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Executive summary

Improving the aerodynamic efficiency of wind turbines is essential to lower the cost of renewable energy

and speed up the global transition towards a sustainable future. One of the primary sources of energy

loss in wind farms is the wake flow generated by upstream turbines, characterized by reduced wind speed

and increased turbulence. The wake region diminishes the performance of downstream turbines and can

shorten the operation lifetime due to structural fatigue. In 2017, a TU Delft student group introduced an

innovative concept to mitigate these wake losses by utilizing tethered kite systems. The kites, flying above

the wind farm, generate a lift-induced downwash that enhances the vertical transport of high-momentum

air flow towards the wake. By advancing the turbulent mixing process, the wake recovers more swiftly and

higher overall wind farm efficiency can be achieved.

This thesis further explores the potential of kite-assisted wake recovery by analyzing the vorticity

dynamics in the flow. The study is conducted using the Kite-Turbine Wake Interaction Simulation Tool

(K-TWIST), which has been developed as part of the thesis. The solver combines a non-linear lifting-line

representation with a free-wake vortex formulation to capture time-dependent effects. The model is

extended with a viscous-splitting algorithm, to account for effects due to viscous diffusion and vortex

stretching. This mid-fidelity tool captures the unsteady, three-dimensional flow phenomena of the coupled

kite-turbine system, while remaining computationally efficient through parallel processing.

The K-TWIST framework builds on a well-established lifting-line free-wake method that has been

extensively validated in previous research. Therefore, the study focuses on verifying the numerical

behavior within the new framework, rather than validating the theoretical methods once again. Verification

tests confirm that the model accurately reproduces key flow phenomena such as vortex roll-up, downwash,

and wake contraction, in close agreement with analytical solutions. These results show that the solver

provides a solid foundation to study the wake interaction of kite-turbine systems.

To demonstrate the application of K-TWIST in analyzing kite-induced effects on rotor wakes, a case

study performed on a scaled NREL-5MW reference turbine. Results show that the kite deployment

enhances the transport of momentum in the vertical direction and accelerates wake re-energisation. The

work was expanded with a qualitative parametric study on a simplified model to assess the impact of

varying kite wingspans. It revealed that larger kites create a stronger effect, although there appeared to

be an upper limit. These findings highlight the promising potential of kites as an active wake recovery

technique.

Future research should focus on improving the K-TWIST framework and exploring a wider range of

kite-turbine configurations. A new version of the solver should include more realistic flight patterns of the

kite, variable inflow conditions and further increase the computational efficiency via tree codes or cut-off

methods. This opens up new possibilities for optimization studies of the coupled system, maximizing wind

farm output and contributing towards a scalable, renewable energy solution.
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Motivation

Wind energy plays a crucial role in the global transition to renewable energy sources. Due to its

scalability and the continuously technological development, wind energy is considered as the key to

reduce greenhouse gas emissions and reach climate goals [1]. Despite its enormous potential, wind

turbines cause an aerodynamic wake effect on other turbines in a farm, losing 10% annual energy yield

on average [2]. These regions of decreased wind velocity and increased turbulence not only reduce the

power production of downstream turbines, but also increase the structural fatigue. Hence, wind farm

optimization and wake recovery strategies are of uttermost importance to the energy yield and lifespan

of wind farms. The flow of wind turbine wakes is dominated by phenomena such as turbulent mixing

and momentum transfer, to recover from the turbine interference and regain energy from the undisturbed

airflow [3]. To current day, countess techniques can be found in the literature to tackle this culprit, most

of which have been adopted from the aviation sector. Both passive and active wake control strategies,

including a diffuser-shroud [4], dynamic induction control (DIC) [5] and wake steering [6], have been

investigated extensively with varying degree of fidelity. Conversely, innovative approaches using external

devices, including airborne wind energy (AWE) systems, show to be extremely promising and requires

more research.

AWE systems are recognized as an emerging wind energy technology, offering several potential

advantages in comparison with traditional wind turbines [7]. These novel devices replace only the most

efficient part of wind turbines, the blade tip, with a tethered kite flying at high velocities and remove

everything else. This opens up the possibility to capture energy-rich flow at even higher altitudes than is

currently achievable with traditional turbines, which are limited by the tower foundation. In addition to the

promising prospect for electric power production, kites may also be utilized in assisting the wake recovery.

As they create a lift-induced downwash and large turbulent structures, kites may enhance flow recovery via

vertical entrainment of the high-momentum flow from outer-wake regions. This unique idea originated as a

draft during the design synthesis at the Delft University of Technology in 2011, the Deaolus kite system [8].

Their conceptual study, solely based on theoretical calculations, showed a promising efficiency gain of 6%.

The concept was further refined and translated into a simulation setup for high-fidelity CFD analysis by

Ploumakis in 2016 [9]. His research revealed that the projected efficiency improvement was overestimated

in the conceptual study, suggesting a more conservative yet noticeable gain of 2%. Due to the significant

computational costs of the LES in Ploumakis’s work, Kokkedee opted in 2022 to model the kite-turbine

effects using a lower-fidelity CFD model, RANS [10]. This acceleration enabled an initial parametric study

on the kite, including the surface area, kite altitude, angle of attack and relative positioning. Despite the

considerable efforts to find an optimal kite configuration, the RANS simulations failed to accurately model

unsteady, dynamic flow phenomena in the wake flow.

In aerodynamic wake modeling, it remains a challenge to find the optimal balance between numerical

accuracy and computational efficiency. Experimental methods, such as wind tunnel measurements, and

numerical methods, like high-fidelity CFD simulations, are very capable to capturing the most complex

three-dimensional unsteady flow phenomena, but they are extremely expensive for conceptual studies

and systematic design optimizations. While on the other hand, low-order analytical models or simplified

numerical methods, such as the BEM method, are significantly faster yet fail to capture the dynamic flow

behavior, as these simplify the wake physics.
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Since the primary driver of the kite-induced wake recovery, the vertical entrainment, it is crucial to use

modeling technique that is able to represent induced velocities and the evolution of three-dimensional

vortical flow structures. Vortex-based methods are particularly suited for this purpose, as they naturally

capture phenomena like tip vortex roll-up and downwash. Unlike low-order models, free wake vortex

methods explicitly solve the time-evolution of the induced velocity field, making it a strong option to

study unsteady effects, like those in the kite-turbine interaction. However, there is no publicly available

tool that can model multiple wind turbines and kites within an unsteady, dynamically coupled simulation

environment. These limitations motivate the development of a new simulation tool that extends existing

vortex-based approaches, providing a more physically representative framework for analyzing kite-induced

wake recovery. The resulting model, termed the Kite–Turbine Wake Interaction Simulation Tool (K-TWIST),

combines a circulation-based iterative scheme for computing the unsteady distribution of bound circulation

with a lifting-line free wake vortex formulation. The solver employs a time-marching Forward Euler scheme

coupled with a viscous-splitting algorithm, incorporates the time evolution of the viscous core, and accounts

for vortex stretching to capture the three-dimensional dynamics of the wake.
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Research definition

This chapter lays the foundation for the current study by defining key elements that will guide the research.

At first, the current problem of modeling the potential role of tethered kites in mitigating wake losses will

be presented. Based on this, the thesis work is delineated in the research objective and the scope of

this, including the assumptions and boundaries of the modeling approach. The research is even further

articulated into a clear research question that will be answered at the end of the study. This is divided into

a small set of sub-questions to break down the work into more specific, manageable parts, that collectively

support the answer to the main question. With clearly defined research elements, the stage is set for further

methodological development and analysis. The chapter is concluded with the thesis outline, providing the

structure of the report for quick access to relevant information.

2.1. Problem statement
State-of-the-art wind farm operations suffer major losses in energy yield and revenue as a consequence of

wind turbine wake effects. These flow regions of reduced velocity not only affects the power extraction for

downstream turbines in the farm, but also increase the turbulence phenomena that lead to fatigue. In order

to mitigate these wake effects, researchers have proposed several wake recovery strategies to tackle

the culprit, both actively and passively. While most methods focus on modifying the turbines themselves,

more recent efforts have proposed to use airborne kite systems as a potential external solution. This novel

concept offers the possibility to re-energize the flow and enhance wake recovery by means of the principle

of vertical entrainment. Previous work on the topic has been based on purely theoretical models or on with

high-fidelity CFD simulations. Despite the promising results from the LES simulations, it was not possible

to conduct a large parametric study on the kite due to the extreme computational costs. The later work

using RANS was significantly faster but failed to reproduce the LES findings, indicating that key dynamic

flow interactions between the kite and turbine were not captured. These limitations inspired the current

research, which investigated the kite-induced effect on wake recovery using vortex-based methods. This

mid-fidelity approach offers a strong balance between computational efficiency and the numerical accuracy.

It provides both a valuable new source of comparative data in relation to standing methods, as well as a

practical tool for accelerated kite-turbine simulations. The latter opens up the possibility for exploration of

numerous kite configurations through parametric studies.

2.2. Research Objective
The main objective of this research is presented in the text box below. The aim here is to create a

simulation framework that can serve as a starting point for future parametric and optimization studies on the

kite-induced wake reduction. It should be noted that the original plan was to use an existing vortex-based

model, such as openFAST or Q-Blade, to conduct a first parametric study. However, as there was no

suitable model available to model the kite-turbine interaction, a different model had to be developed from

scratch. This shifted the focus to the development of the K-TWIST model and the verification of its accuracy

and applicability.

Research objective:

Develop and validate a new lifting-line free wake vortex tool to investigate the effect of kite

deployment on the flow recovery of wind turbines wakes.
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2.3. Scope of study
The scope of this research is limited to the development and verification of the K-TWIST model and its

application to simplified kite-turbine configurations. All work in this study is conducted on the wake of a

single turbine under steady, uniform axial inflow conditions. Effects due to wind shear, ground effects,

atmospheric stability, yaw-misalignment, aero-elasticity and farm-scale flow interactions are not considered.

It should be noted that the turbulence intensity is not modeled explicitly. Instead, its influence is

represented by an average apparent parameter, which is included in the temporal evolution of the viscous

core radius. The kite’s dynamics will be simplified to a rigid, untwisted wing in straight flight. Since the

principle of downwash is considered as the main driver of the kite-turbine flow interaction, the simplistic

kite model is sufficient for a first study on the subject.

This research provides a novel simulation tool that can be used to simulate and optimize future designs

of hybrid kite-turbine systems, potentially contributing to improved wind farm efficiency. The model

is constructed in basic building blocks such that it can be extended to more complex methods where

necessary.

The work includes a comprehensive verification of the numerical implementation. This includes

configuration tests, sensitivity analyses of both numerical and physical input parameters, as well as an

investigation of performance and efficiency in parallel computations. The underlying methods of the

K-TWIST model are validated against reference results. In order to demonstrate the potential use of the

model, a case study is conducted on the kite-induced effect on the wake from a scaled version of the

NREL-5MW wind turbine. At last, a qualitative parameter variation on the kite’s span is included to show

the tool’s capability for future parametric studies.

2.4. Research Question
The research question is the outcome of the extensive literature review on wake recovery, previous work

on kite utilization and consultation with the supervisors. The research question for this thesis is outlined as

follows:

Main research question:

To what extent can kites be deployed to enhance wind turbine wake recovery and improve the

overall wind farm efficiency?

As this research question is considerably broad and consists of multiple underlying elements, it is split

up into five smaller sub-questions. Each individual sub-question encompasses one of these elements and

provides a more detailed view of the main question at hand. The results of these sub-questions will help

support the answer to the core question, in order to achieve the research objective.

1. How accurate are vortex methods to model the aerodynamic interactions between the kite and wind

turbine in comparison with reference data?

2. What numerical and physical input parameters influence the convergence and stability of the

developed model?

3. What are the computational limitations and performance characteristics of the developed framework?

4. How does the kite’s presence influence the flow behavior in the wake of a wind turbine?

5. What is the optimal configuration of the kite for wake re-energisation?

6. How does the kite-turbine integration affect the overall wind farm energy efficiency?



2.5. Thesis outline
This thesis work is structured into five parts, where Part I provides the introduction of the paper. Chapter 1

briefly introduces the topic with some background information on wind energy, turbine wakes and the

previous work on the subject. Chapter 2 follows with the research framework, including the problem

statement, research objective, questions and scope, and closes with the general structure of the thesis.

Part II provides a comprehensive literature review, covering a wide range of relevant topics. Chapter 3

discusses the global importance of renewable energy in addressing the climate crisis and reaching global

sustainability goals. Chapter 4 describes the wake flow behind wind turbines, including their formation,

characteristics and key influencing factors. Chapter 5 outlines existing strategies to mitigate wind turbine

wake effects, divided into three main branches: passive, active and external solutions. Chapter 6 introduces

the topic of airborne wind energy systems (AWEs), the kite aerodynamics and their application for wake

recovery via the principle of vertical entrainment. Chapter 7 provides a complete overview of wake

modeling techniques, ranging from experiments, to (semi-)analytical, numerical and data-driven methods.

Subsequently, Chapter 8 delves deeper into vortex-based modeling techniques and its ability to capture

unsteady, dynamic flow behavior. To finalize the literature review, Chapter 9 summarizes relevant results

from previous work using theoretical calculations, as well as high-fidelity CFD analysis.

Part III presents the methodology of the Kite-Turbine Wake Interaction Simulation Tool (K-TWIST).

Chapter 10 describes the development of the modeling tool, from vortex theory to the numerical

implementation and the post-processing techniques to extract meaningful wake metrics for comparative

analysis.

Part IV contains the research results and analysis. Chapter 11 shows the verification and validation of

the new solver, covering consistency checks, configuration trials and sensitivity studies on both critical

input parameter and hardware conditions. In Chapter 12 the K-TWIST model is used to conduct a case

study on the kite-induced effect on wind turbine wakes. Here, the NREL-5MW reference wind turbine is

scaled down to a 2MW version to mimic the simulation setup of the previous CFD studies. The simulation

result of the turbine in isolation is compared with the kite-turbine configuration, in order to investigate its

effect on the wake recovery. These downstream performance gains are then compared with previous

research and any differences are discussed.

Finally, Part V concludes this thesis work. Chapter 13 summarizes the main research findings and

addresses the research questions. Chapter 14 closes the paper by providing recommendations for future

research work, identifying opportunities to improve the K-TWIST model or configuration setups that may

be relevant to further investigate the concept of the Deaolus kite system
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Global importance of renewable energy

That we need to become more ”sustainable” is by now well known among the average Joe, but there

is still some debate about what this entails in practice. Sustainability is defined as achieving our goals

without compromising the ability of future generations to meet their needs [11]. To help guide the transition,

at the Earth Summit in 1922, international organizations have agreed to collectively tackle the human

interference with the earth’s system [12]. This meeting led to the 17 sustainability development goals

(SDGs) in 2015, which addresses the most important global issues concerning poverty, hunger, inequality,

health and climate [13]. Later that year, the United Nations have established the Paris agreement, limiting

the temperature increase to 1.5◦ above pre-industrial levels [14]. To achieve this goal, the global GHG

emission need to be halved by 2030 and net-zero by 2050 [15].

The transition to renewable energy sources has become inevitable to mitigate climate change and

secure a sustainable future for following generations. As seen in Figure 3.1, the main culprit here is the

combustion of fossil fuels for electricity and heat [16]. This extremely polluting production accounts for no

less than 32% of the global GHG emissions. In the year 2021, over 50 billion tonnes of CO2-equivalent

were emitted worldwide, corresponding to a staggering 6 tonnes per person [17]. Whereas forecasting

studies at the start of the millennium anticipated 2025 as the peak year, current data show that this is

far from reality. Despite major initiatives in developed countries to cut the emissions, we are still on an

upward trend. This rise is mainly due to population growth, increased energy demand per capita and the

industrialization in emerging economies, such as China and India.

Figure 3.1: Development of global GHG emissions by sector, from 1990 to 2021 [16]
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Although opinions widely differ, studies from NASA have shown that climate change is not a problem

of the future. The human-caused effects of global warming are already being observed today and will

grow exponentially [18]. Growing wind speeds, causing an increase in hurricane frequency and intensity

[19] in the United States; Rising sea level, causing increased flood risk around the Mediterranean Sea

[20]; yet another record on the highest temperature measured, intensifying the drought in the Amazon

[21] and Europe [22] as well as significant increase of forest fires in India [23]. This can also be seen in

the ever-rising line of natural disasters from the International Disaster Database, where the number has

quadrupled since 1970 [24]. The hard facts emphasize once again the climate problem is not a distant

concern, but a present-day reality.

The depletion of global fossil fuel supply and the long-term energy security demand, create additional

pressure on the transition to low-carbon energy systems. Key energy sectors, including buildings, transport

and industry, are already engaged in electrification. This even further increases the demand for green

electricity. Although it is a great vision to use only renewable sources for all our future energy applications,

the electricity production is currently far from clean. From data of the Energy Institute [25] and Ember [26],

60% of the electricity is produced from fossil fuels, and only 20% comes actually from renewable sources.

The question remains whether this detour is truly better than using it directly.

Renewable energy resources are defined to come from natural origin and to replenish faster than it can

be used on a human time-scale [1]. They can be divided into categories, based on their natural resource:

wind, solar radiation, hydropower, biomass, geothermal and ocean energy. With the limitation of available

hydropower and ocean energy due to geographical features and solar energy already being on track to

hit the expectations of the energy goals of 1.5 deg, the focus is on expanding the wind energy sector.

However, the annual additions of onshore wind farms is way off track, due to high inflation rates, permit

delays and un-supportive governmental policies [27]. In addition, the prospects of offshore wind turbines

are falling behind as well [1]. The most optimal spots, the locations close to shore, are beginning to run out.

Developments are already occurring to places the turbines further at sea by support on floating structures

[28], but this is not nearly as fast and as much as needed. Therefore, it is of significant importance that

the wind farms that do can be placed are then entirely optimal in their energy production. This motivates

further research into wake recovery strategies and wind farm optimization.



4
Wind Turbine wakes

With the development of wind turbines as a fully renewable source of energy, it was thought to be the

solution to climate change by generating clean electricity without any emissions. Wind turbines, originating

from the wind mills used to grind grain in the first centuries, extract kinetic energy from the wind and convert

it to electricity via mechanical energy of the rotor shaft. From the law of conservation of energy, the total

energy in a closed system needs to remain constant over time. Therefore, where energy is generated,

energy must be lost somewhere else. In simple terms, for wind turbines this happens by slowing down the

air behind the rotor, creating an area of decreased velocity, the velocity deficit (Eq. 4.1). As the airflow

outside of the rotor area sees no blockage of the flow, at the edge of the rotor disk, the blade tip, an

instability develops. This creates a turbulent flow of vortices, which are suctioned in the low-pressure area

behind the rotor. The region of disturbed flow behind a turbine is called the wake. A similar phenomenon

can be found while sailing a boat. When you look behind the motor of the boat, a Kelvin wake pattern is

created due to density differences and gravity. In airflow, this phenomenon is caused by viscosity, the

dynamic resistance of changing shape. The effect can be visualized by putting a cylinder in line with the

fluid flow. The flow perceives the cylinder as an obstruction, causing the flow to go around the cylinder.

Just behind the cylinder there is no flow, causing a pressure difference to suctioning of air in the gap. At

the edge of the cylinder, vortices are produced and are shed periodically behind the cylinder, creating the

well-known von Kármán vortex street. However, the wakes behind a wind turbine are far more complex,

since the vorticity arises from the rotational motion of the blades rather than the regular formation of vortex

shedding behind bluff bodies.

When a turbine is placed inside the wake of another turbine, it can no longer operate in optimal

conditions. Due to the presence of the upwind turbine, it perceives a lower incoming wind speed and a

higher level of turbulence, producer less energy than in isolation. Turbine wakes can extend to a very long

distance downstream of the rotor before completely returning to the free-stream conditions. Due to space

optimization in most wind farms, turbines cannot be placed in full solitude and are often in line with multiple

other turbines. If the wakes are not taken into account properly, the energy yield of the wind turbine can

be overestimated significantly. Depending on the distance between subsequent turbines, the losses can

go up to a substantial 50% in isolation [29]. For large wind farms, like Horns Rev, Lillgrund, and Nysted,

research shows an average power loss of the order of 10% [2]. Wake losses will not only cause reduced

revenue, but also cause a too high demand of essential equipment, such as generator and cable capacity.

Therefore, it is extremely important to map wake effects correctly when modeling a wind farm.
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Wake physics
The wake behind a wind turbine can be described by splitting the downstream wake in three regions, as

seen in Figure 4.1: near-, intermediate-, and far wake. The near wake region is fully characterized by the

initial conditions, like blade aerodynamics, tip vortices, tower blockage. Here, the flow is mostly dominant

by inviscid processes and the fluid motion can be described by the Euler equations. At the root and the tip

of the blade, helicoidal vortices are shed due to a pressure difference between the two sides of a rotor

blade. This phenomenon of tip and root vortices creation has been researched extensively already over

the years, where the focus lied on the more impactful tip vortices. Also, their stability and the breakdown

mechanisms are greatly studied. The wake extends until the maximum velocity deficit is reached at the

center line and the pressure has reached the same value as the free-stream. Often, it is assumed that the

near wake region stretches out to approximately two rotor diameters (2D) behind the rotor [3]. When the

flow reaches the intermediate wake region, a shear layer develops between the free-stream flow and the

wake. The shear layer is a tiny region of strong vorticity and large velocity gradients [30]. As the flow in

the wake region moves significantly slower than that of the free-stream, a gradient occurs, causing shear

stresses. Here, turbulent structures, eddies, start to form at the edge of the wake and the flow starts to mix.

The vortices are broken down into smaller vortices and slowly move to the center line. At approximately

6D, the influence of the rotor has disappeared and the wake enters the far wake region. From this point,

the wake is considered to be fully developed and the flow is assumed to be axisymmetric, self-similar and

shows a Gaussian profile. The velocity will continue to increase asymptotically to the initial free-stream

conditions.

Figure 4.1: Schematic diagram of wind turbine wake regions in the atmospheric boundary layer (ABL) [31]

The interaction of turbulent flow structures can be explained by the theory of turbulence energy cascade

of the atmospheric boundary layer. A visual representation of the basic principles is presented in Figure 4.2

Large turbulent eddies are produced due to instabilities in the flow. These eddies, also called vortices, will

roll up, merge together and create large vortical structures. The shear layers inside these structures will roll

up again, forming new vortices on a smaller scale. In this process, turbulence energy is transferred to the

smaller scale structures, which is referred as the energy cascade. This will proceed to even smaller scales

and at the smallest scale, the vortices dissipate and the turbulence energy is scattered and dissipated into

heat.

Turbulence is chaotic, irregular, anisotropic fluid behavior that occur in situations with high Reynolds

number, where the inertial forces of the fluid are more dominant than the viscous forces [32]. The strength

of turbulence, the turbulence intensity (TI), is defined as the standard deviation of the wind velocity

component divided by the average free-stream wind speed at hub height (Eq. 4.2). It is an effective

statistical measure of the fluctuation level during a time interval. The increased turbulence in the wake

creates a less uniform inflow for downstream turbines. This generates additional low-and high-frequency

fatigue loading on the rotor blades. Dependent on the surface roughness, atmospheric stability and the

spacing, turbulence causes wake-induced fatigue damage and can substantial impact the life-time [33],
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[34].

Another important parameter in wake dynamics is the momentum flux, quantifying the rate at which

momentum is transferred across a surface. For wind turbines, it provides a measurable quantity for

evaluating mean kinetic energy entrainment, which is strongly related to wake recovery. It can represent

either the mean flow transport or isolate the contribution from turbulent eddies, which is equivalent to

the Reynolds stress commonly used in CFD analysis. Of particular interest for this study is the vertical

momentum flux, as defined in Eq. 4.3, which characterizes the vertical transport of axial momentum. In

other words, it quantifies how horizontal momentum is transferred from the faster moving, undisturbed flow

above the wind turbine into the wake region. Since the incoming free-stream air has a higher axial velocity,

hence a higher momentum, downward transport from this flow region will contribute to enhanced wake

recovery.

Figure 4.2: The theory of turbulence energy cascade, where the production of large eddies transfer to

smaller scales and eventually dissipate into heat [10]

δU =
U∞ − U

U∞
(4.1)

TI =
σU
U∞

(4.2)

Φz = ρ
x

A

UxUzdA (4.3)

Driven by large-scale turbulence, the wake can move in addition to the downstream direction (horizontal),

also in lateral- and vertical direction. This dynamic behavior of the wake is called wake meandering. Studies

have shown that the wake meandering movement can be related to low-frequency activities around a

Strouhal number of 0.3 and it effectively reduces the turbulence intensity levels and velocity deficit of

measurement equipment. This effect is taken into account in state-of-the-art wake models by interpreting

the meandering as a passive tracer, leaving the fluid dynamics unchanged [35].

Critical wake drivers
One of the key factors that influence the turbulent mixing in the wake region is the atmospheric stability of

the ABL. The ABL is accumulated by the surface layer (up until 100m) and the Ekman layer (100-2000m),

just below the free atmospheric layer. From this point, the influence of the ground is no longer felt by the

flow, the pressure gradient and the Coriolis force are balanced out and the wind flows parallel to constant

lines of pressure, isobars. The atmospheric stability is found from the shape of the potential temperature

profile with height. Potential temperature is defined as the temperature a parcel would have if it is brought

to the standard pressure in adiabatic conditions [36]. If the line is vertical, the atmosphere is considered

neutral and a deviation from this line causes either stable or unstable conditions, if the derivative is positive

or negative, respectively. The effect of atmospheric stability can be explained by focusing on a single air
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parcel. If the air parcel moves upwards in a stable environment, the forces counteract the movement and

the parcel is pushed back down. This can have significant influence on the turbulent mixing in the wake,

as the vortices have a harder time to move than in unstable conditions, where, on the contrary, they are

given an added support. Neglecting stability effects may cause changes in the wind shear and turbulence

intensity profile against height, resulting in incorrect estimates of the wind speed, the turbulence and the

energy output of the wind turbine.

Another important factor for wake losses is turbine spacing. The further the distance from the rotor,

the more the wake flow is recovered from the presence of the wind turbine. Not only the distance, but

the angle is also of influence. The yawing motion of the turbine can lead to a slight steer of the wake,

eventually reducing the impact on downwind turbines. These are therefore also consulted as wake recovery

techniques, starting already from the design phase of wind farms. Many hours of simulations of the optimal

turbine-layout configuration are performed, using several wake models. These and other approaches for

enhancing wake recovery will be explained in further detail in Chapter 5.

The presence of a wind turbine affects not only the flow behind the rotor, but the upwind flow, in front of

the rotor, as well. This region of lower velocity, the induction zone, is caused by the same principle of flow

blockage. As the fluid needs to go around the structure, it costs less energy to move in a smooth path.

Similar to the concept of path of least resistance, the flow feels the presence of the turbine already further

upstream and starts to move out of the way of the obstruction. The induction zone start at approximately

two rotor diameters, where velocity losses up to 25% can be found at the center of the rotor [37].

Understanding the wake behind a single wind turbine is one thing, but the wake in a find farm is

even more complicated. Here multiple wakes are overlapping each other, causing additional complex

three-dimensional flow interactions. Usually these effects are modeled using superposition principles,

where individual wake effects are cumulated according conservation of momentum or energy. The most

common techniques are linear [38] and root sum square [39], respectively shown in Eq. 4.4 (a) and (b).

Here the difference lies in the influence of the individual velocity deficit on the total. As shown in Eq. 4.5,

the incoming velocity at the rotor can either be defined initial to the wind farm, referred as global (I), or

to the local turbine (II). Another important aspect of wake modeling is the partial wake overlap. As wind

turbines are sometimes not placed directly behind each other, the rotor may be only in a part of the wake

of the upwind turbine. Therefore, often a simple correction is made, based on the percentage of wake

overlap to the frontal rotor area. However, recent studies have shown that these superposition methods

are not proven to come from physical laws and should be interpreted as empirical relations. Bastankhah et

al. have developed an innovative solution to deal with this issue, by integrating over the entire wind farm to

solve the equations [40].

∆U =
∑n
i=1 ∆Ui ∆U =

√∑n
i=1 ∆U

2
i

(a) (b)
(4.4)

∆Ui = U∞ − Ui ∆Ui = U∞,local − Ui

(I) (II)
(4.5)
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Wake recovery

After the air flows through the wind turbine rotor it reaches a drained state, as it loses energy to the blades.

In this drained state, the wake, the large-scale turbulent structures, like the ones that are produced by the

instabilities of the mixing layer, entrain and introduce a mean-flow kinetic energy flux from the undisturbed

free-stream flow to the depleted wake. This process of re-energizing the wake flow occurs mostly in

the far wake, starting from approximately three turbine diameters (3D) behind the rotor, shortly after the

transition region from the near wake. In the near wake, the flow has just passed the rotor and starts to

adjust to the new energy state. Initially, the flow structures are relatively organized, propagating smoothly

downstream. Here, one can obtain a region of velocity deficit as large as the rotor diameter with a swirling

motion counteracting the blade rotation. The flow across the shear layer of the wake is predominated

by the intermittent tip-vortex structures, acting as a shield to the ambient flow. These vortices result in a

net-zero flux of mean kinetic energy, opposing the recovery of the wake. Breaking down these tip vortices

is therefore one of the options to improve wake recovery, effectively speeding up the transition to the far

wake and accelerating the instabilities in the fluid.

Wind farm locations are becoming more scarce and wind farms must become more efficient to compete

with fossil fuels in the energy sector. In addition to improving individual wind turbines and the optimization

of the wind farm layout, wake losses and wake recovery has been one of the biggest topics in the wind

energy research. Over the last decades, engineers have been fighting against these so called wake effects,

hoping to improve the overall efficiency of the wind farm. Countless solutions have been developed over

the years and they can be divided into three categories: passive, active and external solutions.

Passive strategies
Starting off with the passive strategies, these are modifications to the design to enhance wake flow

recovery without the need for operational energy input or external devices. As wind turbine blades have

an aerodynamic shape, a lot of research on aircrafts can be used in the wind energy sector as well [41].

Here passive flow control solutions can be found for the blade design, like vortex generators and vortilons

creating strong vortices to stabilize the flow over the airfoil and creating additional trailing vortices that

propagate downstream, similar to the effect of wings at high angles of attack (α). Other solutions are slotted
and multi-element airfoils to create more lift at high α and delay stall; flow vanes to induce downwash at the

TE; and protuberances at the LE to create 3D vortex flow; TE modifications, like TE serrations to increase

the turbulence; slots to reduce the pressure difference and tip modifications to breakdown the tip vortices.

In addition to adaptions to the blade design, also other passive solutions have been studied in the research

field, of which a diffuser is the most common. This diffuser augmentation creates additional fluid interaction

with the free-stream flow. They come in many forms, but the most efficient is the conical-shaped lens with

a brim and shroud, as shown in Figure 5.1a . The design has a conical-shape to increase the area at the

end of the diffuser, effectively expanding the stream-tube. As can be explained by the actuator disc theory

and mass conservation, an increased area creates a lower pressure at the exhaust in comparison to the

inlet of the diffuser. This pressure difference accelerates the flow through the rotor, creating an increase in

perceived velocity by the blades. The inlet shroud creates a smooth entrance to the diffuser, making it

easier for the air to flow trough the rotor. At the end of the diffuser, a broad flange is placed, the brim, to

create separation vortices. These vortices create a low pressure region behind the diffuser, adding to the

suction of the flow trough the rotor as well as enhancing the turbulence mixing of the wake [4].

14
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(a) Schematic representation of a

diffuser-shroud design [4]

(b) Section view of a synthetic jet

mechanism with oscillating membrane [41]

(c) Top view yaw misalignment

techniques, in negative orientation [6]

(d) Schematic representation of

windbreaks, adapted from [42]

Figure 5.1: Overview of different active- and passive control strategies for wake recovery

Active strategies
Regarding the active control strategies of wake recovery, there are again many overflowing developments

on the blade design coming from the aerospace industry [41]. For example, there are flaps, either in rigid

form as in ailerons or flexible, to be used on both the LE and the TE. They create a slight change in the

aerodynamic profile of the blade, as they vary the camber of the airfoil and hence the lift coefficient. In

wind turbine applications, they are mostly used to regulate the power of the turbine or for load alleviation,

a strategy to improve the turbine’s performance by reducing the loads on the blade. In addition, there

exist designs of deformable or inflatable membrane, acting as stall ribs. As the name suggests, these

are used to induce stall in a controlled manner. By strategically placing these membranes, usually near

the LE, they disrupt the flow early on, causing an early flow separation. Furthermore, there are spoiler

devices to create additional disturbances in the flow leading to large instabilities, such as reversed flow

and separation bubbles behind the spoiler. Other flow control strategies are boundary layer suction and

blowing, effectively either by removing air or adding momentum to the boundary layer to improve blade

performance, respectively. The last set of blade modifications for active flow control are the actuators.

Here, the most researched approach is the Zero Mass Flux actuator (ZMG), an advanced implementation

of a combination of boundary layer suction- and blowing. They manipulate the flow around the airfoil by

inducing oscillations, causing a net zero mass flux over time. The most common type is the synthetic jet

actuator, a piezoelectric oscillating membrane that creates pulses of air (Figure 5.1b). As the diaphragm

moves, it ejects a burst of air into the flow, consisting of layered vortex rings, followed by a suction phase

where the surrounding air is drawn in the actuator cavity space. Another actuator device is the plasma

actuator. In simple terms, it creates an electric field between two electrodes and an insulator by applying a

high voltage. The dielectric layer, the insulator, causes the generation of plasma from discharge. Plasma

is a region of ionized air that is electrically conductive. The collision of plasma ions and air molecules

creates induced flow close to the wall surface. It adds momentum to the boundary layer flow and causes

additional formation of instabilities in the flow that are propagated downstream.
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Besides all the progress on the rotor blades for active wake control, there are several other techniques

to dynamically decrease the wake effects of the wind farm. One way to control the wake behind a wind

turbine is to change the individual turbine power production of the upstream wind turbines, to reduce

the velocity deficit, enhancing wake recovery and speed up the flow for the downstream turbines. By

intentionally running a turbine sub-optimally, more energy can be extracted further on in the farm to achieve

a net-positive outcome. These strategies are aimed to decrease the strength of the wake by modifying the

induction factor upstream are called axial induction control (AIC) techniques. The turbine power production

can be regulated by pitch-, torque- or cone angle control. In literature research there is quite a disagreement

on the actual efficiency improvement of these control strategies, but almost all list the cone angle control

as ineffective, as it leads to an net-negative power production of the wind farm [43]. Recently, the scientific

community has developed a new line of AIC, which dynamically vary over time. These dynamic induction

control (DIC) techniques use dynamic blade pitching to induce an early start of the natural mixing process.

Currently, two discrete approaches can be found in research: the pulse- and helix design. The difference

lies in the actuation of the blades. For the pulse design, the blade pitch of the entire rotor is varied with

a sinusoidal function, creating a pulse of turbulent wind flow [5]. In contrast, by individually varying the

blade pitch angle of the rotor blade with sinusoidal functions and phase differences, a more helicoidal wind

flow can be generated. Simulations of both methods have shown positive effects of the wake recovery,

increasing a two-turbine wind farm power production of up to 5 and 15%, respectively [44].

The other series of concepts are related to changing the direction of the wake: wake steering.

Approaching the problem in two-dimensional form, looking at the front of the rotor, the wake behind

the rotor can be steered in two directions. One way is to redirect the wake in the vertical direction, upwards

towards the canopy above the wind farm. Note that only positive angles are possible, otherwise the rotor

would collide with the tower. This strategy is based on controlling the tilt angle of the rotor. However, as

many existing turbines have no integrated control system to actively control this angle, it has not been

studied excessively. By contrast, an already widely used method is yaw control or yaw misalignment.

Again looking at the rotor plane from the front, yaw angle control effectively steers the wake in the lateral

direction, so either to the left or the ride side of the plane (Figure 5.1c). Here, a particular relation has been

discovered between the direction of yaw misalignment and location on the globe. It has been found that

counter-rotating yaw misalignment (positive yaw angle) in the northern hemisphere has a positive impact

on the annual energy production, wherein a clockwise yaw rotation, on the contrary, causes a cutback.

LES studies of this phenomenon retraced the cause back to the turbine rotation itself and the Coriolis

effect [6]. Also a combination of the two, a hybrid of tilt- and yaw angle control, has been researched in the

wind energy sector, where significant improvements in the power production can be found of 4% [45].

External techniques
In parallel to the large number of innovations related to the design of the wind turbine, the blades, the

rotor or the tower, there are also external systems to improve wake recovery. Rather than focusing on the

flow up and around an individual turbine, these external techniques manipulate the flow in a wider context.

They are aimed to disrupt the flow before and after the wind turbine, in order to enhance the turbulent

mixing process and hence add assistance to faster dissipation of the undesirable region of velocity deficit,

the wake. Without a doubt, the most widely used technique in any wind farm to tackle the wake effects is

wind turbine alignment optimization [46]. Highly depending on the site-specific environment, regarding

the wind characteristics and the terrain conditions, it involves optimal placement of wind turbines within

a farm. It should be noted that in addition to the ambient conditions, there are often also a high number

of constraints involved. Here, there can be considered restrictions such as navigational shipping lines,

protected marine life, bird migration, maintenance constraints and wind farm boundary limitation [47]. This

optimization has been widely researched in the field of wind energy and a range of commercial software

has already come out to solve this computationally, of which the WAsP application is the most popular [48].

WAsP is an advanced software bundle, developed by DTU Wind, that predicts optimal energy yield based

on the models of the terrain, the wind turbine, the wake, the stability and the wind climate.
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One way to intervene with the wind flow around a wind turbine is by adding obstacles or structures

upstream. Two distinct types of innovations can be found in literature: wind barriers and windbreaks. The

barriers are designed to break up large-scale structures in the flow and to induce controlled turbulence

downwind. They particularly depend on the porosity of the material and its height with respect to the rotor

swept area and have direct affect on the wind speed and the turbulence production [49]. As it blocks the

undisturbed flow direction, it reduces the wind speed in most cases due to drag forces. However, in specific

configurations of the barrier, where it is mounted to the ground, the height is significantly lower than the

turbine and stretches out multiple rotor diameters to the sides, the barrier can add additional speedup

of the flow into the rotor, amplifying the power production of the turbine (Figure 5.1d). These upstream

bumps, with ranging material porosity and potentially of vegetable origin, are called windbreaks and have

been proven to increase the performance of the wind farm [42]. It is also possible to position the obstructor

in such a way that it is only partially in the rotor’s path. This enables the flow to be deflected, which is

especially useful for vertical axis wind turbines (VAWT). As they have their rotational axis in the vertical

direction, unlike the more common horizontal turbine types which have the axis in the same direction as

the wind flow, VAWT have blade rotation against the wind direction. By blocking the wind in this returning

phase, the rotor loses less energy and can reach a higher efficiency [43], [50].

Along the same lines are all the developments regarding terrain modification. From preliminary research

on wind turbine wakes in complex terrains, it has been found that the landscape is of significant influence

on the annual energy production of a wind farm, as it affects the wind velocity profile with height and

increases the mean-flow turbulent kinetic energy flux [51]. Despite the fact that most studies focus on

the optimal power production in an existing convoluted domain, it is not a daft thought to turn this around.

As these flow effects on ground-level can be of positive impact to the flow characteristics at turbine-level,

such as the phenomenon of wind speed-up over hills, why not create artificial roughness elements to

enhance the power production of a wind farm [52]. Onshore, there are numerous opportunities for these

field adjustments, like adding slopes, ridges or mounds. These can be placed randomly in the domain or

in specific order, creating a patterned surface on the ground. Here, also natural forms of terrain roughness

can be used, such as vegetation or crop placement. The main purpose of this modification is to optimize

the airflow close to the ground by disruption and to increase turbulence mixing in the wake. Similarly,

man-made disturbances of the sea water, like wave generators, can be used to shorten the wake by

increasing the turbulence mixing in counter-acting configuration of the wind- and wave direction [53].

Wake recovery is essentially about retrieving enough energy back in the flow for the downstream

turbine to generate power. This principle is referred as wake re-energisation and usually involves either

direct injection or entrainment from the outer flow, where the presence of the wind turbine is not felt by the

fluid. Existing techniques to directly add energy to the flow are jet injection, large fans and heat sources.

The latter also creates local thermal gradients that create convective currents in the flow, adding to the

turbulence mixing process. Other external devices usually operate according to the theory of vertical

entrainment, the entanglement of one substance by another. Bringing it back to the context of wind turbine

wakes, it involves the suction or steering of the yet energetic flow outside of the wake. This may be via heat

transfer from heat sources or reflective material, as well as via the downwash in aerodynamic lift devices.

Which can be achieved for example by placing a small turbine or an elevated airfoil to create artificial

turbulence to the flow and enhance wake mixing. However, these options require a large foundation to

attain turbine boundary layer height, where it is most effective. Let this be the very principle of one of the

most recent developments in the wind energy sector: airborne wind energy (AWE), a tether-supported

aerodynamic device to create lift.
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Kite theory

One of the upcoming research topics in the wind energy sector, airborne wind turbine (AWT), is an innovated

concept of the standard wind turbine. In these designs, an aerodynamic lifting device, supported to the

ground with a tether is used to generate electric energy from the wind. In this way, there is no foundation

needed and substantial material can be reduced. Horizontal-axis wind turbines tend to produce the largest

amount of energy at the tip of the blades due to the higher relative wind speed. AWT systems can be used

to operate in these particular locations for optimal power extraction. In addition, they provide tremendous

flexibility in their placement in three-dimensional space. This allows the operation to be adjusted to the

optimum wind resources, both in height and spatial location. In the case that the environment changes,

for example due to a new wind farm, they can be moved to a more efficient site due to its high mobility.

However, this new generation of wind turbines also entails a number of challenges. As these systems

have more degrees of freedom, sources of failure and also more severe consequences, the aerodynamic

behavior of kites is far more complex than traditional wind turbines. To achieve full automated power

conversion in the air, one has to make substantial advances on the material and especially kite’s control

system. With this new devices, the regulatory framework of the aviation needs to be adjusted so they

could operate safely within the current airspace [54].

AWT systems fall under the airborne wind energy (AWE) sector, as they directly use or generate wind

energy using aerodynamic or aerostatic lift devices at high altitudes. These consist of both powered

concepts, such as helicopters and airships, as well as unpowered mechanisms like balloons, kites, kytoons

and gliders. These concepts can be characterized by either heavier-than-air or lighter-than-air. The first

category are the aerodynamic systems that rely on the wind to support the device, due to aerodynamic

forces like lift and drag. In contrast, the second set depends on the buoyancy force to keep the aerostatic

devices in the air. As the name suggests, a kytoons (blend of kite and balloon) falls right in between,

creating both aerodynamic and aerostatic lift.

Kites have a long and varied history before it was implemented to produce electricity. While the exact

origin remains unsolved, one has found first signs of kite use in Polynesia on cave paintings, estimated

around 5000 BC. They used kites for fishing purposes as well as for religious reasons, like offering wishing

to the gods for fertility or harvest [55]. As the word spread across the world by Asian traders, the application

of kites extended towards cultural and military purposes. They were employed to signal troops, measure

distances or to scare the enemy away. It did not take long before the scientists, too, started to explore

with this innovation. Primarily in the meteorology sector it has made a lot of impact, where measurements

could be taken at previously unreachable heights, later used by Benjamin Franklin to prove that lightning is

electricity. Also in engineering, they started experimenting with kites, particularly to move humans, both

on the ground as in the air. The latter is the founding father of the aviation as we know it today, as the

Wright brothers used the concept of box-kites to create the world’s first successful airplane, theWright

Flyer [56]. Later in the 20th century, a pioneer van Gries saw the possibility of kites to lift onboard wind

turbines to higher altitudes [57]. Based on his work, Loyd published his paper in 1980 on crosswind kite

power extraction, which is considered as the foundation of kite theory [58].

18
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AWE system designs
The AWE continues to rise in size and can certainly be considered as a full new branch in the wind energy

sector. As the outlook of higher power densities, defined as energy extraction per square meter (W/m2), is

very promising, a lot of developments are currently being made. Think of material compounds, flex-wings,

autonomous control systems and above all scaling [59]. Scaling-up the kite sizes has been the biggest

issue over the past years, due to the square-cube law [60]. A larger kite surface area can theoretically

extract more energy, but the faster-growing added mass requires thicker tethers, stronger materials and

more complex control systems. Currently, experiments are being conducted of both horizontal and vertical

AWE farms, to even further optimize earth’s ground surface area [61]. Despite the high financial entry-level

for AWE research, the first commercial systems start to occur.

While new concepts of AWE implementation are still appearing in the field, a clear distinction can be

made based on the location of power generation. In ground-gen systems, the power generation occurs at

the ground by flying the kite at high-altitudes in a pre-defined pattern. This trajectory is commonly either

a circle or a figure-of-eight. As the wind causes the creation of aerodynamic forces on the kite, the kite

starts to ascend in the sky. The tether-connected kite pulls on a rotating drum on the ground, which is

converted into electricity with a generator. At some point, the kite reaches its maximum tether length

and needs to be reeled back in to restart the power generation phase. During this retraction phase the

kite is de-powered to minimize energy use and create a net-positive power cycle, often referred as the

pumping cycle. There is, however, a subtype of these ground-gen techniques that does not involve a cyclic

operation. These systems are characterized by their rotational behavior. Multiple aerodynamic devices

are connected with each other under high tension, supported by a lifter kite, causes the entire structure to

rotate. This spinning motion creates a torque and is converted into electricity by a generator on the ground.

The other type of AWE systems, the fly-gen, has an onboard power generation. A small wind turbine with

generator produces electricity in the air. This energy is channeled via a conducting tether to the ground,

where it is stored for later use or directly transferred to the grid. An overview of the different principles is

given in Figure 6.1.

Figure 6.1: Overview of ground- and fly-gen AWE operational principles (adapted from [59])

Kite designs have a large range of shapes and sizes, both in fixed-wing or a soft-wing concepts, with

varying pros and cons. The rigid devices, usually made of carbon fiber-reinforced polymers are based

on airplane knowledge and are often similarly shaped to gliders. They offer high lift-to-drag ratios, are

more stiff and reliable. Due to the additional support required by the heavy onboard power generation,

fixed wings are therefore favored in fly-gen systems. However, these structures are heavier and need

aerodynamic systems to control its direction. On the contrary, the soft-wing kites are made from flexible

membranes, allowing for less mass and easier steer-ability. Here you can imagine kite flying on the beach,

were the kite is controlled by actuation of specific bridle lines. As a result, this type is superior during

take-off and landing maneuvers. Although there is more research currently taking place on soft-wing

systems, a winning shape has not yet emerged and both technologies are still under development [62].

Kite aerodynamics
An aerodynamic device creates lift due to a pressure difference between the upper and the lower side [63].

This causes a circulation effect on the flow field of the surrounding wind. For a 2D wing with infinite span,

this circulation causes an equal flow movement upwards before and downwards behind the wing. As seen

in the top frame of Figure 6.2, this flow behavior can also be retraced in the 3D wing. However, as the 3D

wing has a finite span, the flow has another way of passing the blockage. At the tip of the wing, the flow

can simply move around the edges instead of going over. This principle of tip vortex creates an additional
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downward velocity component throughout the whole wing. As indicated by the second frame of Figure 6.2,

this component affects even the free-stream flow in front of the wing. Summing these two together shows

the velocity field around the 3D wing with finite span. This leads to an overall negative velocity component

of the flow behind the airfoil, the downwash. In the vicinity of the airfoil, this downwash leads to a slightly

rotated local relative wind speed. This can be interpreted as if the airfoil is being tilted, creating an additional

angle with the free-stream velocity. This angle, the induced angle of attack, decreases the effective angle

of attack perceived by the wing (Eq. 6.1). From basic aerodynamic principles, it is known that the drag

force is parallel to the relative wind vector and the lift force is perpendicular. Due to a shift in this vector, the

local lift vector is now inclined backwards. As the lift vector has a component in the direction of free-stream

velocity, it effectively creates a drag force. Due to the presence of downwash, the lift force creates an

additional drag component: the lift-induced drag. From potential flow theory, the velocity induced by a

single semi-infinite straight vortex filament can be retrieved from the Biot-Savart law (Eq. 6.2). This relation

shows the effect of a single point of circulation to any other point in space. In the work of Prandtl, it was

found that the strength of this vortex filament (Γ) is related to the local lift force from the Kutta-Joukowski

theorem (Eq. 6.3). From this, the lift-induced drag contribution can be obtained in non-dimensionalised

form, as seen in Eq. 6.4

αeff = α0 − αi (6.1)

qi =
Γ

4πh
(6.2)

L′ = ρVRΓ (6.3)

Cd,i =
C2
L

πeAR
(6.4)

AR =
b2

S
(6.5)

Where the key parameters of influence can be achieved. Not surprisingly, the lift force is from ultimate

significance, even accounting for a quadratic involvement. The second parameter, e, is the span efficiency
factor. Depending on the spanwise lift distribution this value ranges from 0 to 1, with 1 being the most

optimal. This particular value can be found for elliptical lift distributions, where both downwash and induced

angle of attack are constant along the span. This distribution yields for the minimum drag penalty due to lift

and is therefore of high interest to the industry. Another important aspect of the lift-induced drag appears

to be the wing aspect ratio (AR). This geometric property, defined by the span and the surface area of
the wing, is shown in Eq. 6.5. The inversely proportional relation with the induced drag shows that for

drag reduction, wings with high aspect ratios are preferred. Unfortunately this parameter is also important

for other aerodynamic performance characteristics, like structural stability. As this is critical for kites, it is

uncommon to find a very slender wing in this field and it is rather optimized with other parameters. For

very high values of the aspect ratio, the effect on the lift curve decreases and it shows similar behavior of

an infinite wing [63].

Figure 6.2: Velocity field around a 3D lifting

wing of finite wing span, at the aerodynamic

center [64]

Figure 6.3: Induced downwash by two parallel

infinite vortex lines of opposite sign, viewed

from the vortex wake [64]
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The direct relation between the aspect ratio and the induced downwash can be explained using two

parallel infinite vortex lines. Looking at Figure 6.3, these vortices create large vertical velocity components

at the vicinity of the lines. Moving away from these lines, its impact tends to diminish. Going back to

an airfoil, these vortex lines represent the tip vortices at the end of the wing. The larger the distance

between these lines, the smaller the effect is at the center. Therefore, a very wide wing, with high aspect

ratio, approximates the flow behavior of an infinite wing. The effect on the lift coefficient is visualized in

Figure 6.4.

Figure 6.4: Lift curve slope for different wing

aspect ratios [64]

Figure 6.5: Definition of induced angle of attack

(αi) and total downwash angle (ε)

It should be noted that multiple definitions are used in the literature regarding the angles due to

downwash. For clarity, a clear distinction is made, based on downwash location, as shown in Figure 6.5

The total downwash angle (ε) is defined as the angle between the free-stream velocity and the downwash

at infinite downwind. Assuming small angles, this relation is found in Eq. 6.6. Conversely, the induced

angle of attack is defined with the downwash velocity at the wing’s aerodynamic center. Therefore these

angles are not equal to each other. As the wing is hypothetically located in the center of infinity- upwind

and downwind, they correlate with a factor of two (Eq. 6.7).

ε =
w∞,d

U∞,d
(6.6)

ε = 2αi (6.7)

3D Kite theory
The basic working principle of kites can be simplified by assuming the kite and tether to be massless and

all forces to be concentrated in a single point K. By removing mass from the equation, the tether can be

assumed straight and there is a geometric similarity between the kite’s kinematic- and force triangles. In

real-case scenario, the gravitational forces on the kite will counteract the lift force and reduce the overall

tension in the tether. Additionally, due to the tether’s own weight, the line will start to sag to better deal

with the loads. As shown in Figure 6.6, the kinematics of the kite is defined by the wind velocity (vw) and
the kite velocity (vk). Summing these vectors together, according to Eq. 6.8, is the wind velocity that is felt
by the kite, the apparent wind velocity (va). At this velocity, the aerodynamic forces, lift (L) and drag (D),
act on the kite and create an aerodynamic resultant force (Fa). As the apparent wind velocity does not
have to be aligned with the chord line, two relative angles can be defined: the angle of attack (α) and the
sideslip angle (θs). For simplification, the effect of the sideslip angle is neglected.
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~va = ~vw − ~vk (6.8)

L = 1/2ρCLS(va)
2 (6.9)

D = 1/2ρCDS(va)
2 (6.10)

Fa = ~L+ ~D = 1/2ρCRS(va)
2 (6.11)

Figure 6.6: Schematic representation of the

kite’s kinematics and relative angles, adapted

from [54]

Figure 6.7: Schematic representation of

tethered flight in 3D space, adapted from [54]

As kites fly in three-dimensional space, it is easier to define its position in spherical coordinates. At

every point in time, the kite’s location can be described by three parameters: the radial distance from the

attachment point of the tether (rk), the azimuthal angle (φk) and the elevation angle (θe). To better show
these parameters, a three-dimensional representation is shown in Figure 6.7. Here, the ideal crosswind

theory of Loyd [58] can be applied in the erk − va plane to establish the aerodynamic resultant force in a
more general form:

Fa
qw∞S

= CL

√
1 +

1

E2
(1 + E2)(cosθe cosφk − fr)

2 (6.12)

Where fr is defined as the ratio between the radial kite velocity and the wind velocity (reeling

factor) and E as the ratio between the aerodynamic lift- and drag coefficients (CL/CD). The force is

non-dimensionalised with the dynamic wind pressure (qw∞ ) and the kite’s surface area (Sk).

Kites for wake recovery
Besides the bright future of AWE systems for power production, by effectively mimicking the behavior

of HAWT blade tips, kites can also be used to improve the energy-efficiency of wind farms [9]. Due to

their high relative wind speed and dynamic movement pattern, they create highly turbulent flow, with

large vortical structures. Here, active mixing takes place between the region of velocity deficit and the

outer-layer. This principle of vertical entrainment can be used to enhance the turbulent mixing between

two wind turbines and speed up the wake recovery. As kites are mobile and can reach high altitudes, their

three-dimensional positioning can be optimized to interact with wake flow in real-time. The focus for this

study, therefore, is not on the kite’s power generation, but rather on the aerodynamic behavior of these

devices in three-dimensional steady flight.
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Modeling techniques

Over the past decades, the wind energy sector has expanded rapidly. More, larger and better wind farms

have been placed recently, trying to produce the much-wanted green energy. The biggest culprit, next

to space allocation, has been the wake effects within the farm. As previously explained in Chapter 4,

this is due to increased turbulence and reduced velocity region of the upwind wind turbine. Accurately

modeling this behavior is therefore crucial for designing wind farms, both for life cycle and energy yield. The

research on this topic has not rested because of this and the number of published papers is still increasing

exponentially [65]. With this, the speed and accuracy of wake modeling has increased and a wide range

of software tools has been developed. While most of the recent progress on wake models has been on

adaptations and modifications on specific fields, like offshore- and floating wind energy, generally they

can be classified into four methods: experiments, analytical or semi-empirical, numerical and data-driven.

Figure 7.1 shows a generic overview of the recent developments, followed by a short description of the

four categories.

Experimental methods
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Figure 7.1: Overview of numerous methods for wind turbine wake modeling, adapted from [65]
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Experimental methods
Themost evident method tomodel the behavior of wind turbine flow is to use real-time experiments. Whether

these are wind tunnel studies or even in-field measurements, they provide an accurate representation of

the flow interaction of the real scenario. Hereby, similarity principles on the geometry, flow and dynamics

are used to simulate the aerodynamic behavior of the wind turbine in operation. Generally speaking, many

experiments can be conducted at wind tunnels. It allows for a controlled environment and is cost-effective

for the early design phases. However, they are limited by size of the facility. In some occasions, the scaling

of the relevant parameters is too difficult to produce a reasonable setup in the wind tunnel. Here, wind field

measurements can be the solution. These concern specific experiments of the wind turbine at full-scale

and require advanced instruments. As they are very time-consuming and extremely expensive, this option

is often applied only as a last resort. It should be noted that these field measurements are different from

operational data from existing wind farms. They are purpose-driven, conducted in a controlled manner

to address a specific issue of research. In contrast, operational data contains important information of

existing wind farms during regular functioning, like power output, wind speed and turbulence. This data is

more accessible and therefore often used as reference material in comparative studies.

Analytical wake models
Wake formation is a very complex phenomenon of non-linear and viscous flow interactions. However, it

can be simplified to a simple negative jet by assuming a top-hat shape of the wake-velocity deficit. One

of the groundbreaking figures, N.O. Jensen [66], used this simplification to find a linear relation between

the incoming wind speed (U∞) and the distance downwind to the turbine (x), as seen in Eq. 7.1. From
Figure 7.2 it can be obtained that the model assumes an uniform velocity distribution with linear wake

expansion. His theory was based on one-dimensional conservation of mass, the stream-tube. During

the study he found that the thrust coefficient (CT ), the expansion rate (kw) and the turbine diameter (�T )
were of influence to the velocity deficit. The model was validated with wind measurements and it was

concluded that the wind profile showed more of an Gaussian profile than a top-hat. Based on his work,

Larsen improved the wake model by allowing for additional radial dependency of the velocity deficit [67].

U∞ − Uw
U∞

=
1−

√
1− CT

(1 + 2κwx
�T

)2
(7.1)

Figure 7.2: Top-hat type wake model of

Jensen for a single turbine, based on 1D

conservation of mass [66]

Figure 7.3: Gaussian type wake model of

Bastankhah, adapted from [68]
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In contrast to Jensen, which used a control volume downwind of the rotor, Frandsen et al. [69] improved

the expression by considering the flow in front of the turbine as well. Next to mass conservation, also the

conservation of momentum was applied, but they still assumed an incorrect top-hat shape of the velocity

deficit. This was later refined by Bastankhah and Porté-Agel (BP) [68], where they assumed a Gaussian

velocity distribution to solve the mass and momentum equation. Their research showed to better predict

the wake effects, especially in the near wake region. Despite explicit vertical and spanwise coordinates in

the equation, the BP model is effectively symmetric around the central-axis of the rotor. However, due to

the effects of atmospheric stability and ground surface interaction, this is surrealistic. This affect of wind

shear is added to the Gaussian wake model by Xie and Archer [70]. Further innovations are based on

these models and enhance the accuracy based on other aspects of wake modeling, such as meandering

(DWM), yawing, wake-added turbulence and ABL interaction [71].

Data-driven models
With the fast increasing involvement of artificial intelligence (AI) technologies, it is the most recent

line of developments for wake modeling [72]. Data-driven systems originate from the earliest forms

of reduced-order models (ROM). These aimed to increase the accuracy of lower-order models, by using

high-fidelity data integration in the models’ weak spots. With the development of probabilistic machine

learning algorithms, a more accurate representation of the flow behavior around the wind turbine can be

simulated. Research states that it combines the power of numerical- and empirical models, providing

high-fidelity approximations at lower computational costs. However, it requires substantial data training

and complex statistical analysis. Currently it is still in its infancy and further research is necessary.

Numerical methods
Numerical modeling the fluid interaction of wind turbine wakes can be conducted via three approaches:

BEM, vortex methods and CFD. The blade element momentum theory (BEM) is the most simple, assuming

simplified flow behavior and blade independency. The model is fast, but cannot be used for dynamic

wake prediction. Vortex methods are based on the interaction of bound vortices, produced by circulation

due to lift and shed vortices in the wake. The vortex filaments, as described in Section 8.2, can either

be prescribed or move freely. In frozen vortex methods, the location of the filaments is described by the

rotor speed, the radial distance and the wake convection rate. In contrast, free vortex wake methods

(FW-VM) accounts for wake deformation, self-induction of wake velocity and induced velocity by the blade’s

circulation. The last set contains all forms of computational fluid dynamics (CFD), that solves the three

laws of conservation: mass, momentum and energy. These equations, better known as the Navier-Stokes

(NS) equations, can be solved for all scales of turbulent vortex structures using DNS. However, as this

requires substantial computational costs, it is often preferred to model some of the scales. In LES models,

only the large-scale eddies are resolved and the small scales are modeled using a sub-grid scale (SGS)

model. As most of the energy transport occurs at the large scales, LES is accurate but cheaper. However,

it still requires extensive computational power and it could be advantageous to simplify the numerical

problem even further. Decomposing the NS-equations into a mean and fluctuating component, Reynolds

has found a simplified way to solve the time-averaged equations of motion. Due to nonlinearity of the

NS-equations, averaging all terms lead to a new unknown term: Reynolds stress. This turbulence closure

problem is solved by modeling this additional stress term in the equation. The RANS method is therefore

the least expensive, but unable to capture complex flow phenomena.

The effects of the wind turbine on the flow is modeled by discretisation of the blades. These represent

the forces on the blade, like as lift and drag, that disturb the free-stream wind flow. The geometry of the

blades can be fully-resolved, but since this requires large computational resources, it is cheaper to use

discretisation methods. In most simple terms, the rotor can be assumed as a porous disk, exerting forces

to the flow. This method can be used in combination with the BEM theory in CFD. Another way to model

the blades is by representing the loads on a single line on the blade. This technique is used in both CFD,

the actuator line method, and in lifting-line vortex methods. Further accuracy improvement can be done by

dividing the blade geometry into surfaces, rather than line segments. These are also conducted in both

CFD as vortex methods: actuator surface and vortex lattice method, respectively.
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Model selection
In the context of this research, the model needs to represent the dynamic flow interaction between wind

turbines and kites. As this particular setup is still just a concept, no wind tunnel experiments or field

measurements are available at the moment. The scarce data that is currently accessible contains only

simulations and not yet validated. Data-driven and theoretical models based on empirical data can therefore

be eliminated right away. Although the prospect of the efficiency-benefit is very promising, experimental

methods are very expensive and the implementation will have to be further explored first for funding

purposes. The sole remaining option of this study leaves numerical methods. In this regard, there will be a

trade-off between key modeling characteristics, such as simulation speed, computational cost, complexity

and accuracy. From comparative studies on wind turbine wake modeling, CFD modeling with LES seems

the best option, since it is mainly governed by large-scale eddies [71]. This new technique for wake

recovery enhancement is conducted in a LES study by Ploumakis, were positive effects were found for

wind farm efficiency. However, as LES still requires substantial computational power, the parametric

study on the kite remained open. Here, it was stated that the effect may be related to the downwash

principle. Previously explained in Section 6.2, downwash is produced by vortex generation of aerodynamic

lift devices. Accordingly, the turbine-kite interaction might be accurately modeled by vortex methods. This

creates both comparison material for the LES study, as well as an extension on the parametric kite study

due to accelerated simulations.
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Vortex method

Vortex methods (VM) are seen as medium-fidelity models for modeling the wake effects in wind farms,

with an acceptable accuracy and significant less computational cost in comparison with high-fidelity CFD

models [73]. The vortex theory is based on the assumption of inviscid, incompressible and irrotational

flow. Here, the continuity equation can be rewritten as the Laplace’s equation and the potential flow

theory can be used to solve for the motion of the fluid. The circulation due to lift generation of the blade is

represented by vorticity of vortex elements. The evolution of the vortices is established using fundamentals

of fluid mechanics, like the Biot-Savart law (Eq. 10.14), Helmholtz’s theorem and the Kelvin-Stokes theory.

In literature, a wide range of different vortex methods can be found, with varying levels of fidelity and

efficiency. Often corrections have been made to better simulate specific dynamic flow interactions, like

wake meandering, ground effect and wave interaction for floating offshore wind turbines. A rough overview

of common vortex-based methods found in literature is presented in Figure 8.2. For this review study, a

classification is made on four bases: blade discretisation, wake characterization, vortex structures and

flow behavior. The four bases, as shown in Figure 8.1, will be briefly described below.

Figure 8.1: Classification of vortex-based methods based on four criteria: blade discretization, vortex

representation, wake characteristics and flow behavior

Blade discretisation
To model the aerodynamic effects on the flow due to the loading, the blade needs to be discretized into

elements. The most simple form is to represent the blade by two vortex points, one at the blade tip and

one at the root. As the dominant vortex is at the tip, it is often used for simple estimates of wake effects.

Here, the priority lies on computational speed, which can be useful for real-time modeling. To account for

spanwise effects of the blade’s lift, the blade can be discretized more accurately as a lifting line (LL). On

this line, often the quarter-chord line, the aerodynamic forces are aggregated. In this theory of Prandtl, it

is assumed that the total circulation on the blade can be divided into line segments, each contributing to

a small share of the total lift. Modifications of the lifting line exist, to account for swept-, tapered wings

and unsteady effects. However, the LL methods are unable to capture three-dimensional effects of the

blade, due to the representation of the vortex element as a single line. To better account for the shape

of the blade, blade Discretization methods of lifting surfaces can be used. By dividing the blade into a

sheet of vortex lattices, the flow around the blade can be modeled more accurate. The lifting surfaces are

assumed to be of infinitely thin and, therefore, cannot consider effects due to thickness effects. For these

particular situations, the blade can be represented with both upper and lower surfaces in a panel method

(PM). These techniques, of which the source-doublet is the most common, use the most advanced blade

discretisation method, at the cost of higher computational time.
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Vortex representation
Modeling the behavior of the vortex elements depends heavily on the manner in which vorticity is initiated

and how it convects downstream with the flow. These modes are called vortex singularities and play a

major role in wake simulation, by mimicking the rotational nature of the flow. The most basic representation

is the vortex ring method (VRM), where the wake is described by discrete rings of constant circulation. In

these methods, it is assumed that the effects of an helicoidal vortex structure can be replaced by rings

at the middle of the circular projection [74]. While, the ring’s center is always at the rotor axis, the radius

is not consistent in all methods. Ranging from simple disc shapes, replacing the tip vortex, to complex

time-varying doughnut shapes, simulating both tip- and vortices. Another relatively simple representation

of the vortex system is with vortex filaments. These lines of arbitrary shape are subjected to the Helmholtz’

theorem have constant circulation strength along its entire length. These filaments are generally placed

in a horseshoe pattern, with a bound vortex connected to the blade’s span and two trailing vortices that

extend downstream. The trailing vortices are assumed to stretch to infinity, complying with Helmholtz.

Basic horseshoe methods appear in single form, with trailing vortices shed at the blade’s tip. However,

this implies completely uniform circulation along the wingspan. For most cases this is impractical due to

irregular lift distribution and multiple shoes are needed to produce realistic effects. More advanced methods

also account for the temporal lift changes by adding shed vortex filaments between Lagrangian markers,

creating a vortex sheet pattern [75]. In potential flow theory, a velocity potential can be described by linear

superposition of elementary flow potentials. Therefore, the flow field can be represented as a sheet of

sources and sinks. However, as these do not create any lift, a doublet distribution must be added to the

blade. It is often used in combination with vortex filaments for wake modeling of complex aerodynamic

devices, like propellors [76]. The most enhanced description of flow behavior are the viscous vortex

particle methods (VPM). These high-fidelity models track the progression of individual vortex elements.

The particles can move freely in a Lagrangian framework, offering incredible modeling accuracy at the

cost of higher computational cost. In contrast to all other methods, the VPM does not assume potential

flow. Potential flow methods heavily depend on empirical relations from experimental data, in order to

account for complex turbulence phenomena, like viscous dissipation and vortex stretching [77]. Unlike

filaments methods, the vortex structures, or vortilons in 3D, are not bound to their neighbors and can move

independent from each other. The time-dependent movement can be established from the local velocity

vector, where the velocity described the speed and the gradient the direction. The VPM directly simulates

the flow field by solving the incompressible Navier-Stokes equations in the vorticity-velocity form. This

Lagrangian approach to wake modeling can be used for 2D and 3D flows and is considered as a mesh-free

alternative to conventional CFD methods.

Wake characterization
An essential component of wake vortex modeling is the characterization of the wake markers. The shape

of the wake can be predefined (PW) to significantly reduce the computational costs of the model. The

initiation of vorticity in the wake remains unaffected, but its evolution is determined by empirical functions

of the unperturbed flow velocity and the induction speed. These relations are often assumed linear, similar

to actuator disk momentum theory. The induced velocity by the loading on the blades and the wake

self-induction is neglected. It can be seen as an accumulation of steady-state wakes, frozen in time [78].

Despite the computational efficiency, the model is greatly simplified and fails to capture complex wake

phenomena, such as roll-up, instabilities and dynamic interaction. Conversely, free wake models (FW)

allow for these time-dependent wake exchanges. The wake shape is not fixed and deforms over time due

to local effects. The time-marching free-wake methods enable vortices to convect, spread and diffuse [79].

Taking into account the induction of wake structures (n) on other wake structures, increases the numerical
order of magnitude of the problem to O(n2), as well as making it sensitive to numerical instabilities.
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Flow modeling
While specific combinations of the classification options, like the LL-FWVM or the steady-VRM, appear

more often than others, almost all combinations possible can be found in literature. For potential flow

methods, the basic theory is often based on either steady or quasi-steady flow of first-order. Depending on

the context, this may not be representative and corrections must be implemented to account for unsteady

or non-linear effects. Unsteady vortex-based methods (UVM) allow for flow changes in time, allowing them

to model a more realistic scenario. According to research, the blade loading has low- and high frequency

fluctuations, so it should be reflected in the vorticity as well. These oscillations of the flow circulation causes

inconsistencies in unsteady methods, which requires an auxiliary condition to ensure smooth flow. The

unsteady methods are often based on the Kutta condition for the closure problem of the wake vortex sheet,

stating that the strength of the new shed vortex is equal to the bound vortex of the previous time-step

[80]. Further corrections of the viscous wall effects use a relaxation on the Kutta condition in combination

with the triple-deck boundary layer theory to better simulate boundary flow separation in highly unsteady

conditions [81]. The nonlinear corrections, on the other hand, are rather less straightforward. Nonlinearity

of wind turbine wake flow appear in many forms. Think of rotational augmentation, leading edge separation,

wake meandering, dynamic stall, ground effect, wake diffusion and post-stall effects. As the list goes on

and on, there is no standard best option either. From simple integration with the lift and drag polar, the

so-called airfoil look-up table (LUT), obtained from high-fidelity CFD analysis, to empirical functions or

complex viscous coupling to predict stall behavior [80]. In the earlier days, most vortex-based studies were

build on the assumption of steady linear flow, but almost all modern research models do account for the

time-dependency and have at least one correction for nonlinear or viscous effects. Here, the LUT is the

most common due to its efficiency and practicality, with alteration on the lift- and drag coefficient, the angle

of attack or the vortex strength.

Figure 8.2: Overview of common vortex-based methods, showing the trade-off between fidelity and

computational speed

Hybrid methods
Despite the many different options of vortex-based methods for wake modeling, there is not always an

accurate model to be found in literature. As a result, researches have further expanded the world of vortex

methods the last decade. Integrations between techniques can be found. Where the near wake is modeled

with a high-fidelity option, while the far wake is modeled with less accuracy, like the VRM, in order to

shift the focus of interest and increase the computational efficiency [74]. Additionally, there are hybrid

vortex methods (HVM) that combine vortex-based power with other wake modeling methods, ranging from

analytical- to CFD methods. Here, the shortcomings of, for example implementing boundary conditions in

VPM, are addressed by the strength of grid-based techniques like LES [77]. On the spectrum of modeling

fidelity of Figure 8.2, these are often found at the very ends, where computational speed naturally moves

in opposite direction.
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Applications to Turbine-Kite modeling
While all vortex methods are used for research studies on wind turbine wakes, to current date is the lifting

line is still the most popular [82]. Turbine blades are often very slender, with simple airfoil shapes in the

cross-section. Representing the blade loading at the quarter-chord line is, therefore, often very accurate yet

fast option to consider. It is not surprising, in that respect, that existing vortex-based tools are based on this

approach. The three largest applications, QBlade [83], OLAF [84] and CACTUS [85] all use an unsteady

LL-FWVM in their model, with possibilities to consider nonlinearity. However, as wind turbines are become

larger by the day, the blades become longer and thicker as well. Additionally, modeling modern-day wind

turbines have additional complexity due to offshore wind shear and platform motion of floating turbines far

at sea. The call for more accurate simulates grows louder by the day, extending the lifting line theory more

often to lifting surfaces with UVLM [80]. Among many comparative studies is shown that these tools can be

used to accurately model wake effects for both HAWT [86], [87] and VAWT [88], [89] in three-dimensional

flow, from steady- to turbulent inflow conditions. As with all modeling techniques, increased accuracy

means increased computational time. Vortex-based methods are, therefore, a considerable middle ground

of both culprits, allowing for fast modeling of concept-phase type studies.

Airborne wind energy system, particularly fixed-wing kites, are much like wind turbine performance

when it comes to wake-flow dynamics [90]. Hence, initial studies were often conducted using the same

lifting line concept, yet soon became apparent that additional corrections were needed to account for the

nonlinear effects [91]. These enhanced methods were often based on the vortex step method (VSM),

in which stepwise adjustments were applied based on 2D aerodynamic polars to account for viscous

stall effects at high angle of attack, as used in the special kite-version of OLAF: kiteFAST [92]. However,

unlike wind turbines, kites are not fixed to the ground but to a tether; have a complex movement pattern;

and, with the rise of flex-kites, are also irregular in shape. Ever more frequent, the lifting line is no longer

representative and a 3D-VLM or a 3D-PM, as implemented in the APAME software [93], is used resorted

instead. Only in special cases where very complex dynamic interactions need to be modeled, such as

multi-rotor systems, VPM is used [94].

For the purpose of this research, which investigates the impact of kites on wake recovery, the model must

be able to simulate multiple turbines and kites simultaneously, within a dynamically coupled environment.

Existing tools, such as openFAST with both OLAF and kiteFAST integrated, provide strong frameworks

for individual modeling of either devices. However, these tools cannot be used directly to represent a

multi-turbine or turbine-kite system with accompanying wake interaction. Dedicated tools for a wind farm

setup often resort to an analytical-based model, such as the DWM in fastFARM [95]. This simplified method

assumes quasi-steady flow and cannot be used to model the complex 3D unsteady flow effects of the kite

interaction. Furthermore, current implementations often rely on simplified wake descriptions that limit their

ability to capture unsteady wake dynamics and effects due to viscosity. These restrictions motivate the

development of a new simulation tool that extends the current vortex-based models. This advanced model

provides a more representative framework for studying kite-induced wake recovery.



9
Previous work

Kite deployment for enhancing wind turbine wake recovery is a new concept, aiming to increase turbulent

mixing via vertical entrainment of the outer flow. Over the past few decades, several studies have

examined the potential kite-induced effects on the wake flow, ranging from conceptual design to advanced

computational methods. Early studies mainly focused on theoretical models and simple designs, providing

initial estimates of the potential efficiency improvements. Later studies have further evolved the concept,

using high-fidelity CFD simulations, which allows for a more accurate representation of the complex

three-dimensional flow interactions between the turbine and the kite. This chapter provides an overview of

previous contributions, highlighting their findings and limitations.

DSE group (2011)
At the Delft university of technology in 2011, a group of 10 students from the faculty of aerospace engineering

performed their design synthesis on the development of an external device to improve the efficiency of the

Offshore Windpark Egmond aan Zee (OWEZ) wind farm [8]. The objective of their study was to reduce

energy losses by at least 3%, by mixing the wake of a wind turbine with the undisturbed flow above the wind

farm. During the conceptual phase of the design, they came up with diverse ideas on how to theoretically

solve the problem at hand. The options were based on half a dozen of principles: suction, downwash,

gravitational convection, thermal convection, vortex generation, and obstruction. Based on the requirement

of low cost and low energy needed, they have chosen to focus on the principle of downwash. Downwash

is defined as the change in direction of air in the production of lift in aerodynamic devices [96]. Multiple

concepts came to light, from rotating cylinders to kytoons, a mishmash of a heavier-than-air kite and a

lighter-than-air balloon. With an extensive trade-off, they came to the conclusion of using kites in their final

design to enhance the mixing of the wind turbine wake: the Deaolus kite, see Figure 9.1.

Figure 9.1: The Deaolus kite system, a conceptual design of using kites to enhance flow recovery of wind

turbine wakes [8]
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The calculations of their innovative design were solely based on theory. Although they applied

considerable questionable simplifications of the aerodynamic behavior of the wake flow in the presence of

the kite, they found a substantial improvement in the efficiency of the wind farm of 4.3%. The main limitation

to this efficiency refinement was the kite dimension, as they put a constraint on the maximum projected kite

span to be out of the way of the rotor disk when the kite is in the retracted position. Despite this restriction,

the increase in practical performance was found to be around 6%, after considering several correction

factors to account for wind direction, power rating, and mixing efficiency. For wind farm developers, this

order of efficiency improvement is significant and it is therefore of high interest to the field of wind energy to

further research this disruptive design of vertical entrainment of the wake behind wind turbines. In addition,

they established an outline of the key factors that affect the efficiency increase with the kite and made a

first draft of a parametric study on the kite area. It was found that, among others, the rated wind speed,

the current wind farm efficiency, the wind direction, the rotor diameter, the turbine height and the turbine

spacing were influencing the results.

Ploumakis (2015)
This research done by the DSE study group is the precursor of further follow-up studies regarding the use

of kites to improve the wake recovery behind a wind turbine. In 2015, a master student at the TU Delft,

Ploumakis, is the first to continue on this work [9]. He retraced the design steps and ran a deeper analysis

on the kites’ influence on the wake flow. Here he discovered a slight misjudgment of the kite’s facing,

which caused the wind farm efficiency to be overestimated by the DSE group and had to be dialed back to

2%. In contrast to using analytical calculations of the wind turbine wake by the DSE group, Ploumakis used

a high-fidelity model to simulate the wake flow. To fully describe the dynamic behavior of the fluid, one

has to solve the Navier-Stokes equations 9.2. These are partial differential equations to mathematically

express the mass and momentum equation of homogeneous, isotropic, incompressible Newtonian fluids ,

based on the continuity equation (9.1) and Newton’s second law motion.

∇ · ~V = 0 (9.1)

ρ︸︷︷︸
Fluid density

 ∂~V

∂t︸︷︷︸
Change of velocity with time

+ (~V · ∇)~V︸ ︷︷ ︸
Speed and direction of fluid

 = −∇p︸ ︷︷ ︸
Pressure gradient

+ ρ~f︸︷︷︸
External forces

+ µ∇2~V︸ ︷︷ ︸
Viscous forces

(9.2)

To approximate the solution to the Navier-Stokes equation, Ploumakis used the large eddy simulation

(LES). Here, only the large scaled motion of the fluid is resolved and the smaller scales are modeled using

a sub-grid-scale model (SGS). As the computational cost is proportional to Re3, it was preferred to use LES
over solving the equations without any modeling, as used in direct numerical simulation (DNS). Since the

motion of the fluid in the wake is mainly governed by large vortical structures, LES is better at approximating

the flow than a lower-fidelity model such as RANS, despite its significantly lower computational cost. With

RANS, the fluid motion is averaged out in time, making the unsteady behavior of the fluid harder to model.

In addition, LES is expected to be more close to the predicted energy range of interest.

The new projection of wind farm efficiency improvement of 2% is considerably close to the uncertainty

of numerical simulation. Here, errors can occur during the physical modeling of the Navier-Stokes equation

(simplification, boundary conditions, geometry), in the discretisation method (spatial, temporal), as well as

in the programming (iteration, convergence, computer round-off) [97]. Therefore, next to the qualitative

study on the mean flow statistics after the implementation of kites in the array of wind turbines, he tried to

optimize the kite characteristics.

Ploumakis started off with the setup of the numerical wind flow in the ABL, where a neutral stability and

incompressible flow was assumed. This simplified the fluid motion, as thermal effects and compressibility

effects can be neglected in the turbulence mixing process. These two assumptions were validated with

literature, as the research was focused on high turbulent, quasi-steady, isothermal flow for low mach

numbers (Ma < 0.3). With his setup, he managed to simulate the behavior similar to the logarithmic law

approximation of velocity with height after ten flow passes trough the domain. The average turbulence
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intensity at domain height was found to be 12% and this setup was used as the basis for further simulations.

In his simulation, he found that the LES model was not able to capture correct flow behavior near the wall.

This phenomenon of excessive mean velocity gradients near the wall is a common problem in LES models

of the ABL, as the fluid motion is here dominated by smaller turbulence scales. This discrepancy can be

approximated with a wall-model, but a better solution was found in literature in the work of Mason and

Thompsen [98], by introducing a back-scatter model to transfer energy from the unresolved SGS scales

to the larger resolved scales. However, since Ploumakis used the software of Ansys Fluent in his LES

modeling, he was unable to use this type of model and is therefore not considered in the simulation.

The next step in his research was to fill the computational domain with wind turbines. Where he started

with only two wind turbines, he soon discovered the wake to be under-developed in this configuration and

extended the wind farm to four turbines with a turbine spacing of six turbine diameters (6D). To simulate the

wake of the wind turbine, the actuator disc model was used. Two versions of this model were compared

and it was concluded that the ADM model with both axial and tangential induction (ADM-R) was a better

approximation to the validation case in comparison with the non-rotating option (ADM-NR), due to the

consideration of added swirl effects. This added swirl results in rotational kinetic energy losses, which are

representing the rotational motion of the wind turbine blades [99]. Assuming sub-optimal power production

of all four turbines at an induction factor of a = 0.17 and a thrust coefficient of CT = 0.56, the four-turbine
wind farm efficiency was found to be 54.7%. This number is used as a base case for the comparative

study of the kite implementation.

In the study of the kite’s influence, four cases were conducted: validation with the DSE study, the

effect of kite surface area, the impact of turbine loading and lastly, the consequence of higher kite power

densities. The kite was assumed to be a fixed flat elliptical wing with a constant angle of attack of 10° along
the wing span. It was modeled as a discontinuous pressure jump, spread out over an infinitely thin surface,

as a function of the free-stream velocity. During all cases, the domain size, number of turbines, turbine

spacing, AD model and pressure jump of 39Pa were kept constant. The first case found a significantly
lower efficiency in comparison with the DSE study. This was due to the previously explained kite facing,

where the adverse effects of the aerodynamic drag were neglected, and the difference in initial conditions

regarding the kite surface area and the turbine loading. In the parametric study of the kite surface area,

the velocity deficit was found to increase with the surface area, as anticipated. However, an unexpected

reduction of the turbulence intensity in the downstream direction was established. This strange behavior

was found inconclusive to the turbulence mixing, as the mixing is primarily in the out-of-plane motion of the

flow. Therefore, a new parameter was evaluated to better characterize the mixing, the mean kinetic energy

flux. The simulation showed a substantial increase, indicating the prediction of faster wake recovery,

resulting in an array efficiency 62.9% for the largest kite. The third study on turbine loading, effectively

changing the thrust coefficient of the turbine, resulted in a larger velocity deficit behind the first wind turbine.

The wind turbines further downstream showed less affected and the impact of the kite seems to be less

effective in this full-load operation. With the higher turbine loading came higher values of turbulence

intensity in the x-direction, but the kinetic energy flux was virtually identical to the partial load case. As the

formula for array efficiency was based on the power production of the first turbine, the array efficiency was

lower in the full-load case. A last parametric study on the kite power density showed a clear correlation

with the efficiency. The wake recovery at hub height with respect to the base case was notably higher for

larger densities. As the turbulence intensity is a function of the forcing, the TIx was found lower due to the
strong vertical velocity component from the kite’s wake. The simulated wake flow dynamic behavior is

found to be very similar to the turbulence characteristics of uniform tree canopies [100]. Which is not a

surprising discovery, as it was already obtained in literature that the canopy behavior is dominated by large

scale eddies. The inflection point, where the peak of shear production of turbulence kinetic energy can be

found, was found to lie on the same level as the canopy studies at approximately 3/4 canopy height.



Kokkedee (2022)
In the research of Ploumakis, a LES model is used to simulate the wake effects of the kite. Since LES

models require substantial computational cost, the number of simulations was limited. Therefore, his study

only contained a small parametric study of the kite size and made recommendations for other key factors,

like location downstream of the turbine, kite height and rotor performance, for future work. This was the

starting point of the following research on this system by Kokkedee [10], where he used a simpler model,

RANS, to model the wake flow to significantly speed up the amount of simulations that could be conducted.

The wind turbine was modeled similarly with an actuator disc model, but not accounting for rotational flow

(ADM-NR) and the kite was modeled following the principle of actuator line (AL). Although RANS has

been proven to approximate the dynamic behavior of the wake-flow more poorly, it has been chosen to

reduce the computational cost in order to validate and extend the parametric study of Ploumakis. In the

validation study of Kokkedee to compare his simulation with the work of Ploumakis, significant differences

were obtained and were further away from measurement results from the literature. Therefore, the results

of Kokkedee are solely used as a qualitative study for the kite parameters. The parametric study of the

kite consisted of six cases: surface area, height, downwind location, angle of attack, number of kites and

inflow velocity. Similar to the work of Ploumakis, a positive effect was found of increasing the kite surface

area. The kite height was found to reach an optimum location of 130m for a wind turbine hub height of

80m, where an even higher value showed better wake recovery of downstream wind turbines. The location

of the kite was of high influence, were the biggest improvement was found by placing the kite as close

to the rotor as possible. The angle of attack showed a linear relation with the velocity deficit reduction,

somewhat expected from the relation of angle of attack and downwash lift production of the kite, causing

the velocity downwards and the flow entrainment from the outer layer of the ABL. However, since the drag

force is not a linear relation with the angle of attack, the efficiency tends to reach an optimum around

18°, which is considered relatively large and raises questions of the wake model. In the application of a
single kite between all turbines, it was found that the largest power increase was at the last wind turbine.

Here, also the biggest improvement of the velocity deficit was found. This despite the maximum point of

the turbulence kinetic energy, the better characteristic to describe the turbulence mixing, was found to

be behind the second wind turbine. This might come from the wake effect of the kite upstream on the

downstream kite, but the velocity deficit is relative small in comparison to the wind turbine. However, in the

study of Ploumakis this is not accounted for, as he assumes a constant pressure jump for each kite. This

assumption is unsubstantiated and needs to be explored further in a follow-up study.
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10
Methodology

For this research, a new aerodynamic tool was developed to simulate kite-turbine wake interactions:

K-TWIST (Kite-TurbineWake Interaction Simulation Tool). The model combines classical lifting-line theory

with a nonlinear free wake vortex method, based on the AWSM code by van Garrel [101]. The vorticity field

is described by a system of discrete wake vortex filaments, where the temporal evolution is handled with

a time-marching method. The effects due to viscosity are captured using the viscous-splitting algorithm,

which separates inviscid convection of the Lagrangian marker and the viscous diffusion [102]. The K-TWIST

model is written in Python code, using the Numba just-in-time compiler to perform the computation in

parallel to reduce runtime [103]. All simulations are performed on the HPC12, a cluster of high-performance

computing nodes at the Delft University of Technology [104]. The resulting velocity field is subjected to

azimuthal and annular averaging in data post-processing, to reduce un-physical oscillations and extract

representative metrics, such as the axial velocity deficit (δU ) and vertical momentum flux (Φz).

This chapter describes the methodology of the K-TWIST model, structured in three main sections. In

Section 10.1 the theoretical framework will be presented, including the fundamental principles like vortex

theory, lifting-line and the Biot-Savart law. Subsequently, Section 10.2 described how these theories

have been translated into numerical Python code. Here, the most important numerical techniques, such

as the viscous-splitting algorithm, time integration scheme and parallel computing, will be explained. In

addition, this section present all coordinate transformations used, the system of bound- and wake vortices,

as well as the model’s input variables. To conclude this chapter, Section 10.3 shows the post-processing

techniques that are applied on the raw simulation data.

10.1. Theoretical framework
The K-TWIST framework is built on fundamentals such as classical vortex and potential flow. Unlike

traditional methods that directly solve the Navier-Stokes equations, the fluid dynamics are described by the

temporal evolution of vorticity in the flow. This method approaches the flow field from a different angle and

can reduce complexity through dimension reduction via lumped forms of sheets or lines. The potential flow

theory provides the background for linear superposition, while the viscous effects near the vortex cores

are accounted for through core models and core growth methods.

10.1.1. Vorticity equation
Vortex-based methods are used to describe the dynamic motion of a fluid element, by solving the

vorticity transport equation instead of the Navier-Stokes equation. In order to understand the fundamental

aerodynamic principles of free wake vortex theory, some basic knowledge on fluid dynamics is needed.
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Figure 10.1: Angular velocity of infinitesimal rectangular element [105]

The erratic motion of a fluid element, like an infinitely small rectangular element of Figure 10.1, can be

described by a translation, rotation and deformation. For a simple translation in the z-plane, the edges

of the element may experience different velocities, which causes a deformation and rotation. Since the

angular velocity is defined as the relative velocity divided by the radius, the z-component of the fluid

element (ωz) can be established from the average of the contributions in each direction. For convenience,

the vorticity is defined as twice the angular velocity. As seen in Eq. 10.2, the vorticity is basically the curl of

the velocity field (~q) and describes the local fluid rotation.

~ω =
1

2
∇× ~q (10.1)

~ζ ≡ 2~ω = ∇× ~q (10.2)

Circulation is defined as the line integral of the velocity field around a closed contour. Using the theory

of Kelvin-Stokes: ”The line integral of a vector field over a loop is equal to the surface integral of its curl

over the enclosed surface”, circulation can be related to vorticity. This link is presented in Eq. 10.3, where

~n symbolizes the normal vector to the surface S. From Gauss’ divergence theorem, the surface integral

of a vector field over a closed surface is equal to the volume integral of the enclosed volume V . For any
incompressible, inviscid flow with conservative body forces, the circulation around a closed fluid path

remains constant in time. This conservation of circulation, known as Kelvin’s circulation theorem, supports

the concept of shed vortex generation. When circulation is suddenly introduced on a lifting surface, there

must exist an equal, counter-rotating vortex in the wake. In vortex theory, this phenomena, known as the

starting vortex, preserves total circulation in the system.

Γ =

∮
C

~q · d~l =
x

S

~ζ · ~n d~S (10.3)

=
y

V

∇ · ~ζ d~V (10.4)

DΓ

Dt
= 0 (10.5)
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To describe the fluid dynamics with vorticity, the variation of the vorticity in time must be described.

This can be established from the incompressible Navier-Stokes equation governing fluid motion, as seen in

Eq. 9.2. Taking the curl of the equation and using vector calculus identities, results in the vorticity transport

equation of Eq. 10.6. It describes the rate of change of the vorticity and can be simplified further to Eq. 10.7,

in the absence of non-conservative (rotational) forces.

D~ζ

Dt
=
∂~ζ

∂t
+ (~q · ∇)~ζ = (~ζ · ∇)~q +∇× ~f + ν∇2~ζ (10.6)

D~ζ

Dt
=
∂~ζ

∂t
+ (~q · ∇)~ζ︸ ︷︷ ︸
convection

= (~ζ · ∇)~q︸ ︷︷ ︸
strain

+ ν∇2~ζ︸ ︷︷ ︸
diffusion

(10.7)

10.1.2. Potential flow theory
Potential flow theory is based on the assumption of irrotational flow. As seen in Figure 10.2, the rotation of

the flow describes the change in orientation of the fluid element’s movement inside a flow field. Since the

rotation of the element is the result of the shear force of adjacent elements, irrotational flow often occurs in

high Reynolds number or inviscid flows.

Figure 10.2: Rotational- (a) and irrotational (b) motion of a fluid element [105]

In potential or irrotational flow, both the vorticity vector field and the circulation are therefore equal to

zero (Eq. 10.8). From vector calculus, any zero-curl vector field can be described as the gradient of a

scalar, since the curl of a gradient is always zero. This scalar function (Φ) is called the velocity potential
(Eq. 10.9).

~ζ = ∇× ~q = 0 (10.8)

~q = ∇Φ (10.9)

∇2Φ = 0 (10.10)

Using the definition of velocity potential in the incompressible continuity equation of Eq. 9.1, it can be

reduced to a linear differential equation: the Laplace’s equation (Eq. 10.10). Therefore, a velocity potential

can be created by linear superposition of elementary flow solutions, such as uniform-, source-, sink- and

vortex flow. It is somewhat counterintuitive to note that a vortex flow is a potential flow, as it does create

circulation. However, all rotation is created at the vortex core and everywhere else the flow is irrotational.
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Figure 10.3: (a) Two-dimensional free vortex flow. (b) Tangential induced velocity

components as a function of the radius, adapted from [105]

The vortex flow of Figure 10.3, is referred as free vortex flow, due to the absence of external forcing

to create the rotation. The equipotential lines are independent of the radius and the induced velocity by

the 2D vortex only has a tangential component. As seen in in Figure 10.3b, it is inversely proportional to

the radius. This creates nonphysically large induced velocities for small values of r and an singularity at
the center point (r = 0). At these smaller scales, viscous forces become relevant and the assumption of
inviscid flow does not hold. Therefore, it is often preferred to treat this region, the viscous core (indicated

in orange), differently from free vortex flow. The most simple solution to remove the singularity is to use a

cut-off radius, but more common is to use viscous core models to better mimic ”real” vortex flow behavior.

One approach is to interpret the viscous core as a solid body, rotating in a viscous fluid at a constant

angular velocity. This fluid behavior is often found in externally forced flow, like a blender, and is therefore

referred as forced vortex flow. The tangential component of the induced velocity is a simple linear function

of the radius and the angular velocity. This combination of vortex flow with a forced core is called a Rankine

vortex. Other methods exists as well, based on the Kaufmann vortex or even account for the viscous

diffusion in time, like the Lamb-Oseen model.

10.1.3. Vortex filament
Similar to the definitions of streamlines being tangential to the local velocity vector, the lines parallel to the

vorticity vector in the flow field are called vortex lines (Figure 10.4). When multiple vortex lines pass trough

a closed curve in space, it forms a vortex tube. If the cross-sectional area of the tube becomes infinitely

small, it is defined as a vortex filament.

Figure 10.4: Vortex line [105] Figure 10.5: Vortex tube [105]

As visualized in Figure 10.5, the volume inside the vortex tube is enclosed by two base surfaces and one

lateral surface. As the lateral surface is parallel to the vortex lines, it does not contribute to the circulation.

Only the outside caps of the tube have non-zero circulation. Since the normal vector (~n) is the outward
normal and their sum must be equal to zero, according to Eq. 10.4, the circulation on any cross-sectional
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surface of the tube is equal. Based on these results, Hermann von Helmholtz developed his theorem on

inviscid incompressible vortex filament flow, fundamental to lifting-line theory:

1. The strength of a vortex filament is constant along its length

2. A vortex filament cannot start nor end in a fluid, it must form a closed path or extend to infinity

3. A fluid element that is initially irrotational remains irrotational

One of the fundamental theories of vector calculus notes that any well-behaved vector field can be

decomposed into a divergence-free (solenoidal) and an curl-free (gradient) field. Applying this Helmholtz

decomposition to a velocity field results in Eq. 10.11, where Φ is a scalar potential and Ψ a vector potential.

Taking the curl of the full equation to obtain the vorticity, results in Eq. 10.12. Here, the contribution

of the scalar function to the vorticity vanishes due to the definition of irrotational flow, as described in

Section 10.1.2. The formulation of vorticity reduces to the vector potential Poisson’s equation, which can

be solved using Green’s theorem to establish a solution to the partial differential equation (Eq. 10.13).

Here the vector potential is evaluated at an arbitrary point in space with a distance of ~r to a vortex element.

~q = ∇×Ψ+∇Φ (10.11)

~ζ = ∇× (∇×Ψ) = −∇2Ψ (10.12)

Ψ =
1

4π

y

V

~ζ

|~r|
d~V (10.13)

When the velocity field can be expressed solely by the vorticity field, the vortex induced velocity can

be obtained from the curl of the solution to the vector potential. In lifting-line theory, the contribution of

external potential flow is handled separately, trough the bound circulation on the blade. Taking the curl of

Eq. 10.13 and using the relation of vorticity to circulation, it results in the Biot-Savart law. This function, as

in Eq. 10.14, allows for calculation of the velocity induced by a vortex segment at any point in space.

~qi =
Γ

4π

∫
dl× ~r

r3
(10.14)

qθ12 =
Γ

4πd
(cosγ1 − cosγ2) (10.15)

The Biot-Savart law can be further simplified under the assumption of a straight vortex segment. For

reasonably small discretisation of the vortex line, the straight-line segment does not require additional

correction for self-induced velocity due to the curvature effects [106]. It is comparable to the trapezoidal rule,

of the second-order accuracy. With this, the integral of Eq. 10.14 can be removed and the induced-velocity

is purely tangential. The result is a function of its strength (Γ) and the angles between the evaluation point
ant the two end points of the vortex segment, as seen in Eq. 10.15. For a semi-infinite vortex line that

starts at the origin, this relation reduces to that of Eq. 6.2. The direction of the velocity is normal to the

spanned plane by the vortex line segment and the point, which is purely in the tangential direction for a

straight vortex segment.

10.1.4. Viscous-splitting algorithm
In most practical problems, the phenomena due to viscosity occur on much smaller length scales in

comparison to potential flow events. Therefore, vortex model use a Lagrangian approach to describe the

flow with discrete vortex lines of concentrated vorticity: vortex filaments. In inviscid, irrotational conditions,

the vortex lines behave like fluid material lines, where their motion is described by a simple convection of a

Lagrangian marker (Eq. 10.16). In free wake vortex methods, these markers are found at the end points of

the vortex filament.

The principle of separate treatment of the inviscid convection and viscous diffusion of the vortex filament

is known as the viscous-splitting algorithm. While the inviscid methods often give good approximations

to the flow, it is more accurate to account for these effects due to viscosity. This includes a definition of
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the vorticity field within the vortex filament core, instead of purely mathematical techniques like cut-offs

to simply avoid the singularity of the Biot-Savart law, as well as a representation for the actual viscous

diffusion of the filaments. The independent convection of the two end points of the filament via Lagrangian

marker partly accounts for the strain term of the vorticity equation (Eq. 10.7), but there are some coupled

effects that are often overlooked.

In free-vortex wake methods, the vorticity field within the vortex filament is either neglected or

described by viscous core models. These algebraic methods approximate the tangential component of

the induced-velocity, the swirl velocity, in the close vicinity of the vortex core. These radial profiles are a

function of the non-dimensionalised radius and is either based on modeling key features of the core, or

based on empirical data fitting. The radius from the vortex line is normalized by the viscous core radius.

By definition, at this radial distance the swirl velocity is at a maximum.

To account for the viscous effects in time, the evolution of the viscous core radius must be considered.

This principle is known as the core spreading or core growth method and is introduced by the Lamb-Oseen

model. With the assumption that both the axial and radial components of the induced-velocity are zero,

they were able to find an axisymmetric solution to the laminar, one-dimensional Navier-Stokes equation.

The swirl velocity quickly decays from its peak and the vorticity is diffused in radial direction, as the core

size expands with time. The viscous core radius can be expressed as a function of the kinematic viscosity

and time, as presented in Eq. 10.17. In this context, time is represented in terms of vortex age (ξt), denoting
the elapsed time since vortex initiation. The parameter alo is the Oseen constant, which comes from the

differentiation of the swirl velocity with respect to the radius to obtain the point of maximum tangential

velocity: the core radius.

d~r

dt
= ~q(~r, t) , ~r(0) = ~r0 (10.16)

rc(ξt) =
√
4alo νξt (10.17)

Rev =
Γv
ν

(10.18)

δv = 1 + asqRev (10.19)

rc(ξφ) =

√
r2c0 +

4alo δvν ξφ
Ω

(10.20)

Due to the laminar flow assumption of the Lamb-Oseen models, the core growth rate is underestimated

in comparison with experimental data. It does account for molecular diffusion, but neglects other forms like

turbulent diffusion due to large-scale eddies or due to vortex merging of neighboring elements. Therefore,

Squire instigated a modified version of the model to account for the effects of self-generated turbulence. He

added a viscosity diffusion parameter (δv), which is effectively an average of the background turbulence. In
Squire’s hypothesis, this average apparent parameter was a function of the non-dimensional vortex strength:

the vortex Reynolds number of Eq. 10.18. Correlative studies with experimental observations confirmed

this hypothesis, where an average value of asq = O(10−4) for rotating wings [107]. For large-scale rotors
with orders of magnitude larger vortex Reynolds number, this would result in (δv ≈ 100). This implies that
the viscous diffusion of real vortex flows appears around hundred times faster than molecular diffusion

alone. Furthermore, the time-wise growth of the Lamb-Oseen has another shortcoming. For wakes of very

small age, meaning t→ 0, the function shows a singularity. This leads to artificially high values close to
the vortex’ origin. The modified version of Squire takes this into account by including a time ordinate-shift,

which provides a more physically correct swirl velocity. For rotating wings like wind turbine rotors, it is

more convenient to describe the wake age as an angle. This can be easily rewritten using the definition of

angular velocity in the rotor plane. The final form of the improved Lamb-Oseen result is given in Eq. 10.20.

Here, the time-shift parameter rc0 controls the effective core radius at the initial time of the vortex origin.

The coupled effects between the viscous diffusion and the filament stretching can be explained with

Helmholtz first law, from Section 10.1.3. Starting from the conservation of mass in incompressible flow,

an increase in length of the vortex filament is directly related to a decrease in cross-sectional area. As

the strength of the vortex filament must be constant in time, a deformation of the filament will therefore

cause a counteracting change of vorticity. Since these effects are most prominent in the close vicinity of
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the vortex filament, general adaptations are applied on the viscous core radius. Vortex stretching can

be implemented as a correction factor on the core radius, as shown in Eq. 10.21, where ε denotes the
relative change of length. Since the vortex’ future state is now included in the computation of the current

movement, it creates a coupling issue. The most common approach to tackle the issue at hand is the

concept of ”equivalent-time” [102]. Here, the additional straining effects are translated to a time-offset of

the core’s origin, presented in Eq. 10.22. The numerical implementation of the complete viscous-splitting

algorithm in the free-vortex wake code will be further explained in Section 10.2.4.

rceff
= rc0 ·

1√
1 + ε

, ε ≡ ∆`/`0 (10.21)

rc(ξt, ε) =
√
4αlo δvν (ξt0,eff + ξt) (10.22)

10.1.5. Flowfield approximation
As previously explained in Section 10.1.3, any well-behaved vector field can be described using

the Helmholtz decomposition. This opens up the possibility to define the velocity field around a

three-dimensional lifting body as a combination of sources and vortices. The vortex-induced velocity is

then a triple field integral of the vorticity field. To reduce the dimension of the integral, the vorticity volume

can be lumped into vortex sheets, or twice into vortex lines. It can be interpreted as a shrinkage of the

volume element, where one of the spatial dimensions goes to zero. These geometric simplifications to

reduce the dimension of the flow field representation are shown in Figure 10.6. In the lifting line method,

the vorticity field is concentrated to a single line of vortex strength, located at the quarter chord. The

lumping process, however, has one major drawback, as it alters the velocity distribution and creates a

singularity at the vortex element.

Figure 10.6: Dimension reduction of vorticity field via lumped forms [101]

10.2. Numerical implementation
Based on the theoretical framework, a numerical model has been developed: K-TWIST. The flow field is

defined in a 3D cartesian coordinate system with an Euclidean frame of reference. The blade aerodynamics

are represented by a nonlinear iterative procedure, while the wake system is described by a time-marching

free wake method. The viscous-splitting algorithm is applied to treat the effects of vortex convection,

diffusion and stretching independently. To accelerate the simulation, the model is equipped with a

just-in-time compiler for parallel computation.

10.2.1. Global- and local coordinate system
The LLFVW model will be operating in a global three-dimensional cartesian coordinate system (X,Y, Z).
The frame of reference is Eulerian, which means a fixed point of origin and independently of time. The

zero-point of all three axis will be located at the base of the first wind turbine tower. As shown in Figure 10.7,

the positive x-direction is chosen to be in the downstream direction and the positive z-direction towards the

rotor. The positive y-direction is then chosen to coincide with the standard orientation of a right-handed

coordinate system.
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Figure 10.7: Global 3D cartesian coordinate system,

with the origin at the first turbine’s tower base. X
streamwise, Y spanwise and Z vertical.

Figure 10.8: Local 3D cartesian

coordinate system, with the origin at

rotor’s center. x streamwise, y spanwise
and z vertical. Turbine rotations around
the respective axis: roll (ϑ), pitch (ϕ) and

yaw (ψ)

Each individual wind turbine will have their own local cartesian coordinate system. This allows for

convenient use of different turbines or a disparity in their orientation with respect to the global reference

point. As visualized in Figure 10.8, the origin will be located at the center of the rotor disk: the rotor hub.

To reduce the complexity of the coordinate transformation to the global system, the positive direction of

the axis are chosen with the same rationale. In order to switch between the local and global coordinate

system, the coordinates will be transformed using a combination of translation and rotation. The translation

corresponds with the shift of the origin’s location, while the rotation provides the difference between the

direction of the respective axis. For a wind turbine, these rotations around the x-, y- and z-direction are

known as roll (ϑ), pitch (ϕ) and yaw (ψ), respectively. It must be noted that this pitch angle is not equal to
the blade pitch angle, but can be used to rotate the complete turbine, as with floaters. Numerically, these

conversions will be conducted using transformation matrices, shown in 10.23, 10.24 and 10.25. These

matrices are dependent of the global turbine location and angles, which can be allocated individually.

~X = T · R · ~x (10.23)

T =


1 0 0 Xt

0 1 0 Yt

0 0 1 Zt

0 0 0 1

 (10.24)

R = Rϑ · Rϕ · Rψ (10.25)

Rϑ =


1 0 0 0

0 cosϕ −sinϕ 0

0 −sinϕ cosϕ 0

0 0 0 1

 , Rϕ =


cosϑ 0 sinϑ 0

0 1 0 0

−sinϑ 0 cosϑ 0

0 0 0 1

 , Rψ =


cosψ −sinψ 0 0

sinψ cosψ 0 0

0 0 1 0

0 0 0 1


The rotation matrix is a multiplication of three individual matrices, where each computes a rotation

around a single axis. For conversions in 3D, the matrices are of the shape 4x4, such that the rotation

and translation can be described in a single matrix framework. Since translation does not conserve the

origin, it is considered affine in vector algebra. To write the translation as a vector-matrix multiplication, an

additional dimension is needed to close the linear system within a single matrix [108]. This process can be
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achieved using homogeneous coordinates, where the extra coordinate is often set to 1. In 2D, this can be

interpreted as the distance from a screen to the projector.

Due to the rotational position of the rotor blades in time, it is more convenient to describe their location

in a local cylindrical coordinate system (r, φ, x). As shown in Figure 10.9, the cylinder will be centered at
the rotor hub and the z-direction aligned with the rotor axis in downstream direction. With matching point

of origin with the local cartesian frame, the cylindrical coordinates can be rewritten to the cartesian system

with Eq. 10.26.

Figure 10.9: Local cylindrical

coordinate system, with the

origin at rotor’s center. x
streamwise, r radial and z

azimuthal position.

Figure 10.10: 2D local frame in a rotating reference system,

defining the relative incoming velocity (UR) and the blade
angles (ϕi, α, β)

xy
z


(x,y,z)

=

 x

−rcos(φ)
rsin(φ)


(r,φ,x)

(10.26)

In order to easily define the location of the leading edge and the trailing edge of the rotor blade sections,

it is preferred to establish a blade-fixed reference frame. The coordinate system is defined to rotate with

the blade, such that at each blade section, the velocity vectors lie in the a,t-plane and 2D aerodynamics

can be applied. As visualized in Figure 10.10, the axial axis corresponds with the turbine’s local x-axis

and can be transformed directly. The tangential axis can be rewritten to the local cartesian frame with the

use of the cylindrical frame of the rotor disk. This configuration of several local coordinate systems allows

for efficient and compact expressions, from the sectional blade’s chord all the way up to a single global

reference system, where all the computation takes place.

10.2.2. Blade geometry and discretisation
In the lifting line FVW model, the geometry of each rotor blade is approximated by spanwise discretisation

of blade segments. The model is programmed to allow six discretisation methods: uniform, cosine, sine,

cubic, tangent and inversely tangent. These methods allow for different point distributions on the line, as

visualized in Figure 10.11. In rotor wake aerodynamics, it is common to use a cosine function, since this

increases the resolution at the blade ends where the largest variation of circulation is found [101]. The

radial point of each blade section is then derived by Eq. 10.27, following equiangular increments. Here,

the radial discretisation starts at the root (rr) and ends at the tip radius (rt), which is equivalent to the rotor
radius R. As the blade geometry near the center of the rotor changes quickly, for structural stiffness and
strength, and has a very low contribution to the lift production, it is common to have an effective root radius

of around 20 to 30%.
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The blade thickness is assumed to be infinitely small and its effect is neglected. The chord and local

twist angle are assumed to vary linearly between the two endpoints of the rotor blade, described by

Eq. 10.28 and 10.29. The radial distance is made non-dimensional with the rotor radius and A-D are

constant input parameters.

Figure 10.11: Different techniques for the spanwise discretisation of the blade

ri = rr +
R− rr

2

[
1− cos

(
iπ

N

)]
; i = 0, 1, 2, . . . , N (10.27)

c(r̂) = A+B · (1− r̂) (10.28)

βt(r̂) = C +D · (1− r̂) (10.29)

The aerodynamic coefficients are established from linear interpolation of the 2D-polar at the control

point of each segment. These control points lie on the lifting-line at quarter chord and are distributed

according to the corresponding spanwise discretisation technique. The 2D polar of the aerodynamic lift-,

drag- and pitching moment coefficients is pre-established from the aerodynamic profile of the rotor blade.

For simplicity is the design of the geometry equal throughout the full span of the blade.

10.2.3. Bound circulation
The forces of the blade on the flow are expressed into vortices, which are bounded to the blade. This form

of external potential flow in the vorticity equation of Eq. 10.2 follows the motion of the blade in time. This

movement does not follow the same dynamics as the Lagrangian markers of Eq. 10.16, but is linked to the

generation of aerodynamic lift via the theory of Kutta-Joukowski from Eq. 6.3. In this model, two different

approaches will be used to define the distribution of bound circulation on the blades. The vortex strength

(ΓB) can either be prescribed by a radial function or be established iteratively.

Prescribing a constant distribution allows for easy comparison with reference data or theory, like an

elliptical loading for minimum induced drag. However, the distribution must be known in advance and

equal for every timestep. There is an underlying assumption that the bound circulation is independent of

time. This is a valid premise for steady- or full converged flow, but neglects the unsteady development of

the aerodynamic lift.

To better capture this unsteadiness in the flow, a more complex nonlinear iteration can be used. In

this approach, the lift force generated by the bound vortex is corrected using the nonlinear lift curve of

the airfoil, corresponding to the control point of each blade section. The algorithm aligns the lift due to

circulation from the Kutta-Joukowski theorem with the local lift force from the relative wind velocity. The

numerical implementation is based upon ”The AWSM project” by van Garrel [101]. In Figure 10.12, the

technique is illustrated in basic steps. For a more comprehensive and detailed description of the method,

the reader is referred to the original publication.
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Figure 10.12: Simplified flow chart of the nonlinear Cl-based iterative approach,

modified from ”the AWSM module” [101]

10.2.4. Wake aerodynamics
Wake vortex system

According to the second theory of von Helmholtz (10.1.3), a vortex line must from a closed loop or extend

to infinity. Therefore, any directional change in circulation must be accompanied by an equivalent vorticity

component in the opposing direction. In other words, the vortex line does not terminate at the end points,

but changes direction. In classical lifting line theory, the single bound vortex line bends at both ends in the

downstream direction, creating a pair of trailing vortices that extend to infinity. Together with the bound

vortex, these form a so-called ’horseshoe vortex’, which is theoretically enclosed by the starting vortex.

Ludwig Prandtl further expanded this concept by dividing the lifting line into several spanwise sections,

allowing for a more refined distribution of aerodynamic loading on the blade. As this initiates a spanwise

variation of bound circulation, smaller trailing vortices will appear at each intersection of blade segments.

In a time-marching FW method, the aerodynamic loading on the blade may vary with time. This creates

an unsteady component of the bound circulation, which is captured at the end of the airfoil into discrete

step changes. These vortex lines, identified as shed vortices, effectively represent the time-wise variation

of bound vortex strength. At the initial time step, t = 0, the aerodynamic loading on the blade is introduced,
resulting in an abrupt change in circulation. In order to comply with Kelvin’s circulation theorem (Eq. 11.1),

conserving total vorticity, a vortex of equal strength and opposite direction must be shed in the wake.

This shed vortex line is placed at the trailing edge and represents the starting vortex. For the case of

predetermined distribution of circulation, there will not be any variation of circulation in time. Due to this

time-independency, all shed vortices beyond the starting vortex will be equal to zero.

At each timestep, newly generated vortices on the blade are shed from the trailing edge into the wake

downstream. Looking at a single blade section, the combination of bound vortex with the two trailing

vortices and the shed vortex forms a closed loop. This torus-shaped vortex of constant circulation is known

as a vortex ring element, visualized in Figure 10.13. It’s strength ΓO is equal to the bound circulation at

the corresponding blade section and time step when it was generated. As these shed wake rings are

convected over time, together they create the total free wake, modeled as a vortex sheet.

To satisfy the Kutta condition of vortex flow, which states that ”the flow leaves the sharp trailing edge

of an airfoil smoothly at a finite velocity”, the total vortex strength at the trailing edge must be zero. By

placing the lifting line at the quart-chord line and shedding the vortices from the trailing edge of the blade,

this condition is automatically satisfied.



10.2. Numerical implementation 47

Figure 10.13: Definition of the vortex

ring element, an enclosed structure

of constant vorticity

Figure 10.14: Geometry of the wake vortex system: Combined

vortex sheets in a dual indexing scheme

As shown in Figure 10.14, the wake vortex system is modeled as a network of straight vortex filaments,

interconnected between wake nodes. Each wake node is uniquely defined by a pair of indices (i, j). The
first number i represents the spanwise position on the blade, in line with the index of the corresponding
blade node. It ranges from zero to the total number of spanwise blade segments n. The second number j
denotes the time index, indicating the number of elapsed time steps. At j = 0, representing the initial time,
the location of the starting vortex can be obtained. The index increases with each successive time step,

where the highest value corresponds to the current time point in index notation m.

The wake vortex filaments follow a similar dual indexing system. Since trailing vortices denote spanwise

differences, the number of vortex lines is equal to the number of blade nodes. They are bounded by two

wake nodes of the same spanwise index i and succeeding time indices j and j + 1. In contrast, shed
vortices represent time-wise variation and they are stretched between two consecutive time steps. They

level the number of blade sections and are defined between wake nodes with the same time index j, but
with adjacent spanwise position i and i+ 1. The strength of the trailing- (ΓT ) and shed vortices (ΓS) are
computed with Eq. 10.30 and Eq. 10.31, respectively. A visual overview of the complete wake vortex

structure is presented Figure 10.14.

ΓT(i,j)
= ΓB(i,τ)

− ΓB(i+1,τ)
; i = 0, 1, . . . , n & j = 1, 2, . . . ,m (10.30)

ΓS(i,j)
= ΓB(i,τ)

− ΓB(i,τ−1)
; i = 1, 2, . . . , n & j = 0, 1, . . . ,m (10.31)

Numerically, the wake structure is created by convecting the wake nodes, rather than convecting the

vortex filaments themselves. Since adjacent filaments share nodes, convecting filaments would result in

duplicated effort, leading to higher computational time. By individually convecting the wake nodes, the

computation is not only simplified, but it inherently deals with aspects of the ”vortex stretching”, as discussed

in Section 10.1.4. Each wake node is convected with its local velocity vector, which is a combination of the

free-stream velocity and the vortex-induced velocity. The induced velocity is the outcome of all bound-,

trailing- and shed vortices, combined from each section and rotor blade.

Viscous-splitting

As previously described in Section 10.1.4, the effects due to viscosity in the vorticity equation will be

resolved separately. The motion of the vortices will be driven by simple convection of Lagrangian markers.

The position vector of the marker in the governing equation of Eq. 10.16 can be written as a function of the

azimuthal angle (φ) and the wake age (ξφ). Using the angular velocity of the rotor, simulation time can be
converted into an angle, following Eq. 10.32. The wake age, representing the elapsed time, is defined

as the angle between the current azimuthal position and the position when it was shed at the trailing
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edge (Eq. 10.32). Using the chain-rule, the Lagrangian convection can be expressed in a blade-fixed

coordinate system with Eq. 10.34. The velocity term in the RHS of Eq. 10.34 is severely non-linear and

will be solved numerically using recurrent implementation of the Biot-Savart law, for each vortex filament

respectively. The combined set of equations from each Lagrangian marker, effectively spatial and time

discretisation, can be seen as a system of ordinary differential equations. These can be solved using

numerical time-marching integration methods, like the Forward-Euler, the Runge-Kutta and other higher

order methods.

φ = Ωt (10.32)

ξφ ≡ φ− φ0 (10.33)

∂~r

dφ
+
∂~r

dξ
=
~q(~r, t)

Ω
(10.34)

The principle of the viscous-splitting algorithm is described as a time-marching operation, where three

consecutive steps are handled sequentially. From the schematic diagram of Figure 10.15, we observe that

the first sub-step is the convection. This inviscid process will be conducted according to the movement of a

Lagrangian fluid marker in the local velocity field. The second sub-action is applied to account for the effects

due to viscous diffusion of the vortex filaments in time, while the third step accounts for the viscous-coupled

effects due to stretching of the vortex elements. These last two viscous processes appropriately correct

the initial vorticity field due to convection alone, which is equivalent to setting the convection term to zero.

Figure 10.15: Viscous splitting

algorithm for FVW methods

[102]

Figure 10.16: Nomenclature used for induced velocity

calculations by three-dimensional straight vortex, adapted from

[105]

The numerical implementation of the Biot-Savart law for the calculation of vortex-induced velocity at

the Lagrangian markers can be described using Figure 10.16. The straight vortex filament of strength Γ ,

between point 1 and 2, induces a velocity at an arbitrary point P , which is at an orthogonal distance of d
from the filament. The individual components of Eq. 10.15 can then be filled in to calculate the absolute

value of the induced-velocity vector. The vector direction is normal to the plane span by the vortex filament

and the evaluation point, which can be expressed in mathematical terms using Eq. 10.35. Using vector

calculus, the vortex-induced velocity calculation can be rewritten to Eq. 10.36. Here, the additional term

Kv is the regularization parameter that accounts for the effects in the close vicinity of the viscous core.
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~eqi =
~r1 × ~r2
|~r1 × ~r2|

(10.35)

~qi = Kv
Γ

4π

~r1 × ~r2

|~r1 × ~r2|2

(
~̀ · ~r1
r1

−
~̀ · ~r2
r2

)
(10.36)

~qi,co =
Γ

4π

(r1 + r2)(~r1 × ~r2)

r1r2(r1r2 + ~r1 · ~r2)+(rc`)2
(10.37)

Kv, vas =
d2

(d2n + r2nc )1/n
(10.38)

Kv, lo = 1− exp

[
−alo ·

d2

r2c

]
(10.39)

Since the Biot-Savart law describes vortex flow, it has a singularity when the evaluation point coincides

with the axis of the vortex filament. As the point approaches the line, the induced-velocity becomes

un-physically large due to assumption of concentrated vorticity. The most straightforward solution is to

use a numerical cut-off scheme, where the solution smoothly decays to zero in close proximity. For this

approach, the regularization parameter of Eq. 10.36 is dropped and the induced velocity is modified to

Eq. 10.37, with an offset in the denominator indicated in blue. In literature, various other methods can be

found to de-singularize this swirl-velocity field and prevent numerical problems. The simplest model is

based on the observation that the vortex’ core in a viscous fluid behaves like a solid body rotation of constant

speed, known as the Rankine vortex. This method, however, has a discontinuity at the intersection of the

”viscous” core inner- and the free vortex outer flow. Other alternative methods, like the Kaufmann vortex,

use an algebraic profile of the swirl velocity, which removes the cusp. Both the Rankine- and the Kaufmann

model, or Scully model, are part of the overlapping family of equations proposed by Vatistas, shown in

Eq. 10.38, with n → 1 and n = 1 respectively. These methods are purely mathematical and no longer
represent the physical flow field around a lifting device, as it is not a solution to the Navier-Stokes equation.

Despite their reasonably approximations to the solution, their assumption of inviscid flow is often incorrect

and a more precise representation should including the viscous effects. Therefore, introduced by Lamb

and Oseen, viscous diffusion is taken into consideration. This has been reflected into a time-evaluation of

the viscous core radius, known as core spreading methods, as described in Section 10.1.4. Using the

definition of the core radius from the Lamb-Oseen model, of Eq. 10.17, the regularization parameter can

be expressed with Eq. 10.39. The effects in the close vicinity of the different vortex core models are shown

in Figure 10.17, where the swirl velocity is normalized by the value at the core radius. As the Lamb-Oseen

model is a physical solution to the one-dimensional Navier-Stokes equation and it is the foundation of the

viscous splitting algorithm, it will be implemented as the default option in the current model.
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Figure 10.17: Normalized swirl velocity distribution around a vortex’ center for different core models,

including Rankine, Lamb-Oseen, Kaufmann and the Vatistas family. The vortex core is indicated as the

Grey circle of radius one.

Initial viscous core radius

As described in Section 10.1.4, the viscous core radius is used to approximate the viscous behavior close

to the origin of the vortex flow. At this point, the swirl velocity is maximum, and the flow characteristics

deviate from a free vortex. This is one of the most critical parameters of a FVW model, due to its impact,

partly on the regularization of the Biot-Savart law. The value is influenced by, inter alia, the chord length,

the boundary layer thickness and the volume package that is being lumped into the vortex filament.

Empirical studies have found that the initial value of the viscous core radius of trailing tip vortices is in

line with the blade tips’ airfoil thickness [102], [107]. For most airfoil shapes this is on average about 10%

of the local chord length. This value will be used as a fixed parameter throughout the study for all vortex

types: bound, shed and trailing.

Time integration method

The system of differential equations that governs the convection of the Lagrangian marker of Eq. 10.16 can

be solved using numerical techniques. While the RHS of the equation is tackled by repeated application of

the Biot-Savart law, the LHS can be solved with time-marching integration schemes. The discretisation

in time can be conducted with implicit or explicit practices. Explicit methods use only the information

from current and previous time-steps to compute the next time value, while the implicit schemes require

knowledge from future time-steps. As the value of the next time step depends on itself, they need additional

computation. In some occasions, where the differential equation is very stiff, unreachable small time steps

are needed for numerical stability, and it is more efficient to take an implicit approach.

In the current model, the standard integration scheme is the explicit Forward-Euler (FE). This simplistic

method is based on the left rectangle rule to approximate the integral. Using only information at the current

time point, the solution can be computed with Eq. 10.40. Although the FE method is very simplistic and

cost-efficient, it requires a sufficiently small time step (∆t) for numerical stability. This optimal point will be
further examined during the sensitivity study of the verification analysis in Section 11.1.3.

It should be noted that in the current design of K-TWIST, the timescale is defined in seconds, in

line with the standard SI unit system. This all for direct integration of the time integration methods from
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reference sources. Specifically for rotor simulations, however, this is not common. In most studies, time is

rather expressed in rotation angle. Due to the circular motion of the rotor, periodic behavior may occur in

aerodynamic quantities, which are harder to detect on standard SI time scales. Additionally, this temporal

discretisation technique is also independent of rotational speed. In the standard approach, a simulation

with higher rotor speed and equivalent time-step size contains fewer time increments for one revolution.

Nonetheless, the standard SI system has been chosen, in order to provide a clear scale for the non-rotating,

translating kite as well.

~xt+1FE
= ~xt + [~u∞ + ~qi(~xt)]∆t (10.40)

10.2.5. Computational environment
The K-TWIST model is coded in python script that allows for parallel computation by utilizing Numba,

an open source just-in-time compiler [103]. Performing numerical calculations in parallel significantly

decreases computational time for loops of matrix operations. This is particularly effective for time-marching

FW models, where the number of nodes increases with every time step. For computations like the

Biot-Savart law, the array sizes can get out of hand very quickly. Standard approaches in which only

one entry is calculated can therefore take hours, for just a single timestep. In parallel computation, these

independent jobs are distributed across multiple CPU cores and may lead to higher computational efficiency.

However, the speed-up does not scale linearly with the number of processors due to overhead cost or

memory limits. This is further explored in a CPU sensitivity analysis, presented in Section 11.1.3.

Due to the large scale, the simulation will be conducted on a high-performance computing (HPC) cluster,

the HPC12. The ”supercomputer” is located on a dedicated Linux server, exclusively shared within the

faculty aerospace engineering at Delft University of Technology. This cluster opens up the availability of

significantly larger CPU numbers and available random-access memory (RAM), compared to standard

laptops with corresponding capacities of six-core, 16GB RAM. More information on the HPC cluster, such

as the operating system and the CPU-types, can be found on the HPC12 Wiki [104].

10.3. Post-processing
To convert the outcome of the numerical model into visible and meaningful aerodynamic properties, several

post-processing techniques are applied to the computed flow-field data. This section briefly describes

the main simulation outputs and the methods to extract them from the velocity field. Due to the discrete

approximation of unsteady flow behavior in the numerical model, particular attention is brought to the

utilization of averaging techniques, in order to produce useful results.

10.3.1. Output quantities
Since this study focuses on the impact of kite-deployment on the wake flow recovery of wind turbines, both

rotor performance and flow behavior in the wake are of high interest. These features can be characterized

by a wide variety of aerodynamic parameters. Given that the K-TWIST model is based on a lifting-line

vortex method, it is opted to evaluate the rotor performance through distribution of circulation and global

turbine performance characteristics, specifically the axial induction factor and the power coefficient. By

visualizing spanwise distribution of bound circulation for multiple points in time, transient aerodynamic

behavior of the flow can be identified. The time-averaged axial induction factor of blade segments can be

computed directly from the resulting velocity field. Using discrete approximation, these local quantities sum

up to an equivalent average induction factor, as shown in Eq. 10.41. On the contrary, the power coefficient

cannot be calculated from the results straightaway. First, the spanwise lift distribution along the blade is

computed from the bound circulation and the local velocity factor using the Kutta-Joukowski theorem of

Eq. 6.3. These lifting segments contribute to the total power extracted by the rotor via torque and can be

normalized with the available kinetic power in the wind, expressing the power coefficient. Numerically,

these parameters are achieved from Eq. 10.42 and Eq. 10.43.



ā ≈ 1− 1

N

N∑
i=1

Ux,i
Ux,∞

(10.41)

P = ρ Ω

N∑
i=1

[Γi · UR,i · ri ·∆ri] (10.42)

CP =
P

1
2ρAU

3
∞

(10.43)

Regarding the wake flow, both qualitative and quantitative representations are presented. The wake

geometry and tip vortex trajectories provide visuals of the flow structure, including tip vortex roll-up and

wake expansion. Concurrently, quantitative measures are extracted, in the form of axial velocity deficit

and vertical momentum flux of the mean flow. Both parameters can be computed directly from the velocity

field that results from the K-TWIST model, following Eq. 4.1 and Eq. 4.3 respectively.

10.3.2. Data averaging
Given the discrete and unsteady nature of the LL-FW solver, raw data from the simulation may contain

nonphysical oscillations or asymmetry. In key velocity-related drivers of this study, like the velocity deficit

along the rotor axis, noise can appear from blade passage or abrupt vortex influence. Therefore, several

smoothing techniques are applied, to obtain clear, representative trends from the produced data.

When the velocity deficit is plotted against the azimuthal angle, for a given radial position and a fixed

downstream location, the signal shows a periodic pattern. The number of peaks corresponds with the blade

count of the rotor, highlighting the strong effect of blade passage. Assuming perfectly symmetrical wake

geometry, azimuthal averaging can be applied to the simulation data. For each downstream evaluation

point, data is collected at discrete azimuthal angles with equal radial position. Subsequently, these results

are averaged for one full revolution to obtain the mean value. The azimuthal averaging filters out the

blade-passage effect, producing a smooth representative velocity field. It should be noted that this approach

can only be used in cases where there is no significant wake meandering or where the wake deforms

asymmetrically, such as in yaw.

Sampling the velocity at a given downstream location while varying the radial location, reveals strong

fluctuations around the edges of the blade. The axial velocity near the root and tip even increases, as a

result of strong influence from the tip vortices. Given that most simulations exclude the inner portion of the

blade, the resulting raw velocity field may appear to speed up near the center of the wake region. As this

does not represent physical reality, analysis along the rotor axis needs additional processing. To obtain

the rotor-averaged velocity on the axis of rotation, the data needs to be integrated across the rotor disk.

Numerically, this is handled through weighted averaging based on the annular area, to ensure proportional

contribution from each radial blade section. This technique is used in a similar manner to compute global

rotor metrics, like axial induction factor and power coefficient, where a representative value is required for

the effect of the entire rotor. These annular-averaged quantities better reflect the real turbine performance

characteristics that can be used for comparison with reference data.

In post-processing studies of experimental data, the point-fixed flow field is often averaged in time over

several rotor revolutions to filter out temporal noise. In this study, the wake is only simulated for a limited

number or revolutions, due to its impact on the computational time. As such, time-based averaging is not

suitable. However, azimuthal averaging at given time points implicitly assumes quasi-steady flow for one

rotor cycle. Since the average value is computed at multiple downstream evaluation points, the result can

be interpreted as a representative time average, provided that the wake geometry remains symmetric.
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11
Verification & validation

Verification and validation are crucial steps to evaluate the accuracy and reliability of a numerical model.

This credibility assessment provides the basis to ensure that the simulation results are plausible and

reliable approximations of the modeled physics. Before applying the model to complex scenarios or

drawing conclusions from its results, it is important to assess whether the numerical implementation is

mathematically correct, as well as physically representative of the simulation case.

The first part, focusing on the numerical accuracy of the governing mathematical equations, is covered

by the verification analysis in Section 11.1. This process focuses purely on the fidelity of the numerical

implementation and the mathematical framework, with no involvement of physical modeling. It helps to

detect programming errors, assess numerical convergence and ensures the alignment of the model with

analytical solutions and benchmark cases. In other words, the verification seeks to answer a central

equation: ”Are the equations being solved correctly?”

Validation, on the other hand, determines to what extent the numerical model can provide an accurate

representation of the physical reality. Here, the guiding questions is: ”Are the right equations being

solved?”, emphasizing the adequateness of the theoretical model itself. It often involves comparison of

the simulation results with high-fidelity data or experimental measurements from reference studies. This

evaluates whether the dominant physical phenomena are captured by the model, ensuring its applicability

within a defined range of conditions. How to validation process is employed for the current K-TWIST model

will be further discussed in Section 11.2.

11.1. Verification
The verification procedure of this work is divided into three series of tests: consistency checks (11.1.1),

configuration trials (11.1.2) and sensitivity studies (11.1.3). These steps involve: evaluation of the numerical

model with respect to fundamental conservation laws, reproducibility of analytical solutions in simplified

conditions, and analyze convergence behavior under variation of key discretisation parameters. The

sensitivity analysis, most importantly, examines how the model reacts to changes in design parameters.

These variables, including time step size, wake length and total number of blade segments, effectively

define the spatial-time mesh of the simulation. It provides insight into the robustness and numerical stability

of the model, which are essential for identifying an optimum of model accuracy to computational efficiency.

Since FW-based models show a quadratic relation with the number of elements, tuning the simulation

parameters is very important to ensure valid results with minimal energy consumption. This section outlines

the steps employed in the verification of the K-TWIST model, as well as the key results.

11.1.1. Consistency checks
The first set of unity checks are conducted statically, only once for the initial setup. These essentially test

whether the geometry and core physics are correctly implemented in the numerical setup. To verify the

vortex orientation, a single line element is inspected to align the induced-flow direction with the right-hand

rule from the Biot-Savart law. Similarly, the implementation of a vortex ring element is tested by isolating

the four components of the closed loop. They should sum up to net zero circulation and generate a

downstream downwash effect, for a positive vortex strength. Here, both visual and numerical checks will

be performed on a single blade with two nodes. The implementation of the Biot-Savart law is examined by

54
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plotting the swirl velocity from an isolated vortex filament against the orthogonal distance. In principle, the

induced-velocity must start from zero and approach the analytical solution of a semi-infinite vortex line

(Eq. 6.2). Lastly, the geometry of the simulation setup is checked by plotting the wind turbine blades in a

fixed three-dimensional reference system over a few time steps. With this figure, the direction of rotation,

relative inflow velocity vector, airfoil chord direction, and node placement can be confirmed.

Additional consistency checks are applied for every timestep in the numerical simulation, to ensure

concurrence with the fundamental theorems of Kelvin and von Helmholtz, as described in Section 10.1.3.

In the K-TWIST model, Kelvin’s conservation of circulation is checked by calculating the total circulation

over the whole domain, effectively summing every filament contribution (Eq. 11.1). The first theory of

von Helmholtz, asserting vortex filament time invariance, can be monitored by time evaluation of a single

vortex filament in the wake. However, since the strength of a filament is only allocated at creation, this

notion is automatically fulfilled with Eq. 11.2. With the definition of shed vortices as the temporal variation

of bound circulation, Helmholtz’s second law is met unconditionally as well. Any remaining delta is caused

by accumulation of numerical errors.

ΓB +

I∑
i=1

J∑
j=1

[
ΓTi,j + ΓSi,j

]
= 0 (11.1)

Γ(t) = Γ(t+∆t) = const. (11.2)

These tests primarily serve as a checklist to identify potential coding errors or other inconsistencies,

including geometric configuration and theoretical limits. Therefore, the corresponding results are

summarized in Section A.1

11.1.2. Configuration trials
To further verify proper implementation of key aerodynamic phenomena, a selection of configuration trials

is performed using the numerical model. These simplified test cases serve as a benchmark for direct

comparison with analytical solutions. Here, the models’ ability to reproduce fundamental flow behavior,

such as lift generation, downwash, vortex roll-up, wake expansion and tip vortex patterns can be checked

systematically. In this study, three distinct configuration trials are carried out under idealized, steady flow

conditions using a symmetric airfoil, specifically the NACA0012. The corresponding two-dimensional airfoil

data, including the Cl, α-curve, is obtained from XFoil simulations at a Reynolds number of six million. An

overview of the operating conditions is presented in Table 11.1

Table 11.1: Simulation conditions for the verification analysis of the K-TWIST model

Case variable Symbol Setting SI Unit

Free-stream velocity Ux,∞ 10 m/s

Flow density ρ 1.225 kg/m3

Kinematic viscosity ν 1.48E-5 m2/s

The first series of simulations are conducted for the test case of a single, untwisted, elliptical wing of

finite span. The wing’s geometry is defined by an elliptical chord distribution, a constant geometric pitch

angle and a straight quarter chord line, as shown in Figure 11.1. Since the wing translates axially without

rotation, the pitch angle is equal to the aerodynamic angle of attack. At first, a quick check is performed for

a zero angle of attack to check the condition of no lift generation. More importantly, a non-zero constant

angle should generate an elliptical lift distribution. Given that the inflow conditions are steady, this is

equivalent to a distribution of circulation of the same shape. This can be verified by comparing the variation

of bound circulation with the analytical solution of Eq. 11.3. More conveniently, a verification is conducted

by plotting the spanwise- and temporal variation of induced downwash for a prescribed distribution of bound

circulation. By definition, both the downwash and the induced angle of attack must be constant along the

wingspan, at the three-quarter chord line. This follows from the no flow boundary condition of modeling a

lifting surface [105]. Defined by Eq. 11.4, it is a function of the maximum circulation Γmax and the wing
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span b. The simulation will run for small time steps of 0.05s for several diameters of traveled distance in the
downstream direction, to obtain a smooth and evident wake definition. At last, anti-symmetry across the

centerline is tested by mirroring the wing on the y-axis. Since the sign of the angle of attack is now flipped,

the aerodynamic response of the wing should be of equal magnitude and opposite direction (Eq. 11.5).

Figure 11.1: Geometry definition of untwisted elliptical wing, with straight quarter chord line

Γ(y) = Γmax

√
1−

(
y

b/2

)2

(11.3)

wi = −ΓBmax

2b
(11.4)

Γ(r) = −Γ(−r) (11.5)

For a complete overview of this chain of simulations, the reader is referred to Section A.2. Here in this

subsection, only the key findings related to the induced downwash for the non-zero constant angle of attack

are presented. In Figure 11.2, the time evolution of the downwash is plotted for different spanwise positions.

Since the bound circulation is a prescribed function, it is constant in time. All shed vortex filaments will

be zero, except the starting vortex. In the simulation, the sudden change in motion at constant speed

causes a fast increase of downwards airflow, as seen in Figure 11.2. This disruption, due to shedding of

the initial shed vortex downstream, will slowly move away from the wing. The downwash will converge

to a steady value after approximately 1.5s. From the graph, it can be observed that the downwash is

moderately constant for the large part of the span. Towards the end points of the wing, the downwash is

significantly larger. The differences between the simulation and the analytical solution are related to the

assumption of flat wake. However, due to wake self-induction, a phenomenon called wake roll-up appears

and the assumptions does not hold. At the wing tips, the spanwise differences of bound circulation are

very large, causing peak trailing vortices that folds inwards in a cylindrical pattern. In Figure 11.3, the

wake behind the lifting surface is plotted, where this phenomena can be spotted easily. It should be noted

that the effect of the downwash on the wing loading is not accounted for in these results, which slightly

over-predicts the bound circulation and, consequently, the induced downwash.
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Figure 11.2: Induced downwash at three-quarter chord,

for different spanwise locations of an untwisted elliptical

wing

Figure 11.3: Wake geometry of an elliptical

wing, showing tip vortex roll-up

Table 11.2: Geometric parameters for the verification analysis of an untwisted, elliptical wing

Case variable Symbol Setting SI Unit

Number of blades NB 1

Number of segments NS 50

Non-dimensional radial distance r̂ 0 – 1

Blade span b 10 m

Maximum chord length cmax 3.18 m

Blade pitch angle βp 0 / 0.12 rad

Prescribed max. bound circulation ΓBmax
10 m2/s

For the second configuration trial, the wake dynamics of a three-bladed rotor at constant angular

velocity is simulated. For this part of the verification study, a tip speed ratio of 8 is defined, which relates

the rotational speed to the wind speed following Eq. 11.6. The blade’s geometry is designed to ensure

that the rotor operates in a force-free state. In other words, the rotor is positioned in such a way that no

aerodynamic lift is produced over the entire blade. This can be reproduced by aligning the local pitch angle

with the inflow angle, for each blade segment. From Figure 10.10, this geometric condition ensures zero

angle of attack. Defining the global rotor pitch angle to be zero, the twist distribution is a simple function

of the tip speed ratio (λ). The function is presented in Eq. 11.7, where the radial position is normalized
by the rotor radius. Given that the airfoil is symmetrical, the spanwise distribution of lift coefficient should

therefore remain constant at zero. As there is no aerodynamic blade loading, there is no generation of

circulation. The generated wake nodes should move downstream with the local velocity vector, creating a

perfect helical wake pattern. This helix shape can be used as a baseline for all plots of the wake geometry,

showing the deviation from the rotational effects of the rotor.

Decreasing the rotational speed slightly by 10%, while keeping the wind speed constant, the rotor

should move into a turbine configuration. As the inflow angle increases and the geometry is fixed, the

angle of attack increases as well. Positive lift is generated and the flow will be decelerated. Likewise, the

rotor should simulate a propeller if the rotational speed is increased. For clarity, the results of this part

have been moved to Section A.2
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λ =
ΩR

|~U |
(11.6)

βt(r) = arctan(
1

λr
) (11.7)

Table 11.3: Geometric parameters for the verification analysis of a three-bladed rotor at constant angular

velocity

Case variable Symbol Setting SI Unit

Number of blades NB 3

Number of segments NS 25

Non-dimensional radial distance r̄ 0.2 – 1

Rotational speed Ω 1.6 ± 0.16 rad/s

Blade radius R 50 m

Blade pitch angle βp 0 rad

For the third and final test case, a second simulation is performed for the three-bladed rotor. The

geometry of the blade will be defined to create a constant loading on the rotor. This means that the

spanwise distribution of thrust force is uniform. On the condition that the rotor is lightly loaded (CT ≤ 0.2),
the inflow angle is small and the local axial force can be approximated by the lift per unit span. From the

Kutta-Joukowski theorem of Eq. 6.3 and the thin airfoil theory, the local lift force can be expressed by

Eq. 11.8. Still, the rotational speed of the rotor is constant and stems from the defined tip speed ratio. Using

the same twist distribution as for the force-free rotor, a small constant angle of attack can be achieved by

defining a global pitch angle. In order to achieve a constant lift force, the chord distribution is specified to

be inversely proportional to the relative velocity, following Eq. 11.9. The results from this test configuration

trials, like the wake geometry and the turbine performance quantities can be compared with semi-analytical

expressions from BEM and Goldstein’s theory. A summary of the results of this trial can be found in

Section A.2.

L′(r) =
1

2
ρ V 2

R c CL (11.8)

c(r) ∝ 1

V 2
R

(11.9)

Table 11.4: Geometric parameters for the verification analysis of a three-bladed rotor with constant loading

Case variable Symbol Setting SI Unit

Number of blades NB 3

Number of segments NS 20

Non-dimensional radial distance r̂ 0.2 – 1

Rotational speed Ω 1.6 rad/s

Blade radius R 50 m

Blade pitch angle βp 1.5 ◦

Thrust coefficient CT 0.1

11.1.3. Sensitivity analysis
To conclude the verification study on the K-TWIST model, a detailed analysis is conducted on the

computational efficiency and numerical convergence behavior of critical simulation parameters. The
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three-bladed rotor is defined to operate in turbine mode at a constant angular velocity. The geometry of

the blade is described by a cosine spacing and linear functions for the twist and chord distribution, as

discussed in Section 10.2.2. The flow conditions are assumed steady, similar to the configuration trials of

Table 11.1. For this analysis, the DU 95W-180 airfoil will be used for full blade span [109]. All geometric

input parameters for the wind turbine blade are kept constant throughout the sensitivity study and are

summarized in Table 11.5 on the left. On the right hand side of Table 11.5 are the baseline simulation

settings. For each part of the analysis, only one of the variables is varied, while the others remain fixed. In

this manner, the effect of the input parameter on the numerical results can be isolated.

Table 11.5: Input parameters for the sensitivity analysis of a three-bladed rotor

Geometric variable Symbol Setting

Number of blades NB 3

Radial distance r̂ 0.2 – 1

Blade radius R 50 m

Blade pitch angle βp -2 ◦

Chord constants A, B 3, 1

Twist constants C, D 14, 1

Simulation parameter Symbol Setting

CPU core count NCPU 10

Number of segments NS 15

Time step ∆t 0.05 s

Simulation time Ttot 40 s

Rotational speed Ω 1.6 rad/s

Numerical models based on the FW method tend to have a correlation between the number of wake

nodes and the computational efficiency. At each timestep, the total nodes count increases with the number

of trailing edge nodes. The number of wake filaments grows twice as fast, due to the creating of both

trailing- and shed filaments. Since the nodes are individually convected, the induced velocity needs to be

computed for each node. The total number of elements that need to be computed for a particular timestep

can be approximated by Eq. 11.10. It is a function of the time step count (NT ) and the amount of blade
nodes (NBN ). The latter is in itself a function of the number of aerodynamic devices (ND), blades (NB)
and segments (NS). With the continuously rising line, the maximum can be found at the last time step. At

this point, the proportionality with respect to the input parameters is given by Eq. 11.12. However, these

variables are also influential for numerical stability and modeling the physics, such as aerodynamic blade

loading and wake flow behavior. It is therefore essential to find an optimal balance between computational

cost and numerical accuracy. To achieve this, sensitivity analysis are carried out for the K-TWIST model,

for both input variables and CPU performance.

Ntot = (NBN ·NT )︸ ︷︷ ︸
wake nodes

·

 (2 ·NBN )︸ ︷︷ ︸
blade filaments

+(2 ·NBN ·NT )︸ ︷︷ ︸
wake filaments

 (11.10)

NBN = NR ·NB ·NS (11.11)

Ntot ∝ N2
R ·N2

B ·N2
S · (Ttot/∆t︸ ︷︷ ︸

NT

)2 (11.12)

Spatial resolution

Each rotor blade is modeled by a discrete number of spanwise segments NS , which are defined with

a cosine spacing method. Since the aerodynamic forces are lumped onto the lifting-line, it is the main

parameter that defines the spatial resolution of the simulation mesh. Larger values of NS contribute to
a finer discretisation, in particular the twist and chord distribution across the blade span, which result in

a more accurate representation of the blade geometry. This translates to a better approximation of the

aerodynamic behavior, which is reflected in the spanwise variation of bound circulation.

The influence of the number of segments along the blade span on the aerodynamic loading is first

illustrated in Figure 11.4, presenting the distribution of bound circulation for increasing spatial resolution.
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As expected, a very coarse mesh (NS = 5) fails to accurately track the spanwise variation of blade loading.
The deviation is particularly evident at the blade root and tip, where the strongest gradients can be found.

Increasing the number of sections, the blade can be represented more precisely, which leads to improved

accuracy of the aerodynamic modeling. For an even higher number of elements (NS ≥ 15), a further

refinement yields negligible improvement, which indicates that the solution converges.

Figure 11.4: Distribution of bound circulation for different values of spanwise blade elements. Where the

coarse grid is defined by NS = 5 and the finest grid by NS = 25

A second important indicator of the sensitivity is the trajectory of the tip vortex. As the tip vortex

represents the strongest change of bound circulation, it is directly linked to the spatial resolution. For low

number of blade segments, the trailing vortices are further apart and of higher magnitude. This effects the

numerical accuracy of modeling the tip vortex roll-up behavior, as well as the wake shape. With a more

refined mesh, this phenomenon can be simulated in a smoother way, contributing to improved numerical

stability. The effect is illustrated in Figure 11.5, which represents the wake topology of the coarse (NS = 5)
and fine (NS = 25) resolution. The vortices of the coarse grid remain more coherent over longer distances,
resulting in a less distorted wake flow in the far field. In contrast, the finer discretisation produces a denser

system of smaller vortices that roll-up earlier in the domain.

Figure 11.5: Side view of the wake shape for the sensitivity analysis on spatial resolution. Where the left

figure shows the coarse grid (NS = 5) and the right figure shows the finest mesh (NS = 25)
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The effect of the spatial resolution on the wake field is further demonstrated in Figure 11.6, showing the

axial velocity distribution along the rotor’s centerline. For a very low number of blade elements (NS = 5),
the wake is insufficiently represented. The velocity deficit is smoother and less pronounced than for a more

refined mesh. This leads to an underestimation of the minimum axial velocity as well as an overall delayed

flow recovery. Physically, this behavior is mainly caused by an inaccurate representation of the trailing

vortices at the tip. As previously mentioned, these are the strongest vortices and drive flow phenomena

such as vortex roll-up. As the segment count increases, the model is able to capture the flow behavior

more accurately. The velocity deficit is larger and the point at which flow recovery occurs shifts towards

the rotor. For values above NS = 15, the axial velocity distribution appears to remain unchanged. This
indicates the simulation is converging, in line with previous findings in the distribution of bound circulation.

From this point onwards, the flow properties and key entrainment mechanism are accurately represented

by the model.

Figure 11.6: Rotor-averaged, axial velocity on the rotor-axis for different spatial resolutions, reflected by

the number of spanwise blade elements (NS)

To quantify the relationship between numerical accuracy and computational efficiency, the relative

metrics are presented in Table 11.6. The first row shows the relative decrease in computational time,

while the other rows present the corresponding accuracy at different radial positions. Here, all values are

measured with respect to the finest discretisation (NS = 25). It should be noted that the optimum is highly

dependent on the blade design, as more complex shapes require a finer mesh. For this sensitivity analysis,

the blade is modeled with a constant airfoil type and linear relations of the chord and twist angle with

respect to the radial position. Therefore, a spanwise blade discretisation of 15 segments shows acceptable

runtime, for only a minor loss in accuracy.
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Table 11.6: Summary of the sensitivity analysis of the number spanwise blade segments (NS). Metrics
are relative to the finest discretisation (NS = 25).

Result NS=5 NS=10 NS=15 NS=20 NS=25

Total runtime [h] 0.47 2.6 5.5 10.9 35.4

% Relative runtime 1.3 7.3 15.5 30.8 100

% Relative error ΓB (r̂=0.2) 12 -1.8 2.7 -0.9 0.0

% Relative error ΓB (r̂=0.4) -2.3 -4.9 -0.5 0.3 0.0

% Relative error ΓB (r̂=0.8 -4.6 -1.3 -0.7 -0.4 0.0

% Relative error ΓB (r̂=1.0) 73 5.8 -19 -9.6 0.0

Temporal resolution

The model relies on a time-marching integration method to approximate vortex movement, via convection

of Lagrangian makers (Eq. 10.16). This numerical technique is used to solve unsteady functions through

iteratively computing the solution at discrete points in time. Here, the time step size controls the temporal

resolution of the simulation. The smaller the step size, the better the modeling accuracy of the dynamic

motion of the flow. Conversely, large time steps can lead to aliasing, whereby the physical evolution of the

flow cannot be represented anymore by the model. For most time integration methods, like the FE-method,

it can improve numerical stability as well. However, very small time steps may worsen the stability, as a

result of accumulation of numerical errors, in particular regarding round-off.

The influence of the temporal resolution on the aerodynamic blade loading is first illustrated in Figure 11.7,

showing the distribution of bound circulation for different time steps. At a very coarse resolution, large ∆t,
the blade aerodynamics appears to be insufficiently resolved, which results in an inaccurate representation

of the spanwise variation. While the effect is most evident at the root, it is observable across the entire

distribution. As the time step size decreases, the rotational motion of the blade is better captured, leading

to a more realistic spanwise variation. Starting from∆t = 0.15s, the sensitivity tends to decrease at smaller
time steps, which suggests a possible convergence.

Figure 11.7: Distribution of bound circulation for different values of time step sizes. Where the coarse

temporal mesh is defined by ∆t = 0.25s / ∆φ = 23◦ and the finest by ∆t = 0.025s / ∆φ = 2.3◦

A more detailed look of the impact of the temporal resolution on the wake flow field is provided in

Figure 11.8, where the axial velocity distribution is shown along the centerline of the rotor. For large
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time steps, the wake flow field appears to be unstable, already rather quickly behind the rotor. Here, the

rotor model makes relatively large azimuthal jumps of 23◦ between consecutive time steps. As the helical
pattern cannot be tracked, it results in an irregular separation of vortex elements. The resulting velocity

field is ill-structured and the induced velocities fluctuate considerably. At smaller time steps, or equivalent

smaller azimuthal jumps, the wake geometry becomes smoother and more consistent vortex trajectory.

The improved resolution decreases the vortex spacing, resulting in a higher numerical stability as well as

an acceleration of the flow recovery process driven by vortex roll-up. It can be observed that the induced

velocity field appears to converge towards a stable configuration at ∆t = 0.05s. An even smaller time
step from this point shows to deviate significantly from all other simulations. This is possibly a result of

accumulation of the numerical round-off errors from the induced velocity calculations.

Figure 11.8: Rotor-averaged, axial velocity on the rotor-axis for different temporal resolutions, reflected by

time step size

Lastly, in Figure 11.9, the resulting wake geometry is compared for the crudest (∆t = 0.25s) and
finest (∆t = 0.025s) temporal resolutions. As mentioned, the step size is directly related to the azimuthal
discretisation of the rotor revolution. For large time steps, the rotor makes quick angular jumps. This

results in strong shed vortices, especially at initialization. The modeled wake is sparse and not completely

represented. The wake roll-up behavior is noticeable, but the trajectory is inaccurate as the rate is off. As

the wake convects downstream, the vortices start to fade out and the errors are less prominent. However,

as the induced-velocity effects are most significant in the near wake, a coarse temporal resolution also

affects the flow field. In order to quantify this hypothesis, the effect of the step size on the axial velocity

deficit is illustrated in Figure 11.8. It should be noted that this quantity is rotor-averaged, as previously

explained in Section 10.3. Here it is apparent that the smaller, accelerated tip vortex roll-up at short time

steps provide a better approximation of the wake flow recovery.

To find the optimum balance between computational cost and numerical accuracy, a quantitative

comparison is provided in Table 11.7. The costs are indicated by the relative runtime, while the accuracy

is measured by the respective error of the velocity deficit. Both quantities are taken relative to the

finest discretisation, ∆t = 0.025s. From the resulting data, the strong effect of the time step size on the

computational time can be obtained. For increasingly smaller time steps, the numerical results become

more accurate. However, at some point, the modeling improvements no longer outweigh the extreme

up-shift in simulation time. From this, it can be concluded that a moderate time step of ∆t = 0.05s is
sufficient for this application, maintaining the efficiency-accuracy balance.
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Figure 11.9: 3D wake geometry for the sensitivity analysis on temporal resolution. Where the left figure

shows the largest step size (∆t = 0.25s / ∆φ = 23◦) and the right figure shows the smallest (∆t = 0.025s /
∆φ = 2.3◦)

Table 11.7: Summary of the sensitivity analysis of the time step size in seconds (∆t). Metrics are relative
to the finest discretisation (∆t = 0.05).

Result ∆t=0.25 ∆t=0.20 ∆t=0.15 ∆t=0.10 ∆t=0.05 ∆t=0.025

Total runtime [h] 0.04 0.11 0.27 0.86 5.5 94.5

% Relative runtime 0.04 0.12 0.29 0.9 5.8 100

% Relative error δU (x̂R=0) -0.51 -0.42 -0.35 -0.25 0.11 0.0

% Relative error δU (x̂R=2) 1.0 -0.5 0.1 -0.8 -0.6 0.0

% Relative error δU (x̂R=4) -2.9 -3.3 -3.5 -4.1 -2.3 0.0

For all time step values, the simulation results exhibited instability towards the end of the domain. This

effect was further investigated, to find out whether this can be solved with an even small time step. In a

numerical stability analysis of Gupta and Leishman, the FE scheme showed unstable behavior independent

of the step size [110]. Therefore, future work should use a modified version of the FE: the predictor-corrector

scheme (PC). This implicit approach computes the time integral by a combination of guessed value and

revision, as shown in Eq. 11.13. First, the solution will be guessed using an explicit approach, which is in

this case the FE. The velocity at this new evaluation point will be computed for the following timestep and

averaged out with the current timestep, to obtain the corrected solution. This results in a more precise and

stable approximation of the time integral, with only a slight increase of the computational cost.

~xt+1PC
= ~xt + [2~u∞ + ~qi(~xt) + ~qi(~xt+1FE

)]
∆t

2
(11.13)

Wake length

To specify the time domain of the simulation environment, an additional setting is required for the temporal

domain, one that provides the total time of the simulation. This time period can be interpreted as the

downstream distance of the starting vortex from the current rotor position, equivalent to the length of the

wake. The total simulation time (Ttot), defined in seconds, can be converted in rotation angles or rotor
revolutions. The wake length setting effectively controls the area over which the induced velocity field is

captured. For a longer distance, the downstream wake can be represented more completely. Not only has

the wake more time to develop, there are more wake points describing the flow behavior.

The influence of the wake length on the modeling accuracy of the blade aerodynamics can be analyzed

from the spanwise distribution of bound circulation, shown in Figure 11.10. Most interestingly, no significant

differences can be found for an increasing simulation time. This indicates that the spanwise variation

is essentially insensitive to the wake length. Such behavior is consistent with theory, since the induced

velocity on the rotor plane is dominated by the vortices in the direct vicinity of the blades. As the contribution
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of distant vortices decrease quickly with distance, they have only a negligible effect on the local flow field.

Given that the near-wake field converges to quasi-steady state as first, the aerodynamic loading on the

blade stabilizes consequently.

Figure 11.10: Distribution of bound circulation for different values of wake length, reflected by total

simulated time

The qualitative influence of the wake length on the flow field can be studied by comparing the wake

geometry for the different simulation time periods. In very short simulations, start-up effects like the starting

vortex remain close to the rotor plane. This creates an un-physical distortion of severe size on the local

velocity field. As the wake is simulated for a longer time period, these initiation effects are propagated

downstream and a larger portion of the flow in the wake is represented by the modeled vortex system. The

geometry in the near-wake slowly stabilizes and shows a more coherent, gradual roll-up pattern. At the

longest simulation time, the near-wake is largely converged, while the flow close to the end of the domain

shows to be irregular and chaotic behavior. This indicates that the modeled near wake approaches a

stable geometry, while the far-wake is still in evolution.
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Figure 11.11: Side view of the wake shape for the sensitivity analysis on wake length. Total simulation

time is shown for t = 20, 30, 60, 70s

With Figure 11.12, the effect on the wake flow field can be reasoned quantitatively in terms of the

axial velocity deficit along the rotor axis of rotation. For a low simulation time, only a short portion of the

wake is modeled. This results in an unrealistically quick recovery of the axial velocity, due to a lack of

contributions. As the wake length increases, a larger share of the physical wake is captured by the model.

The location of the flow instability shifts further downstream, as the initial flow disturbances gradually move

with the simulation boundary. Concurrently, the flow region close to the rotor disk continues to develop as

the simulation time increases. The maximum velocity deficit intensifies and occurs further downstream,

mirroring a more realistic build-up of the locally induced flow field. Strikingly, while the minimum axial

velocity and its position change substantially, the rate of flow recovery appears to remain fairly consistent

in all cases. This observation suggests that the near-wake field is close to its quasi-steady state. On the

contrary, the flow field in the far-wake shows no convergence yet, within the current maximum simulated

time of t = 70s. As a result, the flow field in the far-wake continues to evolve and a longer duration is

required to simulate a converged solution at this region.
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Figure 11.12: Rotor-averaged, axial velocity deficit on the rotor-axis for the different wake lengths,

reflected by simulated time

Table 11.8: Summary of the sensitivity analysis of the total simulation time in seconds (Ttot). Metrics are
relative to the longest wake (Ttot = 70).

Result Ttot=30 Ttot=40 Ttot=50 Ttot=60 Ttot=70

Rotor revolutions (nRev) 7.6 10 12.7 15.3 17.8

Total runtime [h] 2.4 5.5 13.4 28.7 41.1

% Relative runtime 5.84 13.4 32.6 69.8 100

% Relative error δU (x̂R=0) 2.0 1.1 0.8 0.5 0.0

% Relative error δU (x̂R=2) 8.3 4.4 2.3 1.0 0.0

% Relative error δU (x̂R=4) 22.4 10.4 4.9 1.8 0.0

Aerodynamic loading

In practice, wind turbine rarely operate under the perfect flow conditions for which they were designed.

Here, one can think of intentional axial induction control, turbulence in the ambient flow, or delays in the

response of control systems. These can cause the rotor to operate in sub-optimal aerodynamic conditions.

In order to profile these conditional effects, a sensitivity analysis will be conducted on turbine loading.

Within the K-TWIST framework, this can be implemented as a global pitch angle on all rotor blades. The

offset on the blade pitch angle effectively alters the local angle of attack, which changes the lift generation

and spanwise distribution of aerodynamic loads. With the conventions defined in Figure 10.10, a positive

pitch angle leads to a blade rotation out of the flow, known as pitch to feather. The effect of a negative

pitch angle is the exact opposite and is commonly referred as pitch to stall. Although this setting is not a

direct control input parameter, it provides a useful indication of the model’s capability to reproduce rotor

performance characteristics under sub-optimal conditions.

The effect of the blade pitch setting on the aerodynamic loading is analyzed with Figure 11.13, presenting

the spanwise variation of bound circulation. Here, the benchmark case corresponds to a blade pitch setting

of −2◦. It shows a nearly constant distribution along the most of the blade span, with a magnitude of

approximately 55m2/s. The shape indicates a well-balanced spanwise variation of the aerodynamic forces
with strong tip vortices, as expected for a rotor operating around the conditions it is designed in. When

the global pitch angle is increased with a 5◦ pitch to stall setting, the shape of the circulation curve clearly
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transforms into an elliptical-like form. The peak in vortex strength shifts towards the tip region and hits a

notably higher maximum value at 65m2/s. This effect can be explained with the relation between blade
pitch angle and inflow angle in Figure 10.10. As the tangential velocity increases with radius, the inflow

becomes more aligned with the chord line due to rotational speed. Given that the pitch setting is globally

applied and the blade is represented with a constant airfoil type, it creates a constant offset of the effective

angle of attack. Whereas the mid- and outer part of the blade show to move towards the stall angle, the

inboard region was already near this optimum and has now move past it, reducing the contribution towards

the lift generation. While an elliptical distribution of bound circulation is known for minimum induced losses,

it is in this case the result of partial unloading of the inner blade section rather than an optimized design

configuration. Conversely, when the rotor blades are pitched in the opposite direction with a 5◦ pitch to

feather, the distribution becomes more bell-shapes. The magnitude of circulation is reduced across the

entire span and the maximum value of 40m2/s is now located close to the blade root. The larger pitch

angle reduces the effective angle of attack, which decreases lift on all blade sections. As the airfoil moves

away from its optimal point, the resulting distribution corresponds to a lower thrust and induction factor. The

overall shape is very similar to the distribution of Figure A.8, which suggests the pitch setting approaches

the behavior of a constant loading rotor.

Figure 11.13: Distribution of bound circulation for different aerodynamic conditions, reflected by blade

pitch angle (βp)

Complementary effects can be observed in the wake velocity field. To illustrate this, the axial velocity

distribution along the rotor’s centerline is presented in Figure 11.14. Proceeding from the reference case

of βp = −2◦, a decrease in pitch angle causes a slight increase in the velocity deficit around the rotor. This
corresponds to the additional induced velocities and greater extraction of momentum from a higher thrust

setting. The stronger induction also causes the deficit to sustain further downstream before recovering.

This can be observed in the figure from the lagging velocity increase, while the recovery speed itself

remains similar to the initial setting. However, an increase in the pitch angle does not have the exact

opposite effect. The axial velocity throughout the entire domain is significantly higher, reflecting a weaker

turbine. In addition, the relative recovery rate appears to be smaller than in the other cases. This makes

sense, since the lower momentum extraction creates a weaker system of wake vortices. In the K-TWIST

model, these vortices are the main driver of the induced velocity field. As the weaker wake creates less

self-induction, there is less interaction between the vortices and thereby less recovery.
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Figure 11.14: Rotor-averaged, axial velocity deficit on the rotor-axis for different aerodynamic conditions,

reflected by blade pitch angle (βp)

Hardware conditions

As previously discussed in Section 10.2.5, the model is programmed to run on multiple CPU cores in

parallel. The number of cores does not change the numerical accuracy, but is does affect the computational

efficiency. To chart the relationship between the number of processors and the computational time, the

exact same simulation will be executed with different core numbers. This allows for the identification of an

efficient hardware setup, minimizing computational time while maintaining low energy cost.

The simulation is performed five times, with the number of CPU cores increased in increments of four.

Given the scope of the simulation conditions, it was decided to start the study with four cores. Since there

is a non-linear correlation between the core count and the numerical time, simulating on a single core will

take substantially longer to run. The maximum number of cores is capped at twenty due to the restrictions

of the HPC12 cluster.

In Figure 11.15, the evolution of the delta time per simulation step is plotted. As expected, the lower

number of CPU cores drastically extends the overall runtime. For the case of 20 cores, the simulation was

completed after approximately 3 hours, while the 4 cores required almost 19 hours. This corresponds to

more than a sixfold difference, highlighting the significant benefits of parallel computation. From the graph,

a few trends can be obtained for all core numbers. At the start of the simulation, the delta time is low as a

consequence of low workloads. As the simulation advances, the workload of the FVW model increases

leading to a upward slope of the incremental delta time. Additionally, both small and large fluctuations are

found, which are most pronounced in the lowest core number. The small oscillations are mainly caused by

the un parallelized parts of the K-TWIST model, such as the iterative procedure of the distribution of bound

circulation. The larger fluctuations, on the other hand, are rather caused by the hardware than the model

itself. Parallel computation with Numba JIT-compiler [103] effectively converts python code into machine

code to run at faster speed. However, this parallel computation required managing cost like thread startup

cost, task splitting and scheduling. In addition, due to the higher workload per core, other phenomena start

to play a role, such as cache fitting, memory bandwidth and SIMD utilization [111].
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Figure 11.15: Execution time required for each numerical time step. Left: full time series. Right:

detailed-view of the marked region in green.

Focusing on the individual trends of the number of CPU cores reveal supplementary behavior. In

Figure 11.15, the 4-core trend showed particularly large oscillations between a time-window of 3 to 10

hours. Given that the simulation is run on a shared HPC node of 20 cores, it it likely that there was an

additional large-scale consumer on the same node during this time frame. As the FVW-based model is not

only influenced by the computational power but by the memory capacity as well, this can significantly alter

the simulation time. For the higher number of cores, the trends are better visible in the zoomed-in green

box on the right-hand-side of the figure. For the 8-core case, a noticeable drop can be obtained around

4.5 hours, exactly when the 12-core trend ends. This suggests that the 8-core and 12-core runs were

allocated on the same HPC node, resulting in resource availability effects. While the 20-core simulation

was relatively consistent, a rapid climb can be seen in the 16-core trend, again probably linked to memory

limitations of the shared-node system of the HPC12. Since this cannot be disabled, the effect can only be

investigated further by repeated execution in future work.

Since the number of elements grows with every time step for the K-TWIST model, the time evolution of

the workload is dependent on the core count. As seen in Figure A.10, these create the different slopes in

the delta time plot of Figure 11.15. In order to better compare the impact of the number of cores, both axis

should be normalized. For the horizontal axis, the elapsed time, can be converted into time step count. On

the other hand, the vertical axis, the delta time can be divided by the workload to achieve a per-element

step time. The normalized curves on the left of Figure 11.16 reveal new insights. Extreme initial spikes,

caused by simulation startup costs for all core numbers. At a step count of 50, all trends show a huge

drop, caused by the algorithm build in the K-TWIST model. Where the simulation first runs on a single core

and only starts parallel computation when it hits a certain workload cap, which appears to be at 50 time

steps deep. As it is expected that all simulations have the same behavior in this region, it is interesting to

see that the 4-CPU case significantly deviates from the others. For all core numbers, the trends seems to

converge to a constant value of 0.101, 0.031, 0.025, 0.018, and 0.016, from low-to-high core count.
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Figure 11.16: Computational cost per element as a function of the time step count. Left: Full cost scale

(y-axis). Right: Detailed-view of the marker region in green

For the lowest core number, the 4CPU, the normalized plot shows an upwards trends that gradually

reaches an asymptote around 0.1µs, while the others appear consistent from the start. However, this

behavior can be obtained for all other core number as well, by zooming in on the lower part of the graph,

presented on the right of Figure 11.16. Here again, the drop of 8CPU and the rapid climbs of 16CPU

around a step count of 700 are clearly visible. In addition, there appears to be another effect of the core

count on the per-element step time. The normalized trend of the higher core numbers goes down at first,

then goes up to a maximum and decreases again to hit a constant value at the end of simulation time.

Given that the workload is a continuous rise, as shown in Figure A.10, there has to be another factor of

influence. As both the minimum and the maximum are later on in the simulation for higher core numbers, it

is likely that this is the result of overhead costs. For a high number of parallel threads, the same information

needs to be managed across more workers. At the lowest value point, there is an optimal balance between

workload and overhead costs. Due to the non-linear evolution of the workload, the impact of the task

size starts to take over. After reaching a maximum where all factors align, the impact of overhead costs

are masked by the workload and the parallel computation reaches its peak efficiency. The convergence

behavior indicates that the workload of this sensitivity analysis has not reached the memory limit of the

HPC node, as this would show as a decline in the delta time per-element.

The individual plots of Figure 11.15 can be combined into one single graph of the core count vs the

simulation time (Figure 11.17). It seems that the improvement in total clock-time for an increased number of

cores fall off, which points to a possible optimal computational efficiency. To further map out this hypothesis,

the core count is plotted against the relative speed-up. In figure Figure 11.18, the speed-up is taken with

respect to the 4-CPU case. The Grey line indicates linear correlation, which means that doubling core

number leads to halving the simulation time. The relative speed-up shows superlinear behavior, where the

acceleration is higher than the number of added processors. This phenomenon is commonly found in both

parallel computation and virtual HPC environments, as a consequence of resource allocation, specifically

cache and memory [112]. When the relative speed-up is plotted with respect to a higher core number, like

in Figure A.11 for the 8-CPU case, the more expected, correlation can be obtained. The linear relation is,

however, sublinear due to the theoretical limit of the model’s serial portion, known in computer science

as Amdhal’s law. At a certain point, the additional overhead cost from added cores eventually exceed

the advanced processing power and the total simulation time increases. This phenomenon of parallel

slowdown is not visible in the relative speed-up curve in Figure A.11, which means that the optimal point

cannot yet be determined. Solely based on this sensitivity analysis, the highest computational efficiency

can be obtained at the maximum number of cores. A summary of all the results from the sensitivity analysis

on the number of CPU cores is presented in Table 11.9.
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Figure 11.17: Total simulation runtime as a

function of the number of CPU cores in parallel

computing

Figure 11.18: Parallel efficiency expressed as

relative speedup versus number of CPU cores,

with respect to the 4-CPU runtime

Table 11.9: Summary of the sensitivity analysis of the number of parallel computing cores (NCPU )

Result 4 CPU 8 CPU 12 CPU 16 CPU 20 CPU Figure

Per-element step time [µs] 0.101 0.031 0.025 0.018 0.016 11.16

Total simulation time [h] 19.1 6.4 4.6 3.5 2.9 11.17

Relative speed-up (4 CPU) 1.0 3.0 4.2 5.4 6.5 11.18

Relative speed-up (8 CPU) 0.3 1.0 1.4 1.8 2.2 A.11

11.2. Validation
For this study, no extensive validation procedure of the LL-FW method will be conducted. The theoretical

framework and physical accuracy have already been validated thoroughly in literature [113]–[115].

For the specific nonlinear lift correction, van Garrel demonstrated the method’s capability to predict

unsteady dynamics of wake flow, with reasonable matches against experimental data for a wide range of

configurations [116]. Of his highly extensive validation research, the rotor aerodynamic characteristics and

the three-dimensional flow field in the wake are of particular interest for the current study. With regard to

the first one, the turbine performance of the NREL Phase VI was simulated for below stall conditions. The

result of Figure A.12 demonstrate that the model corresponds very well with the experiments from the

wind tunnel. Regarding the validation of the wake flow field, the induced velocity in the external field was

computed from the simulation results and compared with PIV measurements from the EU FP5 project

MEXICO. The results show that both the radial distribution behind the rotor (Figure A.13) and on the rotor

axis (Figure A.14) closely match with the measured axial velocity profiles.

As a result, the emphasis of this research is not on re-validation, but rather on verifying the numerical

behavior of the specific implementation developed in the K-TWIST model. These practices serve as a

foundation for the model’s application in the subsequent case studies of the kite-turbine interaction.
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Kite-Turbine Wake Interaction

For this research, a qualitative case study is conducted using the K-TWIST model to study the effect

of kite placement in between two consecutive wind turbines on the overall wind farm efficiency. The

case study is performed in three separate steps, using the unsteady CL-based iteration technique for the
bound circulation. All simulations are conducted under idealized, steady flow conditions, as presented in

Table 12.1. This operating environment is based on a CFD reference study on the atmospheric boundary

layer of a wind turbine array [9]. At first, the wind turbine is simulated in a stand-alone environment.

The resulting wake development in the operating flow conditions can be used as a reference benchmark.

Subsequently, a kite will be added to the simulation domain above the downstream wake of the wind turbine.

Since the aerodynamic loads are computed for each timestep, introducing the kite into the turbine’s vicinity

alters the lift distribution across the rotor blade and may cause asymmetry. Furthermore, a comparison

between the kite- and the baseline scenarios can be utilized to identify the kite-induced effects on key

characteristics of the wake flow, such as its structure, strength and recovery rate. In other words, the

case study reflects the feasibility to analyze the kite’s influence on both the turbine loading and the wake

dynamics. At last, a simplified analysis will be performed on the influence of the kite’s wing span on wake

recovery. This will demonstrate the capability of the model to parametric studies, in order to find a potential

optimal configuration.

Table 12.1: Simulation conditions for the qualitative study on kite-turbine wake interaction, using the

K-TWIST model

Case variable Symbol Setting Unit

Free-stream velocity Ux,∞ 8.5 m/s

Turbulence intensity TI∞ 0.0 %

Flow density ρ 1.225 kg/m3

Kinematic viscosity ν 1.48E-5 m2/s

12.1. Simulation of 2MW wind turbine
In order to study the impact of kites on the wake recovery of a wind turbine, the rotor needs to be simulated

in isolation at first. The simulated wake field will be used as a baseline for comparison of the kite-turbine

interaction in the second part (Section 12.2). The simulation will be performed under steady, uniform inflow

conditions for a scaled version of the NREL-5MW wind turbine [117]. This turbine was chosen because of

the detailed and readily available data, in contrast to commercial 2 MW wind turbines such as the Vestas

V80-2MW used in the CFD reference studies.

12.1.1. Turbine set-up
The NREL wind turbine is down sized to a comparable 2 MW version using scaling laws, to remain

consistent with previous work on the topic. The scaling laws are derived from dimensional analysis and

the principle of similarity. Specifically for wind turbine modeling, it is important to keep the geometry,

kinematics and dynamics analogous to the reference turbine. The scaling factor (Λ) is based on the relative

73
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rated power, as shown in Eq. 12.1. Given that the coefficient of power is constant, to ensure dynamic

similarity, the rotor swept area needs to be adjusted. In the same way, geometric similarity causes the

chord length distribution to scale accordingly. For kinematic resemblance, the rotor speed is tuned to

match a consistent tip speed ratio (Eq. 11.6). Both the twist distribution and global pitch angle of the blade

remain constant. A complete overview of the applied turbine parameter scaling is presented in Table 12.2

Λ =
P

Pref
(12.1)

Table 12.2: Parameter scaling of 5MW wind turbine to 2MW

Turbine parameter Symbol Scaling Value

Turbine rated power PR Λ 0.40

Rotor radius R
√
Λ 0.63

Rated rotor speed ΩR 1/
√
Λ 1.58

Chord length c
√
Λ 0.63

Section twist angle βt − 1.00

Blade pitch angle βp − 1.00

The rotor blades of the three-bladed NREL-2MW wind turbine are modeled from a radial fraction of

0.2 towards the end of the tip, in the positive y-direction. For numerical reasons, the inboard part of the

blade is not included in the geometry. Since these blade sections create little to no lift, it will not have a

significant effect on the modeled flow dynamics. The lift-generating zone is divided into six portions, each

with a different airfoil type in terms of shape and thickness. The blade geometry is visualized in Figure 12.1

as a function of the non-dimensional distance (r̂R) from the root of the blade. The ”DU-” airfoils were

developed by the Delft University, specifically for the design of wind turbine blades. The 2D aerodynamic

data was corrected for three-dimensional effects by the NREL and the resulting coefficients are presented

in Section B.1.2. For the spanwise chord- and twist distribution, the data has been scaled to a 2MW wind

turbine, and the corresponding tables can be found in Section B.1.1.

Figure 12.1: Schematic representation of the scaled NREL-5MW model, indicating the blade sections and

airfoil types

The performance characteristics of the 2MW wind turbine model are taken directly from the NREL-5MW

reference data [117]. These include key design parameters, such as operational wind speed range, optimal

tip-speed ratio, rotor orientation and hub location. Given that the inflow conditions are independent of

height, the location of the rotor’s center is not scaled from reference data. All numerical simulation settings,

including timestep size (∆t), total simulation time (Ttot), spanwise blade segments (NS) and number

of CPU cores (NCPU ), are selected based on the sensitivity analysis of the verification procedure, as

described in Section 11.1.3. The geometric- and simulation parameters that are used as input for the
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K-TWIST model are summarized in Table 12.3. The main turbine properties of the scaled NREL-2MW

wind turbine model are presented in Table B.1.

Table 12.3: Input parameters for the simulation of the NREL-2MW wind turbine

Geometric variable Symbol Setting

Hub location (X,Y, Z)wt (0,0,90) m

Number of blades NB 3

Radial distance r̂ 0.2 – 1

Blade radius R 39.7 m

Blade pitch angle βp 0 ◦

Simulation parameter Symbol Setting

CPU core count NCPU 20

Number of segments NS 15

Time step ∆t 0.05 s

Simulation time Ttot 70 s

Rotational speed Ω 1.5 rad/s

12.1.2. Results of wind turbine simulation
The isolated wind turbine simulation serves as a reference point for evaluating the kite-induced effects

on key metrics of wake recovery. In Figure 12.3, the three-dimensional wake geometry is visualized. As

expected, the wake vortices follow an helical pattern and the tip vortices start to roll-up around x/D = 2.5
downstream. The wake is contracted in the near-wake region and starts to expand again in the far-wake

region. These observations become more clear when looking at the side-view of the wake in Figure 12.6.

The wake system preserves strong symmetry about the rotor axis of rotation.

At larger downstream distances, towards the end of the computational domain, the vortex filaments

become progressively more distorted and loses its helical pattern. The vortex points appear to convect

in a more chaotic manner. This behavior is a well-known characteristic of free-wake vortex methods,

originating from the numerical challenge to model complex vortex structures with straight filaments over

long convection distances. As the wake flow causes an induced effect on itself, small numerical errors

start to accumulate to larger deviations and the vortex pattern becomes more unstable. Despite the fact

that some of the viscous diffusion is modeled in the time evolution of the core radius, it is only a simple

approximation of the natural smoothening that occurs in real turbulent wake. Consequently, the far-wake

region in FVM simulations should be for only qualitative measures, while the near- and mid-wake regions

provide physically representative approximations of real case scenarios. Therefore, the distant wake is

often removed from the filament-based FWM and modeled using other methods, such as the ring vortex.

In a subsequent version of the K-TWIST model, a coupled method should be taken into account. This

would reduce the number of wake elements in the computationally heavy induced velocity calculation, for

a relatively acceptable small loss in numerical accuracy [118].

The distribution of bound circulation along the blade span, Figure 12.8, follows the typical elliptical-like

shape, with a maximum point around mid-span and strong dips towards the end points of the blade. At

these boundaries, the induced effects are largest, which result in strong trailing vortices close to the tip.

This distribution shows that the iterative lift-based solver converges to a pattern that is concurring with

wind turbine physics and the induced velocities from the wake flow are reflected in the aerodynamic blade

loading. According to the Kutta-Joukowski theorem of Eq. 6.3, this spanwise distribution is directly related

to the lift force. As presented in Figure 12.2, the lift distribution follows a shape that is commonly found in

wind turbine analysis. The lift per unit span increases gradually along the blade and a falls of quickly near

the tip, in line with CFD analysis of the NREL-5MW [119].

In the post-processing of the simulation data from the K-TWIST model, the three-dimensional velocity

field can be calculated from the combined effects of the wake vortex system. As previously mentioned

in Section 10.3, the raw velocity data is applied to several averaging techniques to obtain a smoother,

more representative flow field. These are necessary to filter out numerical errors due to blade passing

and discretisation techniques. The resulting wake velocity field is plotted in both spanwise and time wise

variation. To start off, looking at the radial distribution of the axial velocity deficit at different downstream

positions reveal the axisymmetric profile. As seen in Figure 12.10, the velocity profile starts uniform far

upstream of the rotor. When the flow approaches the rotor, the flow slows down and quickly reaches a

double U-shaped profile. As the center of the rotor (r̂ < 0.2) is not modeled, the velocity deficit in this
region would be nonphysical and is therefore omitted from the plot. Behind the rotor, the velocity deficit



12.2. Simulation of kite-turbine interaction 76

Figure 12.2: Spanwise lift distribution of the NREL-2MW wind turbine in isolation

increases and the flow starts to speeds up at the tips. As the flow moves further downstream, the fluid

structures interact with each other and the velocity deficit reduces.

The behavior of the flow in these wake regions are confirmed by the streamwise evolution of the

rotor-averaged axial velocity deficit on the centerline. At the rotor plane, an axial velocity of 5.2 m/s can
be observed, corresponding to a deficit of 38%. As the flow moves through the rotor downstream, it is

slowed down further until it reaches a minimum velocity of 2.8 m/s. This maximum velocity deficit of 67%

is reached at approximately 1.5 rotor diameter distance, after which the flow gradually starts to speed up

again. It should be noted that the flow behavior from x/D = 2 onwards is non-physical. This is the furthest
point at which the flow is fully converged to a quasi-steady solution, which indicates that the flow is too

close to the simulation boundaries. In order to make meaningful statements about the velocity field at these

distances, the simulation must be run over a longer period of time. However, due to the quadratic relation

between the simulation time and the number of wake nodes (Eq. 11.12), this will significantly increase the

computational costs in the current version of the K-TWIST model.

This statement can be substantiated by examining the mean vertical momentum flux (VMF). Since the

inflow conditions are uniform, the flow field is symmetrical with respect to the rotor plane. The upward and

downward momentum transport are in equilibrium. Consequently, the vertical momentum flux, averaged

over the entire rotor disc, is expected to remain close to constant at zero. It should be noted that this

is only valid in the absence of external disturbances or flow asymmetries, such as yaw misalignment or

wind shear. For the turbine in isolation case, this metric is presented in Figure 12.11. The VMF remains

nearly zero up to approximately two rotor diameters downstream. Beyond this point, small oscillations

appear in both VMF and the velocity deficit. This signals that the wake flow is not yet converged to a

steady solution. These effects are directly related to the unsteady roll-up and the temporal convergence

of the wake filaments. As the flow behavior remains physically consistent until x/D = 2 for the isolated
turbine case, the resulting velocity field can be considered representative of the wake evolution in the near

wake region (x/D ≤ 2).

12.2. Simulation of kite-turbine interaction
To investigate the influence of an airborne kite system on the downstream wake of the wind turbine, a

representative kite model is introduced into the domain of the simulation. This setup allows for direct

comparison with the baseline case of the NREL-2MWwind turbine in isolation. The results will be presented

side by side to provide insight into its effect on both the blade loading and the wake flow recovery.



12.2. Simulation of kite-turbine interaction 77

Figure 12.3: 3D Wake geometry of the NREL-2MW turbine in isolation

12.2.1. Kite set-up
The kite is positioned downstream of the rotor at a normalized distance of one rotor diameters, where the

center is aligned with the axis of rotation (Y = 0). Vertically, the kite is located just above the rotor disk, at
a height corresponding to one-quarter of the rotor diameter. This placement ensures that the kite interacts

with vortices from the near-wake region, where the largest velocity deficit can be found. The extent to

which this will affect the rotor itself will be considered at a later stage.

Aerodynamically, the kite is modeled as a single, untwisted wing in horizontal flight. Its aerodynamic

characteristics are represented by a simple chambered airfoil shape of 12% thickness: the NACA 2412.

This airfoil type is chosen to approximate the main features of ram-air AWE systems. The airfoil shape

is assumed constant along the wingspan. The two-dimensional polar is computed with XFOIL for a

chord Reynolds number of six million. The resulting lift curve, shown in Figure B.2, is corrected for

three-dimensional effects using the Viterna method with an aspect ratio of two.

Regarding the geometry, the quantities are determined based on the reference projected surface

area of Sk = 470m2 and the target pressure jump of ∆p = 39Pa [9]. With a tip-to-tip span to b = 32m,
the average chord length is around c̄ = 14.7m. The spanwise chord distribution is approximated by a
semi-elliptical function to approach an elliptical lift distribution and constant downwash. To prevent infinitely

small tip chord length, Eq. 12.2 includes an offset of ck = 1m. The maximum chord length, cmax ≈ 18.45m,
follows from the required wing surface area. A schematic representation of the kite planform is shown in

Figure 12.4, where the quarter-chord line is defined to be straight.

c(r̂) = ck + (cmax − ck)
√
1− 4r̂2 (12.2)

∆p =
L

Sk
, L = qw∞CL

∫ 1/2

−1/2

c(r̂)dr̂ (12.3)

The kite is treated as a rigid lifting device with a constant angle of attack and zero slip angle. Assuming

inviscid, incompressible flow, the pressure jump is related to the generated lift force, according to Bernoulli’s
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Table 12.4: Geometric input parameters for kite model in the kite-turbine configuration

Geometric variable Symbol Setting

Kite’s center point (X,Y, Z)k (20,0,160) m

Radial distance r̂ 0 – 1

Projected surface area Sk 470 m

Wing span b 32 m

Chord distribution c(r̂) semi-elliptical

Average chord length c̄ 14.7 m

Angle of attack α 7.5 ◦

principle. Since the angle of attack is uniform along the span, the lift coefficient is constant at a given value

of CL = 1.05. This value, calculated using Eq. 12.3, is set to mimic the pressure jump from the reference

study. For the kite’s airfoil, NACA 2412, this corresponds to a global angle of attack of approximately

7.5◦. All geometric input parameters of the kite model are summarized in Table 12.4, while the numerical
simulation settings match those used for the isolated wind turbine case of Table 12.3.

Figure 12.4: Planform geometry of the kite model: an untwisted semi-elliptical wing, with straight

quarter-chord line.

12.2.2. Results of kite-turbine simulation
The introduction of the kite in the simulation domain fundamentally changes the dynamics of the flow and

the wake recovery process. As seen in Figure 12.5 The three-dimensional wake geometry becomes more

complex and irregular. The kite generates its own vortex system, parallel to that of the wind turbine. Both

vortex systems interact with each other and the kite vortices distort the helical structures that are shed from

the rotor blades. Since the kite is located at a certain distance above the rotor area, the kite-induced effect

on the wake shape is most visible in the top part of the disc. It even appears that the kite causes the wake

to be squeezed downwards from the top. This suggests that the wake shape is no longer symmetrical

across the rotor axis of rotation and that the shape is changing.
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Figure 12.5: 3D Wake geometry of Kite-Turbine setup

In the side-view visualization of Figure 12.7, the kite-turbine interaction becomes more apparent. The

wake is broader and extends more in the vertical direction, with noticeable deflection and dispersion of

the vortices, in particular the tip vortices. The clear pattern which was seen in the isolated turbine case in

Figure 12.6, is much less evident in the combination with the kite. This implies that the kite disrupts the

organized roll-up motion of the turbine wake flow, which increases turbulence mixing and accelerates the

wake recovery process. Another striking phenomenon can be found in the movement of the centerline

of the wind turbine wake. Whereas in the isolated case it clearly remained constant at the rotor axis, in

the current setup the centerline shifts in the vertical direction. Looking specifically at the blue vortex line,

which describes the root vortices, it can be seen that the center of the helix deflects downward near two

diameters downstream (x/D = 2). After that, the wake appears to start meandering in the vertical direction,
with the centerline shifted accordingly. This indicates that the kite not only compresses the turbine’s wake

from above, but also directs the entire wake downward.

Figure 12.6: Side-view of the wake geometry

in the isolation turbine setup

Figure 12.7: Side-view of the wake geometry

in the kite-turbine configuration

In order to make a better statement about the potential changes in the wake geometry, the velocity

deficit could be plotted in the Z,Y-plane at various axial positions downstream. To eliminate the periodic
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blade-passage effects from the instantaneous induced velocity field, temporal averaging of several time

snapshots would be required. Since the information from the entire plane is now relevant, no azimuthal

averaging techniques can be conducted here. However, this analysis is not included within the thesis

scope and is therefore recommended for future research.

The aerodynamic coupling between the two lifting devices can be investigated by the spanwise

distribution of bound circulation. Given that the kite is in a relatively close proximity of the rotor disc

in the current simulation setup, it is to be expected that the kite-turbine interaction will be reflected in both

the circulation of the kite and that of the turbine blades. As the vortices of the kite create an induced

velocity on the turbine blades, the effective AoA changes and therefore the circulation strength. These

vortices will in return influence the kite’s aerodynamics and so on. However, as can be seen in Figure 12.8,

the distribution of bound circulation of the rotor blades remains unchanged when compared to the isolated

turbine case. While this effect would logically make sense at large distances between the two systems, it

is remarkable that hardly any effect is visible at the current distance. This would suggest that the current

version of the K-TWIST solver may not be capturing the mutual influence between the kite and the turbine

correctly in the aerodynamic loading. This will need to be investigated further by reducing the distance to

the kite. If the impact remains invisible even at shorter distances, the solver will most likely have a coupling

error.

Figure 12.8: Distribution of bound circulation of the NREL-2MW wind turbine and the kite model

The effect of the altered flow dynamics is highly visible, when looking at the axial velocity profile in

Figure 12.9. While the velocity deficit is fairly consistent exactly at the rotor disc, rather shortly behind

the rotor, the axial velocity is slightly lower than in the isolated case. This suggests that the kite adds

to the local momentum extraction from the wake flow. However, as the wakes moves downstream, the

deficit recovers much sooner in the domain. The point of minimum velocity moves upstream and its value

becomes significantly higher than in the baseline. In addition to the faster flow recovery, the rate at which

the recovery is taking place also appears to have increased. This trend signifies a strong influence of the

kite on the wake recovery of the wind turbine wake. The vertical profiles in Figure 12.10 confirm that the

core of the wake is narrower and that the deficit decreases more steeply with the radius. This suggests
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that the entrainment of the high-momentum ambient air occurs earlier. Zooming in on one of these profiles

in the rear field shows that the profile is no longer symmetrical across the rotor axis. The upper part of

the rotor disk appears to recover faster than the lower part, indicating that the extra entrainment happens

in the vertical direction from the flow above the wind turbine. In other words, the kite draws the higher

energy-carrying air into the wake of the turbine.

Figure 12.9: Rotor-averaged, axial velocity deficit on the rotor-axis for the Kite-Turbine setup (azimuthal

averaged)

Figure 12.10: Variation of the velocity deficit with height for the Kite-Turbine setup

A more quantitative measure of the wake recovery, as suggested by the previous CFD studies on the

topic, is the vertical momentum flux (VMF). As previously mentioned, this metric is defined in this work

as a rotor-averaged parameter of a virtual turbine at downstream positions. The spatial variation of VMF

is provided in Figure 12.11, with the isolated turbine case as a benchmark. In contrast to the near-zero

value observer for the base-case, the coupled case shows a substantial increase in the VMF within the

region of physical consistency (x/D ≤ 2). Beyond this point, the downstream numerical effects become

significant and the wake is not fully converged. The deviation is already noticeable in front of the rotor

plane, indicating that the kite-induced effects extend upstream and alters the incoming velocity field of the

turbine. Downstream of the rotor, the VMF appears to continue to elevate, proving that the kite generates

additional vertical transport of momentum. This corresponds very well with the observed acceleration of

velocity recovery. It should be noted that the oscillations, most obvious in the far-field, may also be caused

by a wake shift. Since the VMF is calculated over a fixed virtual rotor disk at an axial distance, the wake

displacement may cause part of the wake to be no longer captured. Taking vertical wake meandering
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as an example, where the centerline undergoes slow displacements, this would appear as an oscillation

in the computed VMF in the present method. As the wake moves up and down relative to the virtual

sampling disk, alternating regions of induced velocities would contribute to the flux in a periodic manner. In

theory, these fluctuations can be reduced by extending the window in the temporal averaging post-process.

However, as wake meandering typically occurs at an order of magnitude slower than the rotor frequency,

the averaging period needs to cover at least one meander cycle. Complete removal of the effect is not

possible within a finite number of discrete time snapshots.

Figure 12.11: Mean kinematic vertical momentum flux on the rotor-axis for the Kite-Turbine setup

Overall, the kite-turbine interactions results in a shallower near-wake velocity deficit and a faster wake

recovery downstream. While the recovery rate was approximately 0.5s−1 in the isolated turbine case, the

kite’s influence causes a significant gain to 0.6s−1. The increased vertical momentum flux and the more

chaotic wake structure indicate that the kite can be used as an external flow-control device. By stimulating

the turbulent mixing process, the re-energisation of the wake flow can be accelerated. Physically, it appears

that the kite behaves both as a vortex generator as well as a flow deflector. The vortices shed by the kite

break down the coherence of the turbine wake, while the it steers higher-momentum air into the wake

region.

It should be noted that within the current simulation setup, the flow field is only physically reliable up

to approximately two rotor diameters downstream (x/D ≤ 2). Beyond this distance, the wake behavior
becomes influenced by the domain boundaries and the numerical limitations. In addition, the current

post-processing computes rotor-averaged quantities over a virtual downstream rotor disk. As the wake

evolves and moves away from the centerline, parts of the wake may fall outside of the sampling area and

are not included in the averaged metrics. This causes the computed quantities, such as the velocity deficit
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or vertical momentum flux, to deviate from their true physical values. Since wind turbines in practical wind

farms are typically spaced at least five rotor diameters apart, the present configuration does not allow for a

realistic estimation of wind farm efficiency or inter-turbine wake recovery. The results should therefore be

considered merely as an illustration of the potential analysis rather than as a quantitative assessment of

performance at wind farm level. To obtain physically meaningful predictions of wind farm efficiency, the

simulation duration would need to be extended accordingly.

12.2.3. Parametric study on the kite span
Provided that the distribution of bound circulation remains largely unchanged compared to the case of

the isolated turbine, it seems more practical to prescribe the distribution in advance. This procedure

significantly reduces the computational costs, as it removes the iterative coupling between the blade

loading and the induced velocities on the lifting line. For the present study, this assumption is reasonably

valid. The flow behavior close to the blade is mainly driven by the influence of local vortices, while the

kite-turbine interactive effects show to be more present further downstream.

From the results of Figure 12.9, it is evident that the simulation duration of the coupled kite-turbine

setup must be extended, in order to obtain meaningful results of the velocity field at greater distances

downstream. In the current setup, the solution has not yet fully converged in the far-wake region, as the

wake is still searching for its quasi-steady optimum. However, the extension of the the total time of the

simulation has a direct relation with the total number of wake elements. As expressed in Eq. 11.12, this

growth leads to a substantial rise in computational time due to the quadratic scaling of the induced velocity

computation. This limitation is well-known in free-wake vortex methods, where the computational effort

grows rapidly as the wake is lengthened [115]. In the absence of coupling with a more efficient model for

the far-wake, the only way to mitigate the computational blow-up is by adjusting other simulation input

parameters. As discussed in Section 11.1.3, these include the number of devices, number of blades,

spatial resolution and the time step count. Only by making such a trade-off, the K-TWIST can be efficiently

used to conduct a broader parametric study of key kite parameters, such as the angle of attack, relative

position, wingspan and flight height.

To demonstrate the potential of a similar approach, a simplified case of the kite-turbine setup was

conducted, in which both the aerodynamic devices were modeled using two blade segments of the lifting

line. The distribution of bound circulation is prescribed as the mean value obtained from the previous case

study. The simplification of a singular horseshoe element per blade allows for a significant reduction in

computational costs, opening up parameter variation of the kite. For the present study, the interaction

between the kite and the wind turbine is simulated for different kite spans, while all other parameters are

kept constant. The major geometric and simulation input parameters of the setup are summarized in

Table 12.5.

Table 12.5: Input parameters for the parametric study on the kite-turbine case with singular blade

elements

Turbine variable Symbol Setting

Hub location (X,Y, Z)wt (0,0,100) m

Number of blades NB 3

Radial distance r̂ 0.2 – 1

Blade radius R 40 m

Bound circulation ΓBwt 50 m2/s

Kite location (X,Y, Z)wt (0,0,160) m

Radial distance r̂ 0 – 1

Kite wingspan R 16, 24, 32 m

Angle of attack αk 7.5 ◦

Bound circulation ΓBk
40 m2/s

Simulation parameter Symbol Setting

CPU core count NCPU 20

Number of segments NS 2

Time step ∆t 0.05 s

Simulation time Ttot 150 s

Rotational speed Ωwt 1.5 rad/s
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From the results of the axial velocity along the center axis in Figure 12.12, relatively similar trends

can be found as in the previous simulations with a higher-fidelity. This suggests that the reduced-order

blade representation effectively captures the primary flow interaction between the turbine and the kite.

Nevertheless, quantitative differences can be observed. While the complex case showed a pronounced shift

and reduction in the maximum velocity deficit, in the simplified case this effect seems to have disappeared.

However, the recovery rate remains enhanced, indicating that the kite-induced mixing effect still holds,

even at lower blade resolution. Therefore, it can be assumed that the simplified approach can be used for

a qualitative analysis of the more complex kite-turbine setup.

Figure 12.12: Rotor-averaged, axial velocity deficit on the rotor-axis for the kite parameter study with

singular blade elements

The influence of the kite’s span on the induced effect on wake recovery is particularly evident in the

axial velocity deficit profiles, shown in Figure 12.13. From a qualitative perspective, the results show that

there is in fact a connection between the kite’s span and the induced effect. For a larger kite, the effect

on the wake recovery becomes greater. This trend is consistent with the findings of the parametric study

with CFD-RANS [10]. However, the effect of an increased span appears to shrink for large numbers. As

seen in Table 12.6, the difference between the second (b = 32) and third case (b = 24) is less than that
of the third and last case (b = 16). This suggests that there might exist a maximum value of the span,

beyond which further increases have no additional return in terms of flow recovery. Physically, this could

be attributed to the finite lateral extent of the wake geometry, whereby the vortices of a kite span that

exceeds the effective wake width has a reduced interaction with the wake. Nevertheless, this observation

should be interpreted with caution, given the rough spatial resolution of the aerodynamic elements and the

assumption of temporal invariance of bound circulation. In order to confirm the statement quantitatively, a

parametric study using the complete setup is required.

From the perspective of computational efficiency, the difference in simulation time between the methods

is significant. The reference LES simulations typically required 8 days to complete [9], whereas the complex

configuration of Section 12.2.2 was completed in approximately 1 day. By contrast, the simplified kite-turbine

setup, with prescribed bound circulation and low spatial resolution, reduced the simulation time to just about

1 hour. This demonstrates the efficiency of the reduced-order approach for conducting parametric studies,

while still capturing qualitative trends of the kite-assisted wake recovery. For a quantitative assessment of

the impact of the kite’s length, the parametric study should be repeated with a higher resolution.



Figure 12.13: Axial velocity deficit profile for the kite parameter study with singular blade elements. The

height (Z) is relative to the wind turbine hub in rotor diameters.

Table 12.6: Summary of the wake recovery characteristics at x/D = 2 for different kite-span
configurations

Result SOLO B32 B24 B16

Axial velocity 3.9 4.45 4.35 4.2

Local slope 0.09 0.30 0.26 0.20

Relative recovery rate 1.0 3.3 2.9 2.2
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13
Conclusion

This thesis work sought to explore the impact of kite systems on the wake recovery of wind turbines, and

thereby the wind farm efficiency. In order to conduct this research, a novel simulation framework has

been developed. The model can be used to simulate the dynamic flow interaction in the wake of coupled

kite-turbine configurations. This Kite-TurbineWake Interaction Simulation Tool (K-TWIST) is verified and

an initial case study has been performed, demonstrating the potential applications.

The very first step was to assess the numerical accuracy of themodel in capturing key flow characteristics

of wind turbine wakes. By means of a verification analysis, it was found that the model reproduced important

aerodynamic phenomena, including blade loading, vortex roll-up and wake contraction with a sufficient

accuracy. In an additional analysis of the kite in straight flight, it became apparent that the principle

of downwash was captured well modeled as well. Although K-TWIST does not explicitly resolve the

three-dimensional flow field, it represents the dominant flow behavior in the wake. The vortex-based

method offers a mid-fidelity framework for parameter optimization at a reasonable computational efficiency.

The numerical performance of the model has been increased by employing parallel computation techniques.

The K-TWIST revealed high scalability, reducing the computational time substantially. With the increasing

number of simultaneously operating CPU, large simulations can be conducted that would otherwise be

extremely time-consuming.

With confidence in the model’s capabilities, the research focus turned to its application in the study on

kite-turbine wake interaction. From the simulation results of the comparative analysis, some noteworthy

outcomes were revealed. The kite creates an additional downward flow component that increases the

vertical entrainment with the outer wake region. This accelerates the turbulence mixing process that

governs the re-energisation of the wake. The maximum velocity deficit is less and the flow recovers both

quicker and faster than a turbine in isolation. The interaction between the vortices of the kite and those of

the turbine also caused a change in the wake’s shape. With the kite centrally located above the rotor, a

deviation was obtained in the symmetry of the induced-velocity field. This can cause the wake to meander,

which is hard to capture in the current post-processing.

To better understand the impact of the kite configuration on the wake recovery, a qualitative parametric

study on the kite’s wingspan was conducted. Both models of the aerodynamic devices were simplified

to a singular blade element with a prescribed circulation, to speed up the computation. While the results

showed that a larger kite span creates a stronger entrainment effect, it pointed towards a potential optimal

length. However, as this analysis is performed with a very simplified representation, the results should be

considered merely as a guideline for future optimization studies.

Despite the scope of the research is limited to a single turbine, the implications for a wind farm operation

are significant. As the enhanced wake flow recovery increases the perceived inflow velocity at downstream

turbines, the total power output at farm level would be higher. While the scale of the improvement in

real-world applications is dependent on other operating conditions, including the environment and control

strategies, the concept still offers a promising new way to reduce wake losses. Introducing kite systems to

wind farms can serve as an active wake recovery strategy, while they may contribute towards the energy

yield.
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Recommendations for future work

The results from this work have opens up several promising directions for future research. To help a

successor get started, recommendations have been drawn up for both the model development and the

kite-turbine analysis. As a result, the suggestions have been divided into two categories. The first part

focuses on the further enhancement of the K-TWIST model, by highlighting key limitations of the current

version and potential points of improvement. In the second half of this chapter, the center of attention

shifts towards the application of the K-TWIST model in the research of the kite-induced effect on wind

turbine wake recovery. With this structure, a clear distinction can be made between the refinements of the

computational framework itself and he use to expand the knowledge of the new wake recovery concept.

14.1. K-TWIST v.2
The current version of K-TWIST has proven capable of capturing key aerodynamic phenomena in a coupled

kite-turbine configuration. The framework is built on a combination of lifting line and free wake methodology,

where the wake is described by a system of straight vortex filaments with a time-dependent vortex core.

However, from the results of both the verification and the case study it has been concluded that the model

can be upgraded. Modifications and extensions to both the methodology and the implementation can

significantly improve the numerical performance and physical accuracy of the K-TWIST model.

Enhancing numerical efficiency

• While the current framework purely based on a LL-FW method has a high physical fidelity, it is

extremely expensive computationally for large simulations. A hybrid approach should be introduced

instead, where the near-wake is still solved using the LL-FW method, but the far wake is addressed

with a separate technique. One can think of a ring-vortex method or a filament order reduction. As

these coupling strategies would drastically reduce the number of elements in the induced-velocity

calculation, it reduces the computational costs while maintaining high-fidelity in the near wake region.

• The induced-velocity calculation via the Biot-Savart law currently considers every interaction between

vortex filament and control point in the entire wake vortex system. Introducing a cutoff distance

here, in which the contributions from filaments far away are approximated or even neglected. By

introducing such a boundary, the number of contributions are limited and the computationally heavy

induced-velocity calculation becomes more efficient. Caution is recommended, as the relation does

not depend on the Euclidean distance, but on the orthogonal distance. If this particular distance is

applied, it is advised to analyze the effect on physical consistency. Other techniques such as tree

codes or fast multipole methods, which cluster vortices and approximate their combined effect, could

also be considered.

• The system of differential equations that control the convection of the vortex filament endpoints is

currently solved with the explicit Forward-Euler scheme. The results have demonstrated that the

current version exhibits numerical instability, even at very small time steps. Therefore, in a refined

version of K-TWIST it is recommended to implement a more advanced time-marching method. By

using the implicit predictor-corrector scheme, extreme deviations are smoothed out. This creates a

more accurate and more stable approximation of the temporal evolution of the vortex, with merely a

small increase in computational cost.
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Improving physical accuracy

• At present, the inflow velocity is assumed to be uniform with height. While this simplified approach

can be very insightful, it ignores the vertical shear characteristic of the ABL. By implementing a

vertical wind profile, either logarithmic or power, an additional effect of the kite can be analyzed.

Since the kite is located above the wind turbine, it could exploit the higher momentum flow. As the

relative incoming velocity is now increased, the aerodynamic loading increases and potentially the

impact on wind turbine wake recovery as well.

• Additional, other additional flow phenomena should be included in the ambient flow to better mimic

realistic wind conditions. A future version of K-TWIST may take into account irregular wind flows,

ambient turbulence, ground effect, surface roughness or atmospheric stability. As these are proven

to have a major influence on the flow recovery of wind turbines themselves, there is a considerable

probability that is also affects the kite-induced effect.

• In the current version of K-TWIST, the kite is modeled is a very simplified manner. While the model

assumes an untwisted, un-swept wing with an elliptical chord distribution and no spanwise curvature,

it remains uncertain whether such an idealized configuration accurately represents modern kite

designs. For a second version of the model, it is therefore recommended to upgrade from a LL to

a lifting surface method in the aerodynamic modeling of the kite. This would be able to represent

more complex geometry and increase the numerical accuracy of the three-dimensional flow behavior

around the kite. Furthermore, the kinematic motion of the kite should be upgraded from a straight

flight towards more realistic patterns, like figure-eight or circular trajectories. This dynamic movement

may also alter the kite-induced effect on wake recovery. As this creates a time-dependent induced

velocity field, it can have a pulsating wake effect, which has been proven to offer positive returns in

previous research into dynamic pitch control.

• The main driver of the wake recovery is the turbulent momentum exchange between adjacent flow

layers. In the current framework, the viscous diffusion is reflected by a single constant apparent

viscosity parameter, which is included in the temporal evolution of the vortex core radius. While this

simplification captures a general diffusion effect, it neglects any spatial variation of turbulence in

the flow. Future development of the model should consider an apparent viscosity parameter that

changes with downstream distance or local shear. This function can be linked to empirical wake

growth studies or turbulence closure models.
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14.2. Kite-turbine wake interaction research
Next to the recommended improvements of the K-TWIST framework, a number of suggestions on the

application of the model towards a deeper understanding of the coupled aerodynamics between the wind

turbine and the kite. The results from this study have, once again, highlighted the potential benefits of

utilizing kites for enhancing wake recovery. However, many of the underlying physical phenomena are still

insufficiently investigated. The subsequent directions have been proposed to explore the applicability of

K-TWIST simulations and potentially fill in some gaps in the research topic.

• A first step could be to further examine the spatial alignment of the kite relative to the turbine. The

present study was limited to a single downstream distance, where the effect on the appeared to be

negligible. By reducing this distance in a follow-up study, the insensitivity of turbine aerodynamic

loading to the kite deployment can be validated. This may reveal non-linear interaction effects that

are dampened in the current simulation setup or uncover a potential transition point. In addition, a

subsequent study could investigate the impact of the relative lateral position of the kite. In the current

configuration, it is positioned exactly in the center of the rotor plane, creating a highly symmetric

flow field. However, introducing a slight offset could lead to the deflected wake, which may have

additional recovery benefits similar to that with yaw misalignment.

• The work of this thesis merely offers a showcase of the possibility to conduct a parametric study

on the kite. It is therefore recommended to expand this study within future work on the topic. This

could include, for example, flight altitude, angle of attack, flight pattern and geometric parameters

(shape, aspect ratio, sweep angle, curvature). Although they all have a direct influence on the flow

field, the flight pattern requires specific attention as it is creates a dynamic effect on the system. With

the results from individual parametric kite studies, the kite-turbine configuration can be optimized to

minimize the effect wake losses or maximize the energy yield at wind farm level.

• While the current case study concentrates primarily on the kite-induced effect on the near-wake,

the wake recovery occurs for the most part further into the field. The simulation domain should

be extended to create a velocity field to at least five rotor diameters of distance. This allows for

a comparison of the results with previous work that used high-fidelity CFD simulations. With the

increased distance, it is possible to simulate the effect on a downstream wind turbine with greater

accuracy. However, within the current K-TWIST framework this computation is not efficient and

requires an upgraded version beforehand.

• At last, it is recommended to investigate the effect of additional flow characteristics such that the

simulation better represents wind conditions in real-world applications. An increased turbulent

intensity may contribute to the kite-induced entrainment, while a more stable ABL may suppress the

turbulence mixing. Other factors that should be considered are gusts, wind shear and terrain effects.
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A
V&V of K-TWIST

A.1. Consistency checks
This section presents the results from the consistency checks of the verification procedure. The K-TWIST

framework correctly implements fundamental vortex-induced velocity behavior and reference frame

conventions. Figure A.1 demonstrates that the K-TWIST framework correctly implements the Biot–Savart

law and converges to the analytical solution of a semi-infinite vortex filament. Figure A.2 confirms that the

vortex-induced velocity aligns with the right-hand rule, as expected from theory. Figure A.3 illustrates how

the contributions of the different segments of a vortex ring element combine to produce the total induced

velocity, in perfect agreement with analytical predictions. Finally, Figure A.4 confirms the orientation of the

wind turbine rotation and presents the three-dimensional reference system of the simulation domain.

Figure A.1: Swirl velocity around an isolated

vortex filament of increasing length

Figure A.2: Induced velocity field of an isolated

vortex filament
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Figure A.3: Velocity field induced by a single three-dimensional vortex ring element

t=0 t=1 t=2

Figure A.4: Snapshots of the turbine wake geometry at three successive time steps

A.2. Configuration trials
This section shows the additional results from the set of aerodynamic configuration trials used to confirm

the model’s physical accuracy. Figure A.5 shows the distribution of bound circulation for a single, untwisted

elliptical wing, confirming that zero angle of attack produces no lift, a positive angle matches the analytical

elliptical distribution, and a negative angle shows the expected anti-symmetric response. Figure A.6

presents the wake geometry for a force-free helical rotor, in both 3D and side view, displaying the expected

helical wake structure. Figure A.7 shows the bound circulation distribution for a three-bladed rotor at

constant angular velocity. The model correctly transitions from the near-zero circulation of the force-free

rotor to positive lift with a 10% increase in rotational speed. Figure A.8 and Figure A.9 illustrate the final

configuration trial for a lightly loaded rotor (CT = 0.1), showing the distribution of bound circulation and lift
per unit span, respectively.
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Figure A.5: Distribution of bound circulation for the test cases of a single, untwisted, elliptical wing

3D Side view

Figure A.6: Wake geometry of the test case of an helical, force-free rotor
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Figure A.7: Distribution of bound circulation for the test cases of a three-bladed rotor at constant angular

velocity, while varying the tip speed ratio

Figure A.8: Distribution of bound circulation for

the test case of a constant, lightly loaded rotor

(CT = 0.1)

Figure A.9: Distribution of lift per unit span for the

test case of a constant, lightly loaded rotor

(CT = 0.1)

A.3. Sensitivity analysis on CPU cores
This section further illustrates the effect of varying CPU cores on computational workload and parallel

efficiency. Figure A.10 presents the evolution of computational workload, highlighting that the number

of elements grows more rapidly with increasing CPU cores. This demonstrates the necessity of using

normalized values when comparing results across different core counts. Figure A.11 shows the parallel

efficiency, indicating that the relative speed-up deviates from the ideal linear scaling for higher numbers of

cores, but remains significant.
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Figure A.10: Time evolution of the computational

workload, expressed as the number of elements

per time step

Figure A.11: Parallel efficiency expressed as

relative speedup versus number of CPU cores,

with respect to the 8-CPU runtime

A.4. Validation
This section presents the main validation results from the AWSM model by van Garrel [101]. Figure A.12

compares the spanwise normal force with wind tunnel experiments on the NREL Phase VI turbine, while

Figure A.13 and Figure A.14 compare the downstream axial velocity with PIV measurements from the

MEXICO project. These results confirm that the K-TWIST model is based on a validated mid-fidelity

aerodynamic framework.

Figure A.12: Normal force along the spanwise position of the blade. Validation results of the AWSM

model with wind tunnel experiments (NREL Phase VI wind turbine, below-stall, axial conditions). Adapted

from [116]
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Figure A.13: Downstream radial distribution of the axial velocity component (u), at inflow conditions of

U∞ = 10, 15, 24. Validation results of the AWSM model with PIV measurements of the MEXICO project

(below-stall, axial conditions). Adapted from [116]

Figure A.14: Downstream radial distribution of the axial velocity component (u), at inflow conditions of

U∞ = 10, 15, 24 m/s. Validation results of the AWSM model with PIV measurements of the MEXICO

project (below-stall, axial conditions). Adapted from [116]



B
Case study

B.1. NREL-2MW Wind turbine
This section of the appendix provides a detailed overview of the aerodynamic and geometric data that is

used for the scaled 2MW wind turbine model of the case study Section 12.1. The data is derived from

publicly available documentation of the NREL-5MW wind turbine [117], which is scaled down using scaling

laws (Table 12.2). The main turbine characteristics are presented in Table B.1. For the complete overview

of the design parameters, the reader is referred to the NREL reference data.

Table B.1: Turbine properties of the scaled NREL-2MW wind turbine model, adapted from [117]

Turbine property Symbol Value Unit

Rotor Orientation Upwind

Number of blades NB 3

Design tip-speed ratio λopt 7

Turbine rated power PR 2 MW

Cut-in wind speed Ucut-in 3 m/s

Rated wind speed Urated 11.4 m/s

Cut-out wind speed Ucut-out 25 m/s

B.1.1. Blade geometry
The blade geometry of the NREL-2MW wind turbine is specified by spanwise distribution functions. For

computational efficiency, the blade is discretized into 15 spanwise segments, each represented by a

distinctive cross-section. The 2D geometry of each slice is approximated by a chord length (c), twist angle
(βt) and airfoil type. These parameters are defined at the end points of the segment. Between the edges,
the geometric parameters (c, βt) are assumed to vary linearly with the radial distance r. This way, the
blade can be described at any spanwise location by linear interpolation. The resulting blade geometry

after scaling is summarized in Table B.2.
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Table B.2: Blade geometry of the scaled NREL-2MW wind turbine model. Data is derived from publicly

available data of the NREL-5MW wind turbine [117]

Number Radial distance Radial distance Section length Twist angle Chord length Airfoil type

r̂R r [m] ∆r [m] βt [
◦] c [m]

1 0.0000 0.000 7.940 13.308 0.0000 -

2 0.2000 7.940 2.038 13.308 2.8709 DU40

3 0.2516 9.978 2.590 11.480 2.9308 DU35

4 0.3167 12.568 2.577 10.162 2.8085 DU35

5 0.3817 15.145 2.582 9.0110 2.6769 DU30

6 0.4468 17.727 2.588 7.7950 2.5244 DU25

7 0.5119 20.315 2.582 6.5440 2.3612 DU25

8 0.5770 22.897 2.580 5.3610 2.2063 DU21

9 0.6421 25.477 2.590 4.1880 2.0513 DU21

10 0.7071 28.067 2.585 3.1250 1.8963 NACA-64A17

11 0.7722 30.652 2.553 2.3190 1.7413 NACA-64A17

12 0.8373 33.205 2.175 1.5260 1.5863 NACA-64A17

13 0.8915 35.380 1.733 0.8630 1.4572 NACA-64A17

14 0.9349 37.113 1.704 0.3700 1.3142 NACA-64A17

15 0.9783 38.817 0.883 0.1060 0.8940 NACA-64A17
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B.1.2. Aerodynamic airfoil data
The NREL-2MW wind turbine model consists of six different airfoil types: DU40, DU35, DU30, DU25, DU21,

NACA-64A17, with varying shape and aerodynamic characteristics. The aerodynamic data is acquired

from the open-access documentation of the NREL-5MW [117]. Here, the 2D aerodynamic data has already

been corrected by the NREL for three-dimensional effects, such as rotational stall delay, finite aspect ratio

and dynamic stall. For each airfoil type, a Cl-α table is provided in Tables B.3–B.8, respectively. For clarity,

the aerodynamic drag and pitching moment coefficients are not shown, but can be found in the reference

source. The main differences in the airfoil types are visualized in a combined lift curve plot in Figure B.1.

Table B.3: Airfoil data - DU40-A17

α Cl α Cl α Cl α Cl

-180 0 -21 -0.706 4.5 0.776 25 1.872

-175 0.218 -20 -0.685 5 0.841 26 1.881

-170 0.397 -19 -0.662 5.5 0.904 28 1.894

-160 0.642 -18 -0.635 6 0.967 30 1.904

-155 0.715 -17 -0.605 6.5 1.027 32 1.915

-150 0.757 -16 -0.571 7 1.084 35 1.929

-145 0.772 -15 -0.534 7.5 1.14 40 1.903

-140 0.762 -14 -0.494 8 1.193 45 1.82

-135 0.731 -13 -0.452 8.5 1.242 50 1.69

-130 0.68 -12 -0.407 9 1.287 55 1.522

-125 0.613 -11 -0.36 9.5 1.333 60 1.323

-120 0.532 -10 -0.311 10 1.368 65 1.106

-115 0.439 -8 -0.208 10.5 1.4 70 0.88

-110 0.337 -6 -0.111 11 1.425 75 0.658

-105 0.228 -5.5 -0.09 11.5 1.449 80 0.449

-100 0.114 -5 -0.072 12 1.473 85 0.267

-95 -0.002 -4.5 -0.065 12.5 1.494 90 0.124

-90 -0.12 -4 -0.054 13 1.513 95 0.002

-85 -0.236 -3.5 -0.017 13.5 1.538 100 -0.118

-80 -0.349 -3 0.003 14.5 1.587 105 -0.235

-75 -0.456 -2.5 0.014 15 1.614 110 -0.348

-70 -0.557 -2 0.009 15.5 1.631 115 -0.453

-65 -0.647 -1.5 0.004 16 1.649 120 -0.549

-60 -0.727 -1 0.036 16.5 1.666 125 -0.633

-55 -0.792 -0.5 0.073 17 1.681 130 -0.702

-50 -0.842 0 0.137 17.5 1.699 135 -0.754

-45 -0.874 0.5 0.213 18 1.719 140 -0.787

-40 -0.886 1 0.292 19 1.751 145 -0.797

-35 -0.875 1.5 0.369 19.5 1.767 150 -0.782

-30 -0.839 2 0.444 20.5 1.798 155 -0.739

-25 -0.777 2.5 0.514 21 1.81 160 -0.664

-24 -0.761 3 0.58 22 1.83 170 -0.41

-23 -0.744 3.5 0.645 23 1.847 175 -0.226

-22 -0.725 4 0.71 24 1.861 180 0
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Table B.4: Airfoil data - DU35-A17

α Cl α Cl α Cl α Cl

-180 0 -21 -0.714 4.5 0.809 25 1.546

-175 0.223 -20 -0.693 5 0.875 26 1.539

-170 0.405 -19 -0.671 5.5 0.941 28 1.527

-160 0.658 -18 -0.648 6 1.007 30 1.522

-155 0.733 -17 -0.624 6.5 1.071 32 1.529

-150 0.778 -16 -0.601 7 1.134 35 1.544

-145 0.795 -15 -0.579 7.5 1.198 40 1.529

-140 0.787 -14 -0.559 8 1.26 45 1.471

-135 0.757 -13 -0.539 8.5 1.318 50 1.376

-130 0.708 -12 -0.519 9 1.368 55 1.249

-125 0.641 -11 -0.499 9.5 1.422 60 1.097

-120 0.56 -10 -0.48 10 1.475 65 0.928

-115 0.467 -8 -0.385 10.5 1.523 70 0.75

-110 0.365 -6 -0.359 11 1.57 75 0.57

-105 0.255 -5.5 -0.36 11.5 1.609 80 0.396

-100 0.139 -5 -0.355 12 1.642 85 0.237

-95 0.021 -4.5 -0.307 12.5 1.675 90 0.101

-90 -0.098 -4 -0.246 13 1.7 95 -0.022

-85 -0.216 -3.5 -0.24 13.5 1.717 100 -0.143

-80 -0.331 -3 -0.163 14.5 1.712 105 -0.261

-75 -0.441 -2.5 -0.091 15 1.703 110 -0.374

-70 -0.544 -2 -0.019 15.5 1.671 115 -0.48

-65 -0.638 -1.5 0.052 16 1.649 120 -0.575

-60 -0.72 -1 0.121 16.5 1.621 125 -0.659

-55 -0.788 -0.5 0.196 17 1.598 130 -0.727

-50 -0.84 0 0.265 17.5 1.571 135 -0.778

-45 -0.875 0.5 0.335 18 1.549 140 -0.809

-40 -0.889 1 0.404 19 1.544 145 -0.818

-35 -0.88 1.5 0.472 19.5 1.549 150 -0.8

-30 -0.846 2 0.54 20.5 1.565 155 -0.754

-25 -0.784 2.5 0.608 21 1.565 160 -0.677

-24 -0.768 3 0.674 22 1.563 170 -0.417

-23 -0.751 3.5 0.742 23 1.558 175 -0.229

-22 -0.733 4 0.71 24 1.552 180 0
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Table B.5: Airfoil data - DU30-A17

α Cl α Cl α Cl α Cl

-180 0 -21 -0.963 4.5 0.879 25 1.354

-175 0.274 -20 -1.013 5 0.944 26 1.332

-170 0.547 -19 -1.067 5.5 1.008 28 1.293

-160 0.685 -18 -1.125 6 1.072 30 1.265

-155 0.766 -17 -1.185 6.5 1.135 32 1.253

-150 0.816 -16 -1.245 7 1.197 35 1.264

-145 0.836 -15 -1.29 7.5 1.256 40 1.258

-140 0.832 -14 -1.229 8 1.305 45 1.217

-135 0.804 -14 -1.148 9 1.39 50 1.146

-130 0.756 -12 -1.052 9.5 1.424 55 1.049

-125 0.69 -11 -0.965 10 1.458 60 0.932

-120 0.609 10 -0.867 10.5 1.488 65 0.799

-115 0.515 -8 -0.756 11 1.512 70 0.657

-110 0.411 -6 -0.525 11.5 1.533 75 0.509

-105 0.3 -5.5 -0.451 12 1.549 80 0.362

-100 0.182 -5 -0.382 12.5 1.558 85 0.221

-95 0.061 -4.5 -0.314 13 1.47 90 0.092

-90 -0.061 -4 -0.251 13.5 1.398 95 -0.03

-85 -0.183 -3.5 -0.189 14 1.354 100 -0.15

-80 -0.302 -3 -0.12 14.5 1.336 105 -0.267

-75 -0.416 -2.5 -0.051 15 1.333 110 -0.379

-70 -0.523 -2 0.017 15.5 1.326 115 -0.483

-65 -0.622 -1.5 0.085 16 1.329 120 -0.578

-60 -0.708 -1 0.152 16.5 1.326 125 -0.66

-55 -0.781 -0.5 0.219 17 1.321 130 -0.727

-50 -0.838 0 0.288 17.5 1.331 135 -0.777

-45 -0.877 0.5 0.354 18 1.333 140 -0.807

-40 -0.895 1 0.421 19 1.362 145 -0.815

-35 -0.889 1.5 0.487 19.5 1.382 150 -0.797

-30 -0.858 2 0.554 20.5 1.426 155 -0.75

-25 -0.832 2.5 0.619 21 1.437 160 -0.673

-24 -0.852 3 0.685 22 1.418 170 -0.547

-23 -0.882 3.5 0.749 23 1.397 175 -0.274

-22 -0.919 4 0.815 24 1.376 180 0
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Table B.6: Airfoil data - DU25-A17

α Cl α Cl α Cl α Cl

-180 0 -20 -0.815 4.5 1.013 24 1.251

-175 0.368 -19 -0.833 5 1.062 25 1.215

-170 0.735 -18 -0.854 6 1.161 26 1.181

-160 0.695 -17 -0.879 6.5 1.208 28 1.12

-155 0.777 -16 -0.905 7 1.254 30 1.076

-150 0.828 -15 -0.932 7.5 1.301 32 1.056

-145 0.85 -14 -0.959 8 1.336 35 1.066

-140 0.846 -13 -0.985 8.5 1.369 40 1.064

-135 0.818 -12 -0.953 9 1.4 45 1.035

-130 0.771 -11 -0.9 9.5 1.428 50 0.98

-125 0.705 -10 -0.827 10 1.442 55 0.904

-120 0.624 -9 -0.753 10.5 1.427 60 0.81

-115 0.53 -8.5 -0.691 11 1.374 65 0.702

-110 0.426 -7.5 -0.555 11.5 1.316 70 0.582

-105 0.314 -6.5 -0.413 12 1.277 75 0.456

-100 0.195 -5.5 -0.271 12.5 1.25 80 0.326

-95 0.073 -5 -0.22 13 1.246 85 0.197

-90 -0.05 -4.5 -0.152 13.5 1.247 90 0.072

-85 -0.173 -4 -0.084 14 1.256 95 -0.05

-80 -0.294 -3.5 -0.018 14.5 1.26 100 -0.17

-75 -0.409 -3 0.049 15 1.271 105 -0.287

-70 -0.518 -2.5 0.115 15.5 1.281 110 -0.399

-65 -0.617 -2 0.181 16 1.289 115 -0.502

-60 -0.706 -1.5 0.247 16.5 1.294 120 -0.596

-55 -0.78 -1 0.312 17 1.304 125 -0.677

-50 -0.839 -0.5 0.377 17.5 1.309 130 -0.743

-45 -0.879 0 0.444 18 1.315 135 -0.792

-40 -0.898 0.5 0.508 18.5 1.32 140 -0.821

-35 -0.893 1 0.573 19 1.33 145 -0.826

-30 -0.862 1.5 0.636 19.5 1.343 150 -0.806

-25 -0.803 2 0.701 20 1.354 155 -0.758

-24 -0.792 2.5 0.765 20.5 1.359 160 -0.679

-23 -0.789 3 0.827 21 1.36 170 -0.735

-22 -0.792 3.5 0.89 22 1.325 175 -0.368

-21 -0.801 4 0.952 23 1.288 180 0
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Table B.7: Airfoil data - DU21-A17

α Cl α Cl α Cl α Cl

-180 0 -20 -0.869 4.5 1.046 24 1.182

-175 0.394 -19 -0.899 5 1.095 25 1.136

-170 0.788 -18 -0.931 5.5 1.145 26 1.093

-160 0.67 -17 -0.964 6 1.192 28 1.017

-155 0.749 -16 -0.999 6.5 1.239 30 0.962

-150 0.797 -15 -1.033 7 1.283 32 0.937

-145 0.818 -13.5 -1.05 7.5 1.324 35 0.947

-140 0.813 -12 -0.953 8 1.358 40 0.95

-135 0.786 -11 -0.9 8.5 1.385 45 0.928

-130 0.739 -10 -0.827 9.5 1.401 50 0.884

-125 0.675 -8 -0.536 10 1.358 55 0.821

-120 0.596 -7.5 -0.467 10.5 1.313 60 0.74

-115 0.505 -7 -0.393 11 1.287 65 0.646

-110 0.403 -6.5 -0.311 11.5 1.274 70 0.54

-105 0.294 -6 -0.245 12 1.272 75 0.425

-100 0.179 -5.5 -0.178 12.5 1.273 80 0.304

-95 0.06 -5 -0.113 13 1.273 85 0.179

-90 -0.06 -4.5 -0.048 13.5 1.273 90 0.053

-85 -0.179 -4 0.016 14 1.272 95 -0.073

-80 -0.295 -3.5 0.08 14.5 1.273 100 -0.198

-75 -0.407 -3 0.145 15 1.275 105 -0.319

-70 -0.512 -2.5 0.208 15.5 1.281 110 -0.434

-65 -0.608 -2 0.27 16 1.284 115 -0.541

-60 -0.693 -1.5 0.333 16.5 1.296 120 -0.637

-55 -0.764 -1 0.396 17 1.306 125 -0.72

-50 -0.82 -0.5 0.458 17.5 1.308 130 -0.787

-45 -0.857 0 0.521 18 1.308 135 -0.836

-40 -0.875 0.5 0.583 18.5 1.308 140 -0.864

-35 -0.869 1 0.645 19 1.308 145 -0.869

-30 -0.838 1.5 0.706 19.5 1.307 150 -0.847

-25 -0.791 2 0.768 20 1.311 155 -0.795

-24 -0.794 2.5 0.828 20.5 1.325 160 -0.711

-23 -0.805 3 0.888 21 1.324 170 -0.788

-22 -0.821 3.5 0.948 22 1.277 175 -0.394

-21 -0.843 4 0.996 23 1.229 180 0
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Table B.8: Airfoil data - NACA-64A17

α Cl α Cl α Cl α Cl

-180 0 -23 -0.89 8 1.257 30 0.926

-175 0.374 -22 -0.911 8.5 1.293 32 0.855

-170 0.749 -21 -0.934 9 1.326 35 0.8

-160 0.659 -20 -0.958 9.5 1.356 40 0.804

-155 0.736 -19 -0.982 10 1.382 45 0.793

-150 0.783 -18 -1.005 10.5 1.4 50 0.763

-145 0.803 -17 -1.082 11 1.415 55 0.717

-140 0.798 -16 -1.113 11.5 1.425 60 0.656

-135 0.771 -15 -1.105 12 1.434 65 0.582

-130 0.724 -14 -1.078 12.5 1.443 70 0.495

-125 0.66 -13.5 -1.053 13 1.451 75 0.398

-120 0.581 -13 -1.015 13.5 1.453 80 0.291

-115 0.491 -12 -0.904 14 1.448 85 0.176

-110 0.39 -11 -0.807 14.5 1.444 90 0.053

-105 0.282 -10 -0.711 15 1.445 95 -0.074

-100 0.169 -9 -0.595 15.5 1.447 100 -0.199

-95 0.052 -8 -0.478 16 1.448 105 -0.321

-90 -0.067 -7 -0.375 16.5 1.444 110 -0.436

-85 -0.184 -6 -0.264 17 1.438 115 -0.543

-80 -0.299 -5 -0.151 17.5 1.439 120 -0.64

-75 -0.409 -4 -0.017 18 1.448 125 -0.723

-70 -0.512 -3 0.088 18.5 1.452 130 -0.79

-65 -0.606 -2 0.213 19 1.448 135 -0.84

-60 -0.689 -1 0.328 19.5 1.438 140 -0.868

-55 -0.759 0 0.442 20 1.428 145 -0.872

-50 -0.814 1 0.556 21 1.401 150 -0.85

-45 -0.85 2 0.67 22 1.359 155 -0.798

-40 -0.866 3 0.784 23 1.3 160 -0.714

-35 -0.86 4 0.898 24 1.22 170 -0.749

-30 -0.829 5 1.011 25 1.168 175 -0.374

-25 -0.853 6 1.103 26 1.116 180 0

-24 -0.87 7 1.181 28 1.015
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Figure B.1: Three-dimensional lift curve (Cl − α) for the different airfoil types used in the scaled
NREL-2MW model, adapted from [117] Each airfoil has a relative thickness of 17%. 1 The ”NACA” airfoil

refers to the NACA-64A17 type.
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B.2. Ram-air kite model
B.2.1. Wing geometry

B.2.2. Aerodynamic airfoil data

Table B.9: Airfoil data - NACA-2412

α Cl α Cl α Cl α Cl

-180 0.0000 -13 -1.2095 6 0.9089 25 1.5242

-170 0.4268 -12 -1.0911 7 1.0176 30 1.3344

-160 0.8536 -11 -0.9854 8 1.1208 40 1.0753

-150 0.9340 -10 -0.8808 9 1.2241 50 0.8670

-140 0.7527 -9 -0.7735 10 1.3249 60 0.6589

-130 0.6069 -8 -0.6632 11 1.4228 70 0.4390

-120 0.4612 -7 -0.5515 12 1.5168 80 0.2137

-110 0.3073 -6 -0.4390 13 1.6050 90 0.0000

-100 0.1496 -5 -0.3259 14 1.6772 100 -0.1496

-90 0.0000 -4 -0.2124 15 1.7398 110 -0.3073

-80 -0.1496 -3 -0.0987 16 1.7910 120 -0.4612

-70 -0.3073 -2 0.0153 17 1.8310 130 -0.6069

-60 -0.4612 -1 0.1294 18 1.8652 140 -0.7527

-50 -0.6069 0 0.2436 19 1.8825 150 -0.9340

-40 -0.7527 1 0.3576 20 1.8786 160 -0.8536

-30 -0.9340 2 0.4700 21 1.8476 170 -0.4268

-20 -1.2413 3 0.5808 22 1.7865 180 0.0000

-15 -1.4157 4 0.6889 23 1.7114

-14 -1.3234 5 0.7911 24 1.6215
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Figure B.2: Three-dimensional lift curve (Cl − α) for the NACA-2412 airfoil type used in the RAM-air kite
model. Two-dimensional polar data extrapolated using the Viterna method.
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