chord distance, the 

trailing wing will continue to retain substantial benefits with the lift-to-drag ratio remaining within the 

range of approximately 9 to 14. 

Despite the high-fidelity LES model could capture and reproduce the vortex turbulence, but it is 

computationally expensive even to initialise the wake vortex profile and temporal data. Therefore 

Appendix A introduced UVLM as an efficient model to generate the mean vortex flow field. The lower-

order numerical modelling could generate the mean vortex flow field at a faster rate and more cost 

effective to map the mid-plane of wingtip vortex onto the inlet of a LES MS domain. This vortical flow 

profile from UVLM served as the inlet boundary condition for the LES main simulation, effectively 

reducing the computational effort in modelling the vortex. The mean flow data can be superimposed 

with the LES turbulence fluctuations to achieve necessary turbulence characteristics. Despite the 

limitations of the UVLM model such as accelerated vortex core development, accurate representation 

of the vortex at the inlet of LES MS domain can be achieved through careful selection of the inflow. 

Future research may explore the correlation between the vortex growth rate in UVLM and actual cases. 

This will enable the identification of specific planes within UVLM that can be mapped onto the LES 

inlet to represent a more downstream plane.  

In conclusion, the motivation for this research is driven by the CFD application of wake vortex 

surfing in extended longitudinal field. The author utilised different methodologies to capture the wingtip 

vortices and clarified the vortex core characteristics with various efficient techniques. These techniques 

greatly reduce the required resources for both experimental and computational modelling efforts. For 

the variety of formation configurations and positioning, the presented methodologies will tremendously 
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ease the assessment of the aerodynamics performance of trailing aircraft, especially for the extended 

simulation domain. This highlights the contribution of the research in advancing fluid dynamics studies 

on the wake vortex interactions and the wake vortex surfing application. However, it remains a 

challenge at this stage to accurately represent the fluctuation level of each node across the inlet plane 

due to the highly fluctuating turbulence behaviour near the vortex core and varying velocity profile 

across the vortex core.  

 

6.2 Research Contributions 

This research provides a more profound comprehension of wake vortex strength and degradation 

via different methods and subsequently develop a CFD framework which is able to accurately capture 

the wake vortex shedding from selected leading aircraft and compute the aerodynamic impact on the 

trailing aircraft effectively. The proposed framework can be utilised to allow industry partner to identify 

the most efficient formation configuration for vortex surfing and plan the flight route ahead. The key 

contributions are summarised as follows: 

1. Development of a perspective corrected experimental methodology for wingtip vortex 

characterisation. 

• A perspective upright correction (PUC) methodology was developed to improve the 

accessibility and accuracy of wind tunnel vortex visualisation. Unlike conventional 

approaches requiring precise alignment between the camera and measurement plane, the 

proposed method enables vortex images captured from arbitrary viewing angles to be 

geometrically corrected. This provides a simplified experimental framework for 

characterising vortex trajectory, core size, and downstream evolution, supporting 

subsequent CFD validation. 

2. Establishment and validation of a CFD framework for wake vortex prediction 

• A CFD framework based on URANS and LES modelling was established to investigate 

wingtip vortex development and decay. The CFD framework was validated through 

comparison with established literature data and further demonstrated against independent 

wind tunnel observations, providing confidence in its application for vortex evolution and 

formation flight studies. The research demonstrated the capability of LES in reproducing 

key vortex characteristics, including vortex core structure, tangential velocity distribution, 

circulation strength, and downstream evolution. This validated framework provides the 

foundation for reliable formation flight aerodynamic analysis. The analysis also revealed 

that visual vortex spirals do not necessarily represent the true vortex core size, providing 

new insight into the interpretation of experimental visualisation techniques. 
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3. Development of LES inlet conditioning strategies for wake vortex simulations, with 

formulation of spatial fluctuation scaling strategies for synthetic vortex inflow 

• A major contribution of this research is the extension of LES inlet conditioning 

methodologies from conventional canonical turbulent flows to spatially evolving vortex-

dominated flows. The strong swirl, anisotropy, and radial variation of vortex turbulence 

intensity introduce additional challenges. A precursor-based inlet mapping approach was 

demonstrated to preserve coherent vortex turbulence with negligible attenuation, providing 

a high-fidelity but computationally efficient alternative to full-domain LES simulations. 

4. Development of synthetic fluctuation reconstruction for efficient vortex inflow generation 

• A synthetic fluctuation reconstruction approach was formulated based on Fourier 

decomposition of LES velocity fluctuations. The method enables time-dependent turbulent 

inflow generation without requiring storage of large precursor datasets. Furthermore, 

mean-velocity-based normalisation and spatial correlation-based scaling approaches were 

introduced to improve the representation of turbulence variation across the vortex core. 

The novelty lies in the adaptation and assessment of these approaches for vortex-

dominated flows, where turbulence characteristics exhibit improved spatial and temporal 

variations. 

The results demonstrate the feasibility of synthetic vortex inflow generation while 

identifying the remaining challenges associated with reproducing highly unsteady 

turbulence behaviour within the vortex core. This methodological advancement provides 

an efficient framework for assessing formation flight aerodynamics in a wide range of 

operational configurations. 

5. Application of efficient LES inlet conditioning to formation flight aerodynamic analysis 

• Characterisation of aerodynamic benefits experienced by a trailing wing in close range 

formation flight across different longitudinal, lateral, and vertical separations. This 

establishes a clear quantitative understanding of wake surfing performance trends and 

provides a foundational dataset for future formation flight planning and optimisation. 

6. Integration of UVLM-based mean vortical inflow with the LES fluctuations profile  

• The initial vortex profile is generated from UVLM as the inflow condition for the LES. 

Despite the simplified physics of UVLM, careful selection of an appropriate inlet plane 

enables UVLM to provide a representative mean vortex structure for LES inflow and 

provides a transferable framework for future parametric studies. 

Collectively, these contributions form a coherent methodology as shown in Figure 6.1, which 

combines experiment, high fidelity LES, lower-order UVLM, and inlet mapping techniques to enable 

efficient and practical analysis of wake vortex interactions and formation flight aerodynamics. 
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Figure 6.1 Overview of the inlet conditioning techniques in this thesis. 

 

6.3 Recommendations for Future Work 

Multiple methodologies in capturing and characterising the wingtip vortex are established and 

presented in the thesis. While it provides a solid foundation to enable the inlet boundary condition 

design, several areas remain worthwhile for future investigations: 

1. The current Fourier-based synthesis struggles within the vortex core due to intense and spatially 

irregular fluctuation behaviour. Future work should refine the synthetic inflow conditions for 

vortex-dominated flows by exploring conditional fluctuation scaling functions, or additional 

corrective terms to accurately reconstruct turbulence across the vortex core. Alternatively, it is 

possible to have hybrid methods combining precursor turbulence with synthetic augmentation 

outside the core region. 

2. Although UVLM provides efficient mean-flow initialisation, the accelerated vortex growth 

limits direct applicability. A systematic correlation study between UVLM, LES, and 

experimental vortex evolution would help identify modified UVLM wake roll-up parameters 

that better match realistic vortex development, enabling more accurate selection of inlet planes. 

3. The methodologies developed in this thesis (Figure 6.1) enables future research to be extended 

to full aircraft wings, swept wings, or high-Reynolds-number regimes to improve industrial 
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relevance. The future investigation may also include the application for multi-vortex systems, 

such as with vortices generated by engine nacelles or empennage. 

4. Future work should also investigate the scalability of the synthetic fluctuation reconstruction 

approach across a broader range of Reynolds numbers. Such investigations would enable the 

development of more generalised formulations where the turbulence spectral characteristics 

and spatial scaling parameters can be determined independently of a single reference LES case. 

5. With the advancement of artificial intelligence applications [181], the adoption of adaptive or 

machine-learning model [182, 183] for vortex inlet condition may be a promising direction. 

Such models could be trained to learn the dominant fluctuation modes of wingtip vortices and 

automate the generation of coherent fluctuation fields without manual spectral reconstructions. 
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Appendix A  

Inlet Initialisation with Unsteady Vortex 

Lattice Method 

Large-eddy simulation (LES) provides a high-fidelity framework for resolving the large-scale 

turbulent structures that governs the wake vortex formation and evolution. In formation flight studies, 

the inlet conditional methods presented in Chapter 4 have greatly reduced the computational cost. 

Nevertheless, the upstream flow development using LES can still be computationally expensive 

especially when the longitudinal separation becomes significant. This limitation becomes particularly 

restrictive when the primary objective is to generate the dominant vortex structure at the inlet plane for 

subsequent main simulation rather than resolving the entire upstream flow development. 

 To address this limitation, the vortex-based modelling provides a reduced-order alternative for 

representing the dominant coherent structures of the wingtip vortex. By representing the lifting surface 

and its wake using discrete vortex elements, vortex methods [184] can substantially reduce the 

computational resources as compared to the Navier-Stokes simulations. Such reduced-order 

representations can therefore serve as a practical tool to initialise the vortex velocity field used in the 

inlet boundary conditions for downstream LES main simulations. 

Vortex methods [184, 185] are generally formulated under potential flow assumptions, where the 

fluid is considered incompressible, inviscid and irrotational except along vortex filaments where 

vorticity is concentrated. Under these conditions, the velocity field can be expressed as the gradient of 

a scalar velocity potential and governed by the Laplace’s equation [186]. These assumptions neglect 

viscous effects, turbulence, and boundary layer development that are inherently resolved in LES. 

Consequently, the vortex methods aim to provide an efficient representation of the dominant circulation 

and induced velocity fields associated with lifting surfaces. 
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A.1 Unsteady Vortex Lattice Method (UVLM) 

Among the available vortex methods, the Unsteady Vortex Lattice Method (UVLM) [64, 65] offers 

a convenient approach for modelling the lifting surfaces undergoing unsteady motion while capturing 

the time evolution of the wake system. The UVLM models a lifting surface by discretising it into a 

lattice of horseshoe vortices composed of bound and wake vortices. The lifting area is treated as a thin 

surface neglecting the aerofoil thickness effects, and assumed the surrounding flow is assumed 

incompressible, inviscid and irrotational. Under these potential-flow assumptions, the velocity potential 

scalar 𝜑 satisfies the Laplace’s equation,  

and the wake vortex lattices are transported from the trailing edge with vorticity of equivalent strength 

to the bound vortex lattices. The corner points of the free wake lattices move with the local velocity, 

and the following non-penetration condition is applied to all collocation points on the wings, 

where 𝑢𝑏  denotes the induced velocity produced by bound vortex lattices, 𝑢𝑤  denotes the induced 

velocity produced by wake vortex lattices, 𝑢∞ denotes the freestream velocity, 𝑢𝑘 denotes the surface 

kinematic velocity, and 𝑛 denotes the local normal vector at the collocation point. Another boundary 

condition is that the flow disturbance diminishes at infinity, as follows, 

 

 

Figure A.1 Descriptive diagram of UVLM [187]. 

The induced velocities at each point induced by the horseshoe vortices are calculated using the Biot-

Savart law. In flight condition, the UVLM models the force-free wake by forming vortex rings over the 

 ∇2𝜙 = 0 (54) 

 (𝑢𝑏 + 𝑢𝑤 + 𝑢∞ − 𝑢𝑘 ) ∙ 𝑛 = 0 (55) 

 lim
‖𝑥−𝑥0‖→∞

𝑢 = 0 (56) 



 Appendix A 

135 

 

mean panel surface, as shown in Figure A.1. Each discretised quadrilateral panel is attached with bound 

vortex lattices, where the leading vortex ring is placed on the quarter-chord line of the panel and the 

rear vortex ring is placed on the next panel’s quarter-chord line. The collocation point is on the three-

quarter chord line, which falls at the centre of the vortex ring. 

This formulation allows UVLM to efficiently resolve the unsteady aerodynamic loading and wake 

evolution with substantially lower computational cost than viscous CFD, making it attractive for 

preliminary analysis of vortex-dominated flows and formation flight interactions. 

 

A.2 Vortex Initialisation by UVLM 

The UVLM toolkit utilised in this study is SHARPy (Simulation of High-Aspect-Ratio aircraft and 

wind turbines in Python) [96, 188]. It is an open-source software package well-known for simulation 

of nonlinear aeroelastic systems, integrating structural dynamics and aerodynamic solvers [109, 189]. 

The UVLM is solving a system of linear algebraic equations to determine the singularity strengths at 

every time step [190, 191]. The induced velocity at an arbitrary field point, 𝑟 due to a vortex lattice with 

vertices 𝑃 = {𝑃𝑖 , 𝑖 ∈ [1, 4]}  and strength 𝛤  can be expressed by 𝑢(𝑟) = 𝐴(𝑃, 𝑟) 𝛤 , where 𝐴(𝑃, 𝑟) 

denotes the three-dimensional influence coefficient. At discrete time step 𝑛 + 1 , the vorticity 

distribution of the bound vortex elements is determined by applying the non-penetration boundary 

condition, formulated as, 

where 𝐴𝑐𝑏  and 𝐴𝑐𝑤  denotes bound-to-collocation and wake-to-collocation aerodynamic influence 

coefficient matrices,  𝛤𝑏 and 𝛤𝑤 are the circulation strength vector for bound and wake vortex rings, and 

𝑤 = (𝑢∞ − 𝑢𝑘) ∙ 𝑛 represents the normal component of all velocities except those induced by bound 

and wake vortex lattices at the collocation points. The induced velocity is calculated at the field points 

to obtain the influence matrices and the convection velocity of the wake, before the equation solves 

both the bound and wake vortex strength vector 𝛤𝑏 and 𝛤𝑤 iteratively. 

The velocity induced by a vortex ring 𝑙 over collocation point 𝑘 can be calculated using the Biot–

Savart law. For a unit circulation strength, it is expressed as, 

where 𝑑𝑠 𝑙 represents the differential element of the vortex segment along the ring 𝑙, that makes up the 

complete ring 𝐶𝑙, and 𝑟 𝑘𝑙 is the vector from the collocation point k to the relevant vortex ring at 𝑙. This 

process involves four evaluations of the Biot-Savart law, corresponding to each vortex segment of the 

closed circuit 𝐶𝑙 . The aerodynamic influence coefficient matrices 𝐴𝑐𝑏  and 𝐴𝑐𝑤  are determined by 

 𝐴𝑐𝑏𝛤𝑏
𝑛+1 + 𝐴𝑐𝑤𝛤𝑤

𝑛+1 + 𝑤𝑛+1 = 0 (57) 

 
𝑢⃗ 𝑖,𝑘𝑙 = ∮

𝑑𝑠 𝑙 × 𝑟 𝑘𝑙

4𝜋|𝑟 𝑘𝑙|
3

𝐶𝑙

 (58) 
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calculating all cross-induced velocities at the collocation points and projecting these velocities along 

the normal vector of the respective panel, 

where 𝑘, 𝑙 are bound (surface) panel counters, 𝑣 is the vortex ring counter, and 𝑁𝑏 is the number of total 

bound panels, 𝑁𝑤 the number of wake panels, and 𝑛𝑘 is the total number 𝑖 the normal vector of the 𝑘th 

vortex ring (at which the induced velocity is being computed. The propagation equation for the wake 

circulation can be written in discrete time as follows, 

where 𝐶𝛤𝑏 and 𝐶𝛤𝑤 map the circulation of the previous time step to the current one, and they are very 

sparse constant matrices which account for Kelvin’s circulation theorem [192], which mandates that the 

total circulation of the vortex sheet shed from the trailing edge of the wing remains constant as it moves 

downstream. Additionally, these matrices also comply with Helmholtz’s vortex theorem in the 

convection of the wake [192], which leads to the rolling up of the wake panels into the concentrated 

wingtip vortex structure. 

Once the flow is fully developed, the roll-up of the wake panels downstream captures the formation 

of wingtip vortices, which is utilised to determine the vortex core centre locations (𝑦𝑐 , 𝑧𝑐) and their 

respective core radius, 𝑟𝑐. This process helps to establish the initial shape and size of the vortex core. 

The circulation strength calculated from the UVLM is used then to provide data to define the tangential 

velocity field of the vortical flow by the Lamb-Oseen model [107, 108], 

where the circulation of wingtip vortex, 𝛤𝑣 is approximately equal to the spanwise-averaged circulation 

strength [193, 194]. A higher 𝛤𝑣   typically indicates stronger vortices, or tangential velocity. The 

tangential velocity at any point (𝑦, 𝑧) is calculated based on the radial distance, 𝑟, from the vortex core 

centre, 

The tangential velocity can then be decomposed into Cartesian velocity components 𝑢𝑦  and 𝑢𝑧 

using trigonometeri relationships and is the angle 𝜃 from the selected point to the vortex core centre, 

 (𝐴𝑐𝑏)𝑘𝑙 = 𝑢⃗ 𝑖,𝑘𝑙𝑛⃗ 𝑘, 𝑘, 𝑙 = 1…𝑁𝑏 (59) 

 (𝐴𝑐𝑤)𝑘𝑣 = 𝑢⃗ 𝑖,𝑘𝑣𝑛⃗ 𝑘, 𝑘, 𝑙 = 1…𝑁𝑏 ,        𝑣 = 1…𝑁𝑤 (60) 

 𝛤𝑤
𝑛+1 = 𝐶𝛤𝑏𝛤𝑏

𝑛 + 𝐶𝛤𝑤𝛤𝑤
𝑛 (61) 

 
𝑢𝜃 =

𝛤𝑣
2𝜋𝑟

[1 − 𝑒
−1.26 (

𝑟2

𝑟𝑐
2)] (62) 

 𝑟 = √(𝑦 − 𝑦𝑐)
2 + (𝑧 − 𝑧𝑐)

2 (63) 

 𝑢𝑦 = −𝑢𝜃 sin 𝜃 (64) 

 𝑢𝑧 = 𝑢𝜃 cos 𝜃 (65) 
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After establishing the tangential velocity, the only velocity component remaining for the inlet 

condition is the axial velocity 𝑢𝑥. As wingtip vortices develop, the surrounding airflow curls inward 

and revolves around the centre of the vortex core. This dynamic mechanism creates an axial velocity 

excess right after the wing trailing edge and subsequently transitions into a deficit after a certain distance 

[138]. The axial velocity profile typically shows a deficit of 15% at the centre of the core and it tends 

to restore to freestream velocity at about one to two core radius distance from the core centre [106], 

With the three-dimensional velocity components derived from the UVLM, inlet boundary 

conditions can be specified for the LES main simulation domain. While the inflow data does not fully 

capture the required dynamic complexities, it does provide initial vortex data to initiate the simulation 

with high efficiency. Validation on the vortices will be performed to assess the accuracy of this 

approach. 

The mean-velocity, 𝑢̅𝑥,𝑦,𝑧
𝑈𝑉𝐿𝑀 of the vortex flow at position (𝑥, 𝑦, 𝑧) derived from the UVLM model 

will be integrated with the synthetic fluctuations obtained from the LES, as presented in Sections 4.4 

and 4.5. This combination produces the desired time-dependent velocity profile to be applied on the 

inlet boundary of the MS domain, as follows, 

By using UVLM for mean flow data, the computational effort and time required to initialise the wake 

vortex profile are significantly reduced compared to performing full-scale LES simulations. 

 

A.3 Results of UVLM-Based Inlet Conditions 

This study compares the outcomes of UVLM against validated reference data to determine the most 

suitable downstream plane for supplying mean-flow data to the LES inlet boundary. Owing to its 

potential-flow formulation, UVLM does not account for temporal turbulent fluctuations, and 

consequently exhibits discrepancies in vortex characteristics, particularly in circulation retention, core 

growth and trajectory evolution when used directly as an LES inflow condition. To address the issue, 

velocity fluctuations from a LES simulation are processed to derive an equation for reproducing the 

fluctuations synthetically. A detailed analysis of velocity fluctuations across the vortex core within the 

LES is conducted. The analysis results are used to improve the accuracy and applicability of the 

synthesised method for vortex dominated inlet condition. 

 

 
𝑢𝑥 = 𝑢∞ ∙ [1 − 0.15 𝑒

−1.26 (
𝑟2

𝑟𝑐
2)] (66) 

 𝑢𝑥,𝑦,𝑧(𝑡) = 𝑢̅𝑥,𝑦,𝑧
𝑈𝑉𝐿𝑀 + 𝑢𝑥,𝑦,𝑧

′ 𝐿𝐸𝑆(𝑡) (67) 
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A.3.1 UVLM Mean Flow Data for LES Main Simulation 

Inlet 

The wing model geometry and stream field conditions employed for the UVLM validation are the 

same as Section 3.4. The wing geometry is a symmetrical aerofoil (NACA 0012) profile with a chord 

length of 0.14𝑚, a semi-span of 0.15𝑚, and an angle of attack, 𝛼 of 10°. The freestream velocity is 

34𝑚/𝑠 in 𝑥-direction, not having dynamic inputs such as gusts and turbulence. This case setup assumes 

a rigid-body condition, neglecting the aeroelastic effects such as wing deformation under aerodynamic 

loads.  

In the UVLM, each wake panel induces velocities in the surrounding fluid and at the same time 

experiences velocities induced by all other bound and wake panels. This mutual interaction causes the 

wake to convect and rotate as it progresses downstream. The positions of wake panels are iteratively 

updated based on these induced velocities, ensuring compliance with Kelvin’s circulation theorem and 

Helmholtz’s vortex theorems [192]. These principles collectively caused the wake panels to roll up as 

they convect downstream, forming coherent and concentrated tip vortex structures. The force-free wake 

roll-up modelled by the UVLM is presented in Figure A.2. This illustration shows the evolution of the 

wake behind the wing in a steady freestream flow-field condition. It shows the wake circulation 

strength, 𝛤𝑝 peaking at the mid-span and gradually decreasing towards the wingtip, in an elliptically 

distributed profile. As the wake progresses in the streamwise direction, it is observed that the roll-up 

phenomenon becomes more prominent, leading to a noticeable enlargement in the wingtip vortex 

structures. 

 

 

Figure A.2 Force-free wake roll-up modelled by UVLM, coloured by panel circulation 𝜞𝒑. 

The wingtip vortex represented by the spanwise wake panel roll-up are captured at every chord 

length interval along the freestream direction, as shown in Figure A.3. The wingtip vortex circulation, 

𝛤𝑣  can be approximated using the spanwise-averaged wake circulation, where 𝛤𝑣 ≈ 𝛤𝑤  at the 

corresponding longitudinal position [194]. For a classical elliptic distribution of bound circulation, the 
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spanwise-averaged circulation is also perceived as 𝛤𝑤 = 𝜋𝛤0/4, where 𝛤0 is the maximum circulation 

strength at the midspan or wing root position (𝑦 = 0). To affirm the vortex circulation strength 

estimated by the UVLM, a validation is conducted against the reported values in LES, URANS and 

experimental studies [111]. As shown in Figure A.4, the UVLM results fall within the reported range, 

confirming that the reduced-order model provides a physically consistent estimate of wingtip vortex 

strength suitable for generating mean inflow conditions for LES. 

 

 

Figure A.3 Development of wingtip vortex per chord distance downstream. 

 

 

Figure A.4 Validation of normalised vortex circulation strength with downstream distance. 

At plane 𝑥/𝑐 = 0, the wake panel does not exhibit any roll-up behaviour due to the vortex lattice at 

this position remains closely attached to the bound vortex sheet at the trailing edge. However, as the 

force-free wake panels progress downstream, the wake panels progressively roll up and form into 

wingtip vortex structures which provide measurable geometric data to determine the dimension and 

position of the vortex core. Figure A.5 presents the downstream view of the vortex filament roll-up 

development, clearly illustrating the presence of vortex core in relative to the wing panel (colour plot 

in the background). 
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Figure A.5 Wake panel roll-up in the vortex core region, view from downstream. 

In this study, vortex filaments with an overall roll-up angle exceeding 90° are classified as belonging 

within the vortex core region. This significant rotation indicates the presence of concentrated vortex 

structures typical of wingtip vortices. The resulting vortex core size in UVLM is not a resolved viscous 

core but rather the apparent radius of the rolled-up vortex sheet in this case. Once the core region is 

identified, the vortex core centre is computed by averaging the coordinates of all filament vertices 

within this region. 

Subsequently, the radial distances from this centre to each filament vertex are then averaged to 

estimate the vortex core radius, 𝑟𝑐. Using these definitions, the downstream development of vortex core 

size and trajectory are plotted alongside the reference data [8, 111] for comparison, as illustrated in 

Figure A.6.  

 

 

Figure A.6 Comparison on the vortex centre point position and core radius. 

Comparing the results at plane 𝑥/𝑐 = 1, the UVLM predictions show relatively accurate results in 

both vortex core position and size. While vortex cores typically project towards the inboard and 

downward direction [11], the UVLM-predicted trajectory appears to shift too rapidly as it propagates 
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downstream. The vortex sheet rolled-up radius also exhibits an accelerated growth rate relative to the 

reference core radius. The discrepancy arises because the UVLM is a numerical model that utilises 

discrete panel representation to approximate the wake vortex behaviour under inviscid potential flow 

conditions [65] where the viscous diffusion and turbulence effects governing vortex core evolution are 

not explicitly resolved. Furthermore, the wake is approximated by a limited number of 

Lagrangian filaments [195], which can cause the predicted wake development to appear larger 

prematurely as compared to the confined core radius observed in the experiment and LES. This reduces 

the computational complexity compared to higher-order models but can impact the prediction accuracy, 

especially for the highly dynamic wingtip vortices downstream.  

Based on the wingtip circulation, vortex centre location and core radius derived from UVLM, the 

data at plane 𝑥/𝑐 = 1 demonstrates the most promising outcome amongst the planes, showing closely 

matched profile with reference data. Whereas the subsequent planes such as 𝑥/𝑐 = 2 and 𝑥/𝑐 = 3 in 

the UVLM solution are showing an enlarged vortex sheet radius that does not correspond to the physical 

vortex core dimension. Therefore, the plane 𝑥/𝑐 = 1 is utilised to populate the velocity components 

required for the LES MS inlet boundary conditions using the formulations prescribed in Eqs. (62) to 

(66). The LES MS domain with the inlet boundary specified by the 𝑥/𝑐 = 1 plane data from UVLM 

are shown in Figure A.7.  

 

 

Figure A.7 LES main simulation (MS) with the mean inflow conditions derived from UVLM, 

visualised with 𝑸-criterion and coloured by the velocity magnitude. 

Since the mean-flow-field data prescribed with the UVLM aims to provide an efficient approach to 

initialise the wingtip vortex flow in a LES inlet condition, the mean vortical velocities remain constant 

throughout the simulation. As a result, the wingtip vortices in the LES MS do not exhibit any turbulence-

like structure, as shown in Figure A.7.  In contrast to the UVLM roll up shown previously in Figure 

A.2, the vortex core appears to maintain a relatively consistent core diameter downstream. 

In the LES main simulation with the inlet boundary prescribed by the 𝑥/𝑐 = 1 plane data from 

UVLM, the flow-field quantities across the vortex core at successive downstream locations are 



 Appendix A 

 

142 

 

extracted to further examine the vortex development. The tangential and axial velocity distributions 

were compared against the published data [8], and presented in Figure A.8 and Figure A.9, respectively. 

 

 

Figure A.8 Validation on normalised tangential velocity magnitude 𝒖𝜽/𝒖∞. 

 

 

Figure A.9 Validation on normalised tangential velocity magnitude 𝒖𝒙/𝒖∞. 

At the inlet boundary (𝑥/𝑐 = 1), the inlet condition by UVLM produces a vortex characteristic the 

expected distribution profile. The tangential velocity profile exhibits correctly placed peak values and 

trough locations, indicating that both the vortex core centre and the core radius are consistently captured. 

The peak magnitude is marginally higher than the LES reference, which is attributed to the slightly 

smaller core radius specified from UVLM. The axial velocity also shows the appropriate deficit 

behaviour, with approximately 15% below the freestream level, as defined by the Eq. (66). 

As the flow develops downstream, it is noticed that although the tangential velocity magnitude is 

largely preserved, the position of the vortex core remains stationary, with its centre fixed at 0.07𝑐 

inboard across all planes. Similarly, the trough position of the axial velocity deficit does not shift as 

predicted by the LES data. Moreover, the deficit profile diverges further from the LES charts, possibly 

due to the overly specified initial deficit value.  

The discrepancies in the core position are caused by the absence of time-varying velocity 

components at the inlet boundary. In LES, the fluctuation components play a crucial role in computing 

the kinetic energy and the Reynolds stress tensor. These parameters in turn affect the flow dynamics 

and turbulence characteristics within the domain, resulting in inaccuracies in vortex development. The 

fluctuations level of the inlet velocities is however correlated with both the spatial and temporal scale. 
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Hence, the following section explores the development of representative fluctuations at the inlet 

conditions from LES. 

 

A.3.2 UVLM Data Synthesised with Fluctuations from LES 

UVLM serves as an efficient approach for predicting the mean vortex-induced velocity field. 

However, the resulting flow remains inherently steady due to the inviscid potential flow assumptions. 

Consequently, the LES main simulation with inlet condition initialised by the UVLM as shown in 

Figure A.7 do not contain the turbulence like fluctuations unless sufficient downstream development 

distance is provided for instabilities to emerge naturally.  

To introduce the unsteady characteristics required for LES, the UVLM-derived mean velocity can 

be combined with the fluctuation synthesis methodology previously described and demonstrated in the 

Section 4.5. In this framework, the mean velocity components from UVLM are treated as the baseline 

flow field at the inlet plane. The synthetic velocity fluctuations are then constructed using the LES-

based statistical Fourier transformation.  

The synthetical sinusoidal formulations, whether scaled by the mean velocity magnitude in Eq. (46) 

or by the spatial correlation function in Eq. (53), are then superimposed onto the UVLM mean velocity 

following the same procedure previously applied to the LES baseline flow in Chapter 4. The inlet 

velocity can therefore be represented as Eq. (67). With this hybrid formulation, the dominant vortex 

structure predicted by the UVLM is preserved while the synthetic fluctuations provide the temporal 

turbulence required to initiate a more realistic flow development within the LES domain. This strategy 

therefore enables the efficient initialisation of the wingtip vortex flow at the inlet without requiring an 

upstream high-fidelity simulation. 

 

A.4 Summary and Recommendations 

The motivation for this research is driven by the CFD application of wake vortex surfing in extended 

longitudinal field. With the variety of formation configurations and positioning, evaluating the effects 

of vortex surfing on the trailing aircraft in each permutation will require extensive simulation efforts 

and substantial computational resources. To streamline this process, an efficient UVLM is employed to 

predetermine the wingtip vortex downstream. This vortex serves as the inlet conditions for the main 

LES simulation, effectively reducing the simulation domain size to begin just before the trailing 

aircraft’s position. This method also enables repeated assessments of aerodynamic performance across 

different aircraft types and positions.  
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The chapter has demonstrated the effective mapping of vortical flow from a UVLM model to the 

LES inlet boundary condition. Despite limitations of the UVLM model, such as accelerated vortex core 

development, accurate representation of the vortex at the inlet of LES MS domain can be achieved 

through careful selection of the inflow plane. Future research may explore the correlation between the 

vortex growth rate in UVLM and actual cases. This will enable the systematic selection of UVLM 

mapping plane that best represent any desired downstream position. 

Using the fluctuations characteristics extracted from a separated LES simulation, the author 

formulated the Fourier series sinusoidal expression to synthesise the temporal velocity data. This hybrid 

UVLM-LES synthesis approach significantly reduces the computational cost associated with precursor-

based inlet generation. Instead of performing a dedicated upstream LES for every simulation, the 

turbulence statistics extracted from a single reference LES can be reused to synthesise fluctuations, 

while the mean vortex structure is efficiently predicted using UVLM. Consequently, realistic inflow 

conditions can be generated for multiple formation configurations without repeatedly incurring the high 

computational core-hour cost of precursor LES simulations. 

Overall, this chapter establishes an efficient inlet conditioning framework specifically tailored for 

freestream vortices, which are fundamentally different from the wall-bounded turbulence or internal 

flows. The methodology captures the unique turbulence characteristics of vortex cores, including their 

correlated tri-axial fluctuations and coherent rotational structures. These contributions advance the 

current state of CFD practice for wake vortex modelling and provide a practical foundation for future 

studies on formation flight aerodynamics, enabling cost effective and accurate simulation of vortex-

induced performance effects on trailing aircraft. 
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    T  u


    𝜏  i j =     u  i ′     u  j ′ -


  k =  1 2  (     u  x ′ 2 +     u  y ′ 2 +     u  z ′ 2 )


      u  x ′ 2 ,       u  y ′ 2 ,       u  z ′ 2


    u  x ′ ,     u  y ′ ,     u  z ′


  k


  𝒖


  𝑸


  R   e  c  


  m / s


  𝛼


  m


  m


  1 ×  10  − 5 s


  x / c = 0


  6 . 48 ×  10 4


  3 . 25 ×  10 5


  R   e  c


  c


    u ∞


  𝑹   𝒆  𝒄


  𝜶 = 𝟏 𝟐 °


  x / c


  𝛼


    𝒓  𝒄 / 𝒄


  𝒙 / 𝒄 =


  𝜶 = 𝟏 𝟐 °


  x / c = 4


  x / c = 2


  x / c = 0


  x / c


  𝛼 =


  𝛼 =


  x / c = 4


  𝒙 / 𝒄 =


  𝒎 / 𝒔


  𝛼


  


  


  𝛼   =   12 ° 


  𝛼   =   2 °


  x / c


  𝒄


    C  D


    C  L


  𝜶 = 𝟏 𝟎 °


  x / c = 3


  x / c = 2


  x / c = 1


  x / c = 0


  𝜶 = 𝟏 𝟎 °


    𝒖  𝒙 /   𝒖 ∞


  x / c = 3


  x / c = 2


  x / c = 1


  x / c = 0


  𝜶 = 𝟏 𝟎 °


    𝒖  𝜽 /   𝒖 ∞


  x / c = 3


  x / c = 2


  x / c = 1


  x / c = 0


  x / c = 3


  x / c = 0


    𝒖  𝜽


    𝒖  𝒙


  ∆


    𝜏  i j  s g s


    𝜏  i j


    𝜕 𝜌     u ~  i  𝜕 t +   𝜕 ( 𝜌     u ~  i     u ~  j )  𝜕   x  j = −   𝜕   p ~  𝜕   x  i −   𝜕  𝜕   x  j  (   𝜏  i j +   𝜏  i j  s g s )


   |     S ~  i j | =    ( 2     S ~  i j     S ~  i j ) 2


  ∆


    C  s


    𝜇  s g s =   𝜌  (   C  s ∆ ) 2  |     S ~  i j |


    𝜇  s g s


    𝜏  i j  s g s = − 2   𝜇  s g s     S ~  i j +  1 3 𝜌   𝜏  i j  s g s   𝛿  i j


    k  r =  1 2   𝜏  i j  s g s


    k  r


      S ~  i j =  1 2  (   𝜕     u ~  i  𝜕   x  j +   𝜕     u ~  j  𝜕   x  i )


    a  i j  s g s = − 2   𝜇  s g s     S ~  i j


      S ~  i j


    𝜇  s g s


    a  i j  s g s


    𝛿  i j


    k  r


    a  i j  s g s


    𝜏  i j  s g s =   a  i j  s g s +  2 3   k  r   𝛿  i j


    𝜏  i j  s g s =     u  i   u  j ~ −     u  i ~     u  j ~


    𝜏  i j  s g s


    𝜕     u ~  i  𝜕 t +     u ~  j   𝜕     u ~  i  𝜕   x  j = −  1  𝜌   𝜕   p ~  𝜕   x  i + 𝜈     𝜕 2     u ~  i  𝜕   x  j 2 −   𝜕   𝜏  i j  s g s  𝜕   x  j +   f  i


    𝜕     u ~  i  𝜕   x  i = 0


  𝜙 =   𝜙 ~ +   𝜙  s g s


  x / c = 3


    y + ≈ 2 − 3


  𝜀


  k


  A


  S


  c


    u ∞


    u ∞


  𝜔   S S T


  k


  c


    u ∞


    u ∞


  𝜀


  k


  c


    u ∞


    u ∞


  A


  S


  c


    u ∞


    u ∞


  x / c = 0


  y


  x / c = 0


  x / c = 0


    u  z


  𝜔


  k


  S S T


  S S T


  𝜔


  𝜀


  k


  𝜔


  k


    c 1


    b 1


    a 1


    𝛽 2


    𝛼 2


    𝜎  𝜔 2


    𝜎  k 2


    𝛽 1


    𝛼 1


    𝜎  𝜔 1


    𝜎  k 1


    𝛽 ∗


  𝝎   𝑺 𝑺 𝑻


  𝒌


    𝜕  ( 𝜌 k )  𝜕 t +   𝜕  ( 𝜌     u -  j k )  𝜕   x  j =   P  k −   𝛽 ∗ 𝜌 k 𝜔 +   𝜕  𝜕   x  j  [  ( 𝜇 +   𝜎  k   𝜇  t )   𝜕 k  𝜕   x  j ]


    F 2 =  tanh ⁡   [    [  max ⁡   (   2  k    𝛽 ∗ 𝜔 y ,   500 𝜈    y 2 𝜔 ) ] 2 ]


    F 2


  S


    𝜇  t =   𝜌 a 1   k    m a x ⁡   (   a 1 𝜔 ,   S   F 2 )


    𝜈  t


    C D  k 𝜔 = max  ( 2 𝜌   𝜎  𝜔 2  1  𝜔   𝜕 k  𝜕   x  i   𝜕 𝜔  𝜕   x  i ,    10  − 10 )


    F 1 = tanh  {    [ min  [ max  (    k    𝛽 ∗ 𝜔 y ,   500 𝜈    y 2 𝜔 ) ,   4   𝜎  𝜔 2 k  C   D  k 𝜔   y 2 ] ] 4 }


  𝜀


  k


  𝜔


  k


    F 1


    P  k


    𝜕 𝜌 𝜔  𝜕 t +   𝜕  ( 𝜌     u -  j 𝜔 )  𝜕   x  j = 𝛼   𝜔  k   P  k − 𝛽 𝜌   𝜔 2 +   𝜕  𝜕   x  j  [  ( 𝜇 +   𝜎  𝜔   𝜇  t )   𝜕 𝜔  𝜕   x  j ] + 2  ( 1 −   F 1 ) 𝜌   𝜎  𝜔 2  1  𝜔   𝜕 k  𝜕   x  i   𝜕 𝜔  𝜕   x  i


  𝜔


  k


  𝜀


  k


  𝜔


  k


  𝜔   S S T


  k


  𝝎


  𝒌


  𝒌


    P  k = 2   𝜇  t   S  i j   S  i j  


    𝜇  t = 𝜌   C  𝜇     k 2  𝜀  


    P  k


    𝜇  t


    𝜕  ( 𝜌 𝜀 )  𝜕 t +   𝜕  ( 𝜌     u -  j 𝜀 )  𝜕   x  j =   𝜕  𝜕   x  j  [  ( 𝜇 +     𝜇  t    𝜎  𝜀 )   𝜕 𝜀  𝜕   x  j ] +   C  𝜀 1   𝜀  k   P  k −   C  𝜀 2 𝜌     𝜀 2  k


    𝜕  ( 𝜌 k )  𝜕 t +   𝜕  ( 𝜌     u -  j k )  𝜕   x  j =   𝜕  𝜕   x  j  [  ( 𝜇 +     𝜇  t    𝜎  k )   𝜕 k  𝜕   x  j ] +   P  k − 𝜌 𝜀


  𝜀


  k


  𝜀


  k


  𝜺


  𝒌


  𝒌


  A


  S


    D   𝜈 ~  D t =   c  b 1   S ~   𝜈 ~ +  1  𝜎  [   𝜕  𝜕   x  j  (  ( v +   𝜈 ~ )   𝜕   𝜈 ~  𝜕   x  j ) +   c  b 2    (   𝜕   𝜈 ~  𝜕   x  j ) 2 ] −   c  w 1   f  w    [     𝜈 ~  d ] 2


    𝜈 ~


  k


  A


  S


  𝑨


  𝑺


  𝜔   S S T


  k


  𝜀


  k


  A


  S


  𝜔   S S T


  k


  k


  𝜀


  k


  k


  A


  S


    𝜇  t


    S  i j =  1 2  (   𝜕     u -  i  𝜕   x  j +   𝜕     u -  j  𝜕   x  i )


    S  i j


  k =  1 2     u  i ′   u  i ′ -


    𝜇  t


  − 𝜌     u  i ′   u  j ′ - = 2   𝜇  t   S  i j −  2 3 𝜌 k   𝛿  i j


   (     u  i ′   u  j ′ - )


    𝜕     u -  i  𝜕 t +     u -  j   𝜕     u -  i  𝜕   x  j = −  1  𝜌   𝜕   p -  𝜕   x  i + 𝜈     𝜕 2     u -  i  𝜕   x  j 2 −   𝜕  𝜕   x  j  (     u  i ′   u  j ′ - ) +   f  i


    𝜕     u -  i  𝜕   x  i = 0


    u  i =     u -  i +   u  i ′


  𝜈 = 𝜇 / 𝜌


  𝜌


  p


    𝜕 u  𝜕 t +  ( u ∙ ∇ ) u = −  1  𝜌 ∇ p + 𝜈  ∇ 2 u +   f  i


  ∇ ∙ u = 0


    q  j = −   k  t   𝜕 T  𝜕   x  j


    𝜏  i j = 𝜇  (   𝜕   u  i  𝜕   x  j +   𝜕   u  j  𝜕   x  i ) −  2 3 𝜇   𝜕   u  k  𝜕   x  k   𝛿  i j


    q  j


    𝜏  i j


  E = e +  1 2   u  k   u  k


    f  i


  p


    x  i


    u  i


  𝜌


    𝜕  ( 𝜌   u  i )  𝜕 t +   𝜕  ( 𝜌   u  i   u  j )  𝜕   x  j = −   𝜕 p  𝜕   x  i +   𝜕   𝜏  i j  𝜕   x  j + 𝜌   f  i


    𝜕 𝜌  𝜕 t +   𝜕  ( 𝜌   u  j )  𝜕   x  j = 0


  1 ×  10  − 5 s


  5 . 4 ×  10 6


  4 . 6 ×  10 6


  3 . 8 ×  10 6


  3 . 0 ×  10 6


    𝒖  𝜽 , 𝒎 𝒂 𝒙 /   𝒖 ∞


    𝒓  𝒄 / 𝒄


  𝜟 / 𝒄


  𝜔   S S T


  k


    R e  c = 3 . 25 ×  10 5


    u ∞ = 34 m / s


  𝛼 = 10 °


  𝛼 = 12 °


  𝛼 = 12 °


  𝛼 = 2 °


  𝛼 = 2 °


  𝒙 / 𝒄 =


  𝜶 = 𝟏 𝟐 °


  𝛼 = 12 °


  𝛼 = 12 °


  𝛼 = 2 °


  𝛼 = 2 °


    𝛤  V =     L  G  𝜌   u ∞   b  V


  r =     ( y −   y 0 ) 2 +    ( z −   z 0 ) 2


    


  𝛼 =


    C  L


   10 5


    b  V


    u ∞


  𝜌


    L  G


  x / c


    𝛤  V


   (   y 0 ,     z 0 )


  ( y ,   z )


  r


    r  c


    u  𝜃


  


  


  𝜶 = 𝟏 𝟐 ° 


  𝜶   = 𝟐 °


  𝒛 / 𝒄


  𝒚 / 𝒄


  𝒙 / 𝒄


  


  


  


  𝜶 = 𝟐 ° 


  𝒛 / 𝒄


  𝒚 / 𝒄


  𝒙 / 𝒄


  


  


  


  𝛼   =   2 ° 


  𝒙 / 𝒄


  𝒙 / 𝒄 = 𝟎


  𝜶 = 𝟏 𝟐 °


  R   e  c = 6 . 8 ×  10 4


  x / c = 8


  f


  m m


  𝜔


  k


  𝜔


  k


  𝜀


  k


  𝜀


  k


  𝜔


  k


  𝜀


  k


  < − 40 ° C


  𝒛 / 𝒃


  𝒚 / 𝒃


  𝒙 / 𝒃


  y


  x


  z


  x


  z


  y


    s  − 1


    m s  − 1


  s


  𝜌 u c / 𝜇


  P a


  P a


  u / a


  N


  H z


  m


  m


    𝛤  v


    𝛤  v


  y ,   z


  r


  r =     ( y −   y  c ) 2 +    ( z −   z  c ) 2


    u  y


    u  z


  𝜃


    u  y = −   u  𝜃  sin ⁡  𝜃


    u  z =   u  𝜃  cos ⁡  𝜃


  P a


    u  x


    u  x =   u ∞ ∙  [ 1 − 0 . 15     e  − 1 . 26    (     r 2      r  c 2 ) ]


      u -  x , y , z  U V L M


  x , y , z


    u  x , y , z  ( t ) =     u -  x , y , z  U V L M +   u  x , y , z  ′   L E S  ( t )


  m


  m


  𝛼


  m / s


  x


  𝜌 u c / 𝜇


    𝛤  p


    𝜞  𝒑


    𝛤  v


    𝛤  v ≈     𝛤 -  w


      𝛤 -  w = 𝜋   𝛤 0 / 4


    𝛤 0


  y = 0


  x / c = 0


    r  c


  x / c = 1


  s


  x / c = 1


  x / c = 2


  x / c = 3


  x / c = 1


  x / c = 1


  𝑸


  x / c = 1


    𝒖  𝜽 /   𝒖 ∞


    𝒖  𝒙 /   𝒖 ∞


  x / c = 1


    m s  − 1


  c


    s  − 1


  b


  c


  x / b


  x / b = 20


  w =  (   u ∞ −   u  k ) ∙ n


    𝛤  b


    𝛤  w


  l


  k


      u →  i ,   k l ​ = ​   ∮    C  l    d     s →  l ×     r →  k l  4 𝜋    |     r →  k l | 3


  d     s →  l


  l


  N


    C  l


      r →  k l


  l


    C  l


    A  c b


    A  c w


     (   A  c b )  k l =     u →  i ,   k l ​     n →  k ​ ,     k ,   l = 1 …   N  b


     (   A  c w )  k v =     u →  i ,   k v ​     n →  k ​ ,     k ,   l = 1 …   N  b ,                 v = 1 …   N  w


  v


    N  b


  u / a


    N  w


    n  k


  i


  k


    𝛤  w  n + 1 =   C  𝛤 b   𝛤  b  n +   C  𝛤 w   𝛤  w  n


    C  𝛤 b


    C  𝛤 w


    y  c ,     z  c


    r  c


    u  𝜃 =     𝛤  v  2 𝜋 r  [ 1 −   e  − 1 . 26    (     r 2      r  c 2 ) ]


  𝛼 = 12 °


  P a


  z / c = 0


  x / b = 1


  y / b = − 0 . 1


  z / b = 0


  k


  k


  𝜔   S S T


  m


  𝛼 = 0 °


  ± 20 %


  𝜑


   ∇ 2 𝜙 = 0


  (   u  b +   u  w +   u ∞ −   u  k   ) ∙ n = 0


    u  b


    u  w


    u ∞


    u  k


  n


  m


     lim   ‖ x −   x 0 ‖ → ∞ ⁡  u = 0


  r


  P = {   P  i , i ∈  [ 1 ,   4 ] }


  𝛤


  u ( r ) = A ( P ,   r )   𝛤


  A ( P , r )


  n + 1


    A  c b   𝛤  b  n + 1 +   A  c w   𝛤  w  n + 1 +   w  n + 1 = 0


    A  c b


    A  c w


  H z


    𝛤  b


    𝛤  w


  𝒛 / 𝒄 = 𝟎


  x / c = 7


  x / c = 3 . 5


  L / D


  x / c = 3


  x / c = 6


  y


  y


  z


  x / c = 6


  x / c = 4 . 29


  L / D


  𝛼 =  0 ∘


  L / D


  x / c = 6


  x / c = 4 . 29


  L / D


  x / c = 4 . 29


  𝛼 =  0 ∘


  L / D


  z / c = 0 . 1


  z / c = 0 . 0


  z / c = − 0 . 1


  𝒙 / 𝒄 = 𝟔


    C  l


  z / c = 0 . 1


  z / c = 0 . 0


  z / c = − 0 . 1


  z / c = 0


    𝑪  𝒍


  y / c = − 0 . 1


  y / c = − 0 . 3


  z / c


  x / c = 4 . 29


  x / b = 2


  x / c = 3


  r c / c


  0 . 1 c


    C  L


    C  D


  L / D  


  𝒚


  𝒛


  𝒙 / 𝒄 = 𝟒 . 𝟐 𝟗


  y / c   =   − 0 . 43


  y / c = − 0 . 21


  y / c = − 0 . 21


  𝜔


  R e c


  y / c   >   − 0 . 21


  y / c = 0


  y / c = 0 . 21


  y / c = − 0 . 21


  𝒚


  𝒙 / 𝒄 = 𝟒 . 𝟐 𝟗


  𝒛 / 𝒄 = 𝟎


  z / c


  𝛼 = 10 °


  b = 0 . 3 m


  x / c = 3


  𝛼 = 0 °


  x / c = 3


  𝒙 / 𝒄 = 𝟔


  𝒚 / 𝒄 = 𝟎


  x / c = 6


  x


  z


  𝜔   S S T


  y / c =


  y / c =


  y / c =


    u -


  R  ( 𝜉 )


  x / c = 3


  𝛼 = 10 °


  c = 0 . 14 m


  b = 0 . 3 m


  𝛼 = 0 °


  m / s


  x / c < 6 . 43


  x / b < 3


  x / c


  x / c


  y / c = 0 ,   z / c = 0


  x / c


  x / c = 4 . 29


  x / c


  𝛼 = 10 °


  𝛼 = 0 °


  x / c =


  y / c = 0


  z / c = 0


    C  L


    C  D


  L / D


  y / c


  z


  𝜃 =   t a n  − 1 ( ∆ y / ∆ z )


  𝛼 = 12 °


  y


  z


    R  y  ( 𝜉 ) = −   R  𝜃 ( 𝜉 )   s i n ⁡  𝜃


    R  z ( 𝜉 ) =   R  𝜃 ( 𝜉 )   c o s ⁡  𝜃


  y


  z


    u  z


    u  y


    u  i , j , k  ( t ) =     u -  i , j , k +  [   ∑  𝜅 = 1  n    a  i , j , k  cos ⁡   (   f  i , j , k t +   𝜙  i , j , k ) ∙   R  x , y , z ( 𝜉 ) ]


    u  x ′


  x / c =


    u  y ′


    u  z ′


      u -  x , y , z


    R  x , y , z  ( 𝜉 )


  𝒙 / 𝒄 = 𝟑


    u  𝜃


  𝑸


    𝒖  𝜽


    R 2 >


  x / c = 6


  k


    R 2


    R 2


  x / c = 6


    R 2 =


  ( x / c = 3 )


  x / c = 4


  x / c = 5


  k


  Q


  𝜙


  C


  y


  z


  y


      u -  y


    u  y ′


  x


  y


  z


  u 𝜃 / u ∞


  𝒙 / 𝒄 = 𝟑


  R ( 𝜉 )


  x / c = 3


  𝒙 / 𝒄 = 𝟑


  𝜎


  p


  k


  𝜆


  𝛽


  𝜙


  u x / u ∞


  A


  𝜆


  k


  𝜙


  C


  R ( 𝜉 )


    R 2


  y


    R  x ( 𝜉 ) =  ( 1 − w ( 𝜉 ) )    [   1 −   e  −   𝜉 2 /   𝜎 2    1 −   e  − 1 /   𝜎 2   ]  p + w ( 𝜉 )  [     e  − 𝜆 ( 𝜉 − 1 ) c o s ⁡  ( 𝛽 ( 𝜉 − 1 ) + 𝜙 )    c o s ⁡  𝜙 ]


  w  ( 𝜉 ) =  1  1 +   e  − k  ( 𝜉 − 1 )


  k


  𝜉 < 1


  w  ( 𝜉 )


  𝜎


  𝜉 = 1


  p


  𝜉


    e  − 𝜆 ( 𝜉 − 1 )


  C l


  𝜆


  𝛽


  𝜙


   cos ⁡  𝜙


  𝜉 = 1


  𝒖 ’ /   𝒖 -  


  𝒚 - direction  


  left


  𝒛 - direction  


  right


  𝛤 p


  𝒙 / 𝒄   =   𝟎


    u  y ′


    u  z ′


  𝜉 = 1


  (   R  y , z  ( 𝜉 ) > 1 )


    R  y , z  ( 𝜉 ) =   A  j , k   e  −   𝜆  j , k 𝜉   c o s ⁡   (   k  j , k 𝜉 +   𝜙  j , k ) +     C  j , k


  A


    e  − 𝜆 𝜉


    c o s ⁡   ( k 𝜉 + 𝜙 )


  k


  x / c = 6


    T  u


  𝒙


  𝒙 / 𝒄 = 𝟑


  y


  z


    u  x , y , z  ( t ) =     u -  x , y , z +  [     u -  x , y , z ∙   ∑  𝜅 = 1  n    a  i , j , k  cos ⁡   (   f  i , j , k t +   𝜙  i , j , k ) ]


  R  ( r )


  R  ( r ) =    ⟨ u ′  (   r  c ,   t ) ∙ u ′  (   r  c + r ,   t ) ⟩   ⟨     u ′ 2  ( r ,   t ) ⟩


  R ( 𝜉 )


  𝜉


  y / c = 0


  𝜉 = r /   r  c


  R  ( 𝜉 ) =    ⟨     u ′  x , y , z  ( x ,   y ,   z ,   t ) ∙     u ′  x , y ′ , z ′  ( x ,   y +   r  y , z +   r  z ,   t ) ⟩   ⟨     u ′  x , y , z 2  ( x ,   y ,   z ,   t ) ⟩


      u ′  i , j , k ( x ,   y ,   z ,   t )
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